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Chapter 1

Communication systems for distribution
automation

Debashis Ghosh1

1.1 Introduction

Sophisticated communication systems form the backbone of a reliable and efficient
distribution automation system [1, 2]. In the context of distribution automation,
communication systems are necessary for transmitting the information regarding the
health of different components and the status of the switches in the distribution net-
work to a central monitoring and control station for round-the-clock “unmanned”
monitoring and sensing of the distribution system. Further, the same communica-
tion network also sends the control signals to different controllable devices (such as
switchable capacitors, reactors, tap changers of the transformers, etc.) in order to
improve the operational efficiency of the distribution system.

Communication or, more specifically, telecommunication refers to the transmis-
sion of messages over a long distance. People have been communicating with each
other over long distance since the days in the BC era – the way they communicate
has changed significantly over time, thanks to the advancements in technology [3, 4].
Starting from the prehistoric age of smoke signals and drumbeats, telecommunication
systems evolved continuously with the use of non-electrical means, such as carrier
pigeons, semaphore, acoustic phonograph, etc. until electrical telecommunication
systems, viz. telegraphy and telephony, started to appear in 1830s. Following the dis-
covery of electromagnetic waves (radio waves) that can propagate through free space,
wireless communication systems started to develop in the last decade of the nineteenth
century. Revolution in communication technology started with the invention of wire-
less telegraphy, radio, television (TV), videophone, fiber-optic communication, etc.
during the first half of the last century. With the advent of digital technology aided
by the advances in computer and very-large-scale integration (VLSI) technology,
the past few decades witnessed a tremendous growth in communication technology.
Today we are in the communication age where smart communication gadgets have

1 Department of Electronics and Communication Engineering, Indian Institute of Technology Roorkee,
Roorkee, Uttarakhand, India



2 Power distribution automation

penetrated our daily lives so much that our lives these days are not only difficult
without communication but maybe even impossible.

1.2 Importance of communication technology in distribution
automation

Essentially, a distribution automation is used to monitor, control, coordinate and oper-
ate distribution system components from remote locations in real time. A distribution
automation system involves integration of computer and communication technolo-
gies, in addition to electric devices. Several important quantities related to the health
condition of the distribution system are sensed at different points in the distribution
network, and then transmitted to the monitoring stations in control rooms. The infor-
mation so received is processed, decisions are made, following which supervisory
control commands are sent to actuators. Thus, the smooth functioning of a distributed
automation system relies on the proper coordination among various elements in the
system. It is necessary to have a clear picture of the operating status and the over-
all health of the distribution system, monitor critical data and exchange information
among various elements in the system so as to automate transmission and distribu-
tion processes. The data from sensors to monitoring stations and set commands from
control rooms to actuators need to be sent via wired or wireless communication links.
Hence, a data communication network capable of supporting these functions of the
system is essential and forms an integral part of any distributed automation system.

However, there is no particular communication technology suitable for the pur-
pose. The choice of a communication system and/or protocol largely depends on the
situation, nature and functions of the distribution system. The basic parameters that
are generally used to assess the suitability of a communication system are:

● Bandwidth, the capacity or the maximum throughput of a communication link,
defined as the maximum number of bits or bytes per unit time that the link
can handle, depends on the bandwidth of the communication link; higher the
bandwidth, larger is the capacity.

● Availability, defined as the percent uptime of the link over a given period of time.
● Latency, defined as the delay in sending data packets through the link.
● Jitter, defined as the variation in latency of the packets transmitted through the

link.

As discussed above, a reliable and efficient data communication system plays a
major role in distributed automation. Therefore, the purpose of this chapter is to intro-
duce basic concepts, terminology and the working principles of data communication
systems for better understanding of the functioning of a distributed automation sys-
tem. Although the primary focus is data communication, this chapter presents a brief
treatment of general digital communication system that supports data communica-
tions. Further, analog communication technology is reviewed to provide a background
for the introduction of digital communication technology. However, the scope of this
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Figure 1.1 Model of a communication system

chapter is limited only to the basic concepts. Several books such as References 4–10,
to name a few, cover communication theory in detail. The reader is encouraged to
refer any of these books to obtain a thorough knowledge on this subject.

1.3 Communication system model

A typical communication system may be modeled as illustrated in Figure 1.1. The
function of a communication system, as said above, is to transmit information-bearing
signal from a source to a destination. The signal generated by the source is generally
non-electrical in nature (e.g., human voice, TV picture, etc.) that needs to be converted
to an electrical waveform, called the message signal, by an input transducer.

The transmitter modifies the message signal into a form suitable for transmission
over the channel. A communication system may be either analog or digital depending
on the transmitted message type. An analog signal is a continuous function of time
whose value varies over a continuous range. On the other hand, a digital signal is
defined only at discrete times with its amplitude taking on a finite set of discrete
values. Communication systems were primarily developed for voice transmission and
later, with the invention of TV system, for image and video transmission. Real-world
voice, image and video signals are analog in nature that are continuous both in time
and amplitude. Accordingly, since the early days of telecommunication, analog system
has been the primary technology platform. Voice digitization and transmission started
to evolve in the late 1950s although there is no fixed date that marks the transition
from analog technology to digital technology. Digital communication technology has
gradually taken over from analog technology during the second half of the twentieth
century and the trend still continues. Following are some of the advantages of digital
communication over analog systems that has contributed to its growth:

1. Immunity to noise – since the amplitude of a digital signal takes on a finite set
of discrete values, any small change in the amplitude due to additive noise can
be detected and compensated for to recover the original digital waveform.

2. Easy multiplexing – message signals from multiple sources can be transmitted
simultaneously using time division multiplexing (TDM).

3. Data integration – voice, video and text messages can be merged and transmitted
over a common digital transmission system.
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4. Ease of signaling – control signals can be readily incorporated into a digital
transmission system by inserting special control codes into the message channel.

5. Error detection and correction capability.
6. Easy processing such as data compression, encryption, etc.
7. Use of modern technology – relatively less expensive and high-performance

digital circuits, advances in VLSI technology designed specifically for com-
munication purposes such as encoding/decoding, multiplexing/demultiplexing,
general-purpose digital signal processors and application-specific integrated
circuits favor digital systems over analog systems.

Nevertheless, digital communication technology has certain disadvantages too,
as listed below:

1. Generally, more bandwidth is required for transmission.
2. There is a need for proper bit, character and frame synchronization.
3. Extra processing is involved – analog to digital conversion in the transmitter and

the reverse in the receiver.

In nature, signals are generally neither discrete in time nor discrete in ampli-
tude. In a digital communication system, the transmitter converts an analog message
signal to its digital form via sampling and quantization. Sampling accomplishes time-
discretization of the input analog signal while amplitude-discretization is achieved in
the quantization process. The digitized message signal is subsequently binary encoded
to produce a sequence of binary digits (bits). Digital data may also arise directly in
cases where the source of information is inherently discrete in nature. For example,
text messages from a digital computer is composed of discrete ASCII characters1,
each character represented by eight bits or one byte. In case of distributed automa-
tion, the data acquisition devices, such as the remote terminal units, measure several
electrical parameters, viz. the root mean square (RMS) values of voltage, current,
frequency, power, etc., and other various quantities such as switch status, tempera-
ture, etc. at the transformers and feeders, and outputs the measured values in binary
format. Also, the commands and instructions issued by the central control unit are
binary coded. Thus, the information generated and shared by the various components
in a distribution system is inherently digital.

The first ever electrical communication system, i.e., telegraphy, developed in
the first half of the nineteenth century may be regarded as a digital system of com-
munication in which characters in a text message are represented and transmitted
using variable-length Morse code (consisting of sequences of dots and dashes), later
replaced by fixed-length Baudot code (consisting of sequences of marks and spaces,
each of length 5). However, it was not until the second half of the twentieth century
that the age of modern digital communications actually began. It started with the
work of Harry Nyquist when he investigated on finding the maximum rate at which

1 ASCII stands forAmerican Standard Code for Information Interchange, a code for representing characters
as numbers.
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binary-coded telegraphic signals in the form of mark and space can be transmitted
without causing intersymbol interference (ISI) [11, 12]. His work led to the Nyquist
theory which states that to represent an analog signal by its sampled version, the
sampling frequency should be at least twice the highest frequency contained in the
analog signal. Nyquist’s result was later stated precisely by Shannon and is known
as Shannon’s sampling theorem [13, 14]. Shannon also formulated the problem of
reliable transmission in statistical terms and determined the maximum transmis-
sion bit-rate that a channel can support, called the channel capacity [15]. His works
eventually laid the foundations of modern digital communication.

Depending on the range of frequencies used for transmission, the communication
system may also be classified as either baseband or passband systems. In baseband
transmission, the transmitted signal occupies frequencies from zero up to a maximum
that depends on the message signal. In passband transmission, on the other hand, the
transmitted signal occupies frequencies around the frequency of a high-frequency car-
rier signal. Almost all real-world sources generate signals that have frequencies close
to zero, such as the human voice (20 Hz–3.4 kHz) and TV picture (0 Hz–5.5 MHz).
Accordingly, the message signals are generally baseband signals. In an analog base-
band transmission system, the message signal is transmitted as it is without any
frequency translation. An example of baseband communication is the local telephone
system. In passband communication, as in case of long-distance telephone call via
satellite link, the baseband message signal is frequency shifted to a higher frequency
and then transmitted over the channel. This shifting in frequency is achieved by means
of modulation. Modulation is the process in which certain parameter of a carrier sig-
nal, such as amplitude, frequency or phase, is varied in accordance to the message
signal. Section 1.4 describes various modulation schemes applied to analog messages.

In digital baseband transmission, the binary sequence of information is transmit-
ted directly in the form of electrical pulses. The process of coding binary digits into
electrical pulses is called line coding. The simplest form of line code is on–off signal-
ing in which a 1 is represented by a positive pulse and a 0 is represented by no pulse.
Another commonly used line code is the non-return-to-zero (NRZ) polar format that
uses a positive pulse to represent bit 1 and negative pulse to represent bit 0. Some
other popular line coding formats are Manchester coding, bipolar coding or alter-
nate mark inversion, etc. All these signaling formats are used for transmission of the
binary encoded digital message directly over a baseband channel. However, when it is
required to transmit the digital message over a band-pass channel, the incoming data
are modulated onto a carrier wave that maps the input binary sequence of information
into signal waveforms by switching or keying the amplitude, frequency or phase of
the carrier waveform in accordance with the incoming bits. We describe some of
these digital modulation techniques in Section 1.5. Figures 1.2 and 1.3 illustrate the
functional diagram of an analog and a digital communication systems, respectively.

In Figure 1.2, the modulator in the transmitter performs the task of modulation
that translates the input baseband signal to an intermediate frequency (IF), as men-
tioned above. This is followed by up-conversion of the modulated signal from the IF to
the desired channel frequency which is generally higher than the IF and is in the radio
frequency (RF) or microwave range. Finally, the signal is amplified and transmitted
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Figure 1.3 Basic elements of a digital communication system

over the channel. The power amplifier provides the power necessary for the signal
to reach the remote destination. In a digital communication system, as depicted in
Figure 1.3, the input time-continuous signal is sampled and then quantized in ampli-
tude to achieve time-discretization and amplitude-discretization, respectively. The
quantized samples are subsequently binary encoded to generate a bit-stream that is
transmitted over the channel. While the bits are transmitted in the form of line-coded
pulses in case of baseband transmission, they are modulated onto a carrier wave via
modulation in case of passband transmission, as described above.

The channel is the physical medium over which the transmitter output is sent to
the destination. Channels may be classified into two categories – wire and wireless.
The wire channels are guided media in the sense that the propagation of the message
signal is confined to a specific path formed by the solid physical medium connect-
ing the transmitter and the receiver. Twisted-pair transmission line, coaxial cable,
fiber-optic cable, waveguide, etc. are some examples of wire channels. In wireless
transmission, on the other hand, the transmitter radiates the message signal in the
form of electromagnetic waves into air, water, vacuum or free space. This signal,
thus, is available to anyone who has a device (viz. antenna) capable of receiving it
from the medium. Accordingly, wireless channels are regarded as unguided transmis-
sion media. A detailed description of some of these transmission media is given in
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Section 1.7. During the course of transmission through a channel, the transmitted
signal gets distorted due to channel noise, interference and/or non-linearity in the fre-
quency response of the channel. The main challenge in designing a communication
system lies in careful design of the transmitter and receiver so as to minimize the
effect of noise and other channel distortion.

The signal transmitted over the channel is received at the destination end by the
receiver that converts the received signal to its original form by reversing all modi-
fications made by the transmitter. A band-pass filter at the front-end of the receiver,
tuned to the desired channel frequency, extracts out the desired message signal from
the channel. A low-noise amplifier following the tuned filter amplifies the received
weak signal embedded in noise. Down-conversion of passband signal to baseband sig-
nal is accomplished by demodulation, which is the reverse of the modulation process
used in the transmitter. In analog transmission system, the output of the demodulator
is the desired baseband message signal. In a digital system, the demodulator out-
put is the binary encoded digitized message signal. Therefore, decoding followed by
signal reconstruction is carried out in subsequent stages to obtain the desired time-
continuous message signal. According to Shannon’s sampling theorem, portions of
the signal waveform in between the samples can be recovered exactly by passing the
sampled signal through a low-pass filter. However, since the quantization process is
irreversible, the input to the reconstruction filter is not the original sampled message
signal but its quantized version. Consequently, the reconstructed signal is not exactly
same as the original message signal but an approximation to it. The difference between
the original signal and the reconstructed signal is a measure of the distortion due to
quantization introduced by the digital communication system.

1.4 Continuous-wave modulation techniques

As said above, the basic purpose of modulation is to translate baseband message sig-
nal to a higher frequency band, as necessary for passband. This frequency translation
is particularly useful for simultaneous transmission of a number of message signals
over a common channel using frequency division multiplexing (FDM) described in
Section 1.6. This section presents an overview of the different modulation techniques
used in analog communication systems, viz. amplitude modulation (AM), phase mod-
ulation (PM) and frequency modulation (FM). For a detailed study on these topics, the
reader may refer Reference 16, in addition to the books [4, 5, 8, 9] mentioned earlier.

1.4.1 Amplitude modulation

AM is defined as the process in which the amplitude of the carrier wave is varied
linearly with the baseband message signal.

Consider a baseband message signal (modulating wave) m(t), as shown in
Figure 1.4(a), to be transmitted over a channel using amplitude modulation of a
sinusoidal carrier wave c(t), as shown in Figure 1.4(b), defined as

c(t) = Ac cos 2π fct (1.1)



8 Power distribution automation

m(t)

t

c(t)

sAM(t) sAM(t)

t

Ac

–Ac

Ac

–Ac

–Ac

Ac

t

t

(a) Message signal (b) Carrier signal

(c) AM wave for μ < 1 (d) AM wave for μ > 1

Figure 1.4 Amplitude modulation: message signal in (a) modulates the carrier
wave in (b) with small amplitude sensitivity (less than 100%
modulation) in (c) and large amplitude sensitivity (more than 100%
modulation) in (d)

where Ac is the carrier amplitude and fc is the carrier frequency. The carrier frequency
is generally chosen much greater than the highest frequency component of the message
signal, i.e., fc � W , where W is the highest frequency component of the message
signal m(t). In AM, the amplitude of c(t) is varied in accordance to the message signal
m(t) as

sAM(t) = Ac [1 + kam(t)] cos 2π fct (1.2)

where ka is a constant referred to as amplitude sensitivity of the modulator. The
modulation index μ, or the percentage modulation when expressed numerically as
percentage, is defined as μ = ∣

∣kamp

∣
∣, where mp is the peak amplitude (positive or

negative) of the message signal m(t). For example, in case of single-tone modulation
with m(t) = Am cos 2π fmt, the modulation index is given as

μ = kaAm = Amax − Amin

Amax + Amin
(1.3)

where Amax = Ac [1 + kaAm] and Amin = Ac [1 − kaAm] are, respectively, the maxi-
mum and the minimum values of the envelope of the AM wave sAM(t) given by
Ac [1 + kam(t)]. Generally, for a given message signal m(t), the constant ka is chosen
such that 0 < μ ≤ 1. Consequently, we have |kam(t)| ≤ 1 for all t which ensures that
the envelope of the modulated wave is always non-negative and hence has the same
shape as the message signal m(t), as depicted in Figure 1.4(c). For large ka that makes
μ > 1 or |kam(t)| > 1 for some t, the carrier wave is over-modulated (i.e., percentage
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Figure 1.5 Magnitude spectra of the modulating baseband message signal and the
corresponding AM wave. (a) Magnitude spectrum of baseband message
signal and (b) magnitude spectrum of AM wave

modulation more than 100%) resulting in envelope distortion. This is illustrated in
Figure 1.4(d).

From (1.2), the spectrum of the AM wave sAM(t) is obtained as

SAM( f ) = Ac

2
[δ ( f + fc) + δ ( f − fc)]

+ kaAc

2
[M ( f + fc) + M ( f − fc)] (1.4)

where M ( f ) is the spectrum of the baseband message signal m(t). This is illustrated
in Figure 1.5 in which Figure 1.5(a) shows the magnitude spectrum |M ( f )| of the
message signal m(t) and Figure 1.5(b) shows the magnitude spectrum |SAM( f )| of
the AM wave sAM(t).

A notable advantage with AM described above is its simple demodulation using
envelope detector but at the cost of excess transmission power. From (1.2), we have
sAM(t) = c(t) + kam(t)c(t). That is, the AM wave comprises of two components –
carrier signal modulated by the message signal and the carrier signal alone. Since this
carrier signal component is independent of the message signal, its transmission does
not convey any message but causes waste of power. To overcome this shortcoming,
the carrier component may be suppressed resulting in double-sideband suppressed
carrier (DSBSC) modulation. The DSBSC-modulated wave, hence, is given as

sDSB(t) = Acm(t) cos 2π fct

� SDSB( f ) = Ac

2
[M ( f + fc) + M ( f − fc)] (1.5)



10 Power distribution automation

0−fc − W
f

−fc −fc + W fc − W fc fc + W

sDSB( f )

t

sDSB(t)

½AcM(0)
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Figure 1.6 Double-sideband suppressed carrier modulation: DSBSC-modulated
wave and its magnitude spectrum. (a) DSBSC wave and (b) magnitude
spectrum of the DSBSC wave

and depicted in Figure 1.6; Figure 1.6(a) shows the DSBSC-modulated wave and Fig-
ure 1.6(b) shows the corresponding magnitude spectrum of the same. Demodulation
of the DSBSC-modulated wave can be done by multiplying the modulated signal with
another carrier signal A′

c cos 2π fct that has exactly the same frequency and phase as
the carrier signal in the modulator. The output of the multiplier is

v(t) = sDSB(t) × A′
c cos 2π fct

= AcA
′
cm(t) cos2 2π fct

= 1

2
AcA

′
cm(t) [1 + cos 4π fct]

= 1

2
AcA

′
cm(t) + 1

2
AcA

′
cm(t) cos 4π fct (1.6)

From (1.6), we see that the second term represents a DSBSC-modulated wave with
a carrier frequency 2fc that corresponds to a passband signal centered around 2fc,
whereas the first term is proportional to the baseband message signal. Hence, the
desired message signal can be obtained by low-pass filtering the product signal v(t).

As we observe in Figures 1.5 and 1.6, both AM and DSBSC modulations require
a transmission bandwidth 2W which is equal to twice the message bandwidth W ;
one half of the transmission bandwidth, fc − W ≤ f ≤ fc, is occupied by the lower
sideband of the modulated wave and the other half, fc ≤ f ≤ fc + W , is occupied
by the upper sideband. However, these two sidebands are uniquely related to each
other and hence transmitting both the sidebands is a waste of bandwidth as well as
transmission power. Accordingly, another variant of theAM may be used in which only
one of the two sidebands is transmitted with the carrier component suppressed. Such
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Upper sideband
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Figure 1.7 Magnitude spectrum of SSB wave

SVSB( f )

Upper sideband

Vestigial sideband

0−fc − W −fc fc fc + W
f

½AcM(0)

Figure 1.8 Magnitude spectrum of VSB wave

a modulation scheme is referred to as single sideband (SSB) modulation. Figure 1.7
shows the spectrum of an SSB wave with the upper sideband transmitted. The major
disadvantage with the SSB system is its cost and complexity.

Since it is generally difficult and expensive to separate out the two sidebands
precisely, as necessary in SSB modulation, a compromise between the DSBSC and
the SSB schemes is adopted, known as the vestigial sideband (VSB) modulation.
In this scheme, one of the two sidebands is transmitted as in SSB modulation while,
unlike SSB modulation, the other sideband is partially suppressed. This is illustrated in
Figure 1.8 that shows the spectrum of aVSB wave with the upper sideband transmitted
along with a trace of the lower sideband.

1.4.2 Angle modulation

In AM, the message is impressed upon the carrier signal by varying its amplitude. So,
any change in amplitude during transmission will result in distortion in the message
recovered after demodulation in the receiver. Channel noise is generally additive in
nature and hence, an AM signal is highly prone to noise. This may be taken care of
by modulating the angle (frequency or phase) of the carrier signal in accordance with
the message signal while the amplitude of the carrier signal is maintained constant.
Angle modulation schemes provide good immunity to noise but at the cost of increased
bandwidth – better noise immunity can be achieved by increasing the transmission
bandwidth. AM and its variants do not provide such trade-off between noise immunity
and bandwidth.

There are two forms of angle modulation – PM and FM.As the names suggest, the
phase angle and the instantaneous frequency of the carrier signal are varied linearly
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in accordance with the message signal in these two modulation schemes, respectively.
Accordingly, the phase-modulated and the frequency-modulated waves are given as

sPM(t) = Accos
[

2π fct + kpm(t)
]

(1.7)

sFM(t) = Accos
[

2π
(

fc + kf m(t)
)

t
]

(1.8)

where kp and kf represent the phase sensitivity and the frequency sensitivity of the
modulators, respectively. From (1.7) and (1.8), the instantaneous frequency of the
PM wave and the instantaneous angle of the FM wave can be derived, respectively, as

fPM(t) = 1

2π

d

dt

(

2π fct + kpm(t)
) = fc + kp

2π

d

dt
m(t) (1.9)

θFM(t) = 2π

∫ t

−∞

(

fc + kf m(τ )
)

dτ = 2π fct + 2πkf

∫ t

−∞
m(τ ) dτ (1.10)

Using these, we may now rewrite the expressions for PM and FM waves as

sPM(t) = Ac cos
[

2π

(

fc + kp

2π

d

dt
m(t)

)

t

]

(1.11)

sFM(t) = Ac cos
[

2π fct + 2πkf

∫ t

−∞
m(τ )dτ

]

(1.12)

Thus, the PM wave sPM(t) is expressed in a form similar to the FM wave in (1.8)
and the FM wave sFM(t) in a form similar to the PM wave in (1.7). This shows the
relationship between the two angle modulation schemes. Accordingly, it is possible
to generate frequency-modulated wave using a phase modulator and vice versa, as
illustrated in Figures 1.9(a) and 1.9(b), respectively.

Consider the case of single-tone sinusoidal modulation. Figure 1.10 shows how
the phase angle and the instantaneous frequency of the carrier signal varies due to
PM and FM, respectively, when modulated using a single-tone sinusoidal wave.
In this figure, Figure 1.10(c) and Figure 1.10(d) are the phase-modulated and the
frequency-modulated waves, respectively, that are generated when the carrier signal
in Figure 1.10(b) is modulated by the sinusoidal message signal in Figure 1.10(a).

For the modulating message signal m(t) = Am cos 2π fmt, the maximum departure
of the instantaneous frequency in the FM wave from its carrier frequency fc is �f =
kf Am. This quantity �f is called the frequency deviation. The ratio of the frequency
deviation to the modulating frequency is called the modulation index, denoted as

β = �f

fm
= kf Am

fm
(1.13)

Following (1.12), the FM wave in this case is obtained as

sFM(t) = Ac cos [2π fct + β sin 2π fmt] (1.14)
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Figure 1.9 Scheme for generating frequency-modulated wave using a phase
modulator and vice-versa. (a) FM generation by phase modulator and
(b) PM generation by frequency modulator

m(t)

(a) Sinusoidal message signal

(c) Phase modulated wave (d) Frequency modulated wave

sFM(t)

Ac

−Ac−Ac

Ac

sPM(t)

t

t t

t

c(t)

Ac

–Ac

(b) Carrier signal

Figure 1.10 Angle modulation: message signal in (a) modulates the carrier wave
in (b) by phase modulation in (c) and by frequency modulation in (d)

The modulation index β, therefore, equals to the maximum departure of the instanta-
neous angle in the FM wave from the angle 2π fct of the unmodulated carrier signal.
Hence, the modulation index may also be termed as phase deviation of the FM wave.

FM may be either narrow-band when β is small or wide-band when β is large.
Expanding the relation given in (1.14) and assuming β to be very small, the narrow-
band FM wave may be approximated as

sFM(t) = Ac cos 2π fct − βAc sin(2π fct) sin(2π fmt) (1.15)
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which is somewhat like a double-sideband modulated wave with carrier signal. In
case of wide-band FM, the relation given in (1.14) may be rewritten as

sFM(t) = � [s̃(t) exp( j2π fct)] (1.16)

where �(x) denotes the real part of a complex quantity x and s̃(t) is the complex
envelope of the FM wave sFM(t), defined as

s̃(t) = Ac exp( jβ sin(2π fmt)) = Ac

∞
∑

n=−∞
Jn(β) exp( j2πnfmt) (1.17)

where Jn(β) is the nth order Bessel function of the first kind with argument β.
Substituting s̃(t) in (1.16), we get

sFM(t) = Ac

∞
∑

n=−∞
Jn(β) cos[2π ( fc + nfm)t]

� SFM( f ) = Ac

2

∞
∑

n=−∞
Jn(β) [δ( f + fc + nfm) + δ( f − fc − nfm)] (1.18)

The above expression for single-tone wide-band FM wave may be generalized to
multi-tone wide-band FM as

sFM(t) = Ac

∞
∑

n1=−∞
· · ·

∞
∑

nK =−∞
Jn1 (β1) · · · JnK (βK ) cos[2π ( fc +n1 f1 + · · · + nK fK )t]

(1.19)

where K is the number of tone frequencies f1, . . . , fK present in the modulating
message signal m(t), with corresponding modulation indices β1, . . . , βK , respec-
tively. Thus, the resultant FM wave contains a carrier component and an infinite
set of side-frequencies located symmetrically on either side of the carrier, i.e.,
frequency components ( fc + n1f1 + · · · + nK fK ), where n1, . . . , nK = 0, ±1, ±2, . . ..
This implies that, theoretically, the bandwidth required to transmit FM wave is infinite.
However, in practice, significant portion of the FM wave is limited to a finite number
of side-frequencies. In case of single-tone sinusoidal modulation, the transmission
bandwidth is approximated using Carson’s rule, given as

B � 2( fm + �f ) = 2fm (1 + β) = 2�f

(

1 + 1

β

)

(1.20)

In case of an arbitrary modulating wave with highest frequency component W , the
transmission bandwidth is approximated as

B � 2�f

(

1 + 1

D

)

(1.21)
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where the frequency deviation �f corresponds to the maximum amplitude mp of the
modulating signal m(t), i.e., �f = kf mp, and D denotes the deviation ratio defined
as the ratio of the frequency deviation �f to the highest modulation frequency W ,
i.e., D = �f /W .

1.5 Digital modulation techniques

Digital modulation or digital signaling is the process of mapping digital data, which
is usually in the form of a sequence of 0s and 1s, to signals suitable for transmission
over a transmission channel. Real channels are generally characterized as bandlimited
waveform channels. If binary data (bits) are transmitted directly over these channels
in the form of electrical pulses, the frequency components constituting the pulses are
differently attenuated and delayed resulting in dispersion of the pulses over an interval
longer than the pulse duration. This in turn results in overlapping of successive pulses
into one another, a phenomenon known as intersymbol interference (ISI). Methods to
counter the ISI problem include appropriate pulse shaping, correlative coding or use
of an equalizer in the receiver.

Alternatively, digital data may be transmitted in the form of band-pass signals
with frequency components restricted within the frequency band of the channel. For
example, bits 0 and 1 may be transmitted as waveforms s0(t) and s1(t), respectively.
This mapping of bits to waveforms is accomplished by the modulation process in
which a sinusoidal carrier wave is modulated in accordance with the modulating
wave consisting of the binary data stream. The most common digital modulation
techniques involve switching or keying the amplitude, phase or frequency of the
carrier in accordance with the incoming bits. Accordingly, there are three basic digital
modulation schemes – amplitude shift keying (ASK), phase shift keying (PSK) and
frequency shift keying (FSK), as described in the following sections. These basic
schemes may also be combined and/or multiple shifts be used, instead of binary shifts,
to transmit more number of bits per symbol. Below we describe two such schemes, viz.
quadriphase-shift keying (QPSK) that uses four phase shifts and quadrature amplitude
modulation (QAM) that combines AM with PM. More information on several other
digital modulation schemes are available in References 4–9.

1.5.1 Amplitude shift keying

In ASK method of modulation, the pair of signals s0(t) and s1(t) used to represent bits
0 and 1, respectively, are defined as

s0(t) = 0, 0 ≤ t ≤ Tb

s1(t) = Ac cos 2π fct, 0 ≤ t ≤ Tb

(1.22)

where Tb is the bit duration and fc is the frequency of the carrier signal. In order to
ensure an integral number of cycles of the carrier wave within a bit period Tb, the
carrier frequency fc is generally chosen as integral multiple of the bit frequency, i.e.,
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fc = N/Tb, for some positive integer N . If Eb denotes the transmitted signal energy
per bit, then

Eb = 1

2
A2

cTb

(1.23)

or Ac =
√

2Eb

Tb

Equation (1.22) may also be written in the form of a DSBSC-modulated wave given
in (1.5). That is,

sASK(t) = Acm(t) cos 2π fct (1.24)

where

m(t) =
⎧

⎨

⎩

0, 0 ≤ t ≤ Tb, for input bit = 0

1, 0 ≤ t ≤ Tb, for input bit = 1
(1.25)

This implies that ASK is essentially DSBSC modulation in which the amplitude of the
carrier signal c(t) = Ac cos 2π fct is modulated by an on–off signal m(t) representing
the binary sequence in unipolar format. Hence, this modulation scheme is also referred
to as on–off keying (OOK). Figure 1.11(c) shows the result of ASK modulation of
the sinusoidal carrier signal in Figure 1.11(b) by the arbitrary sequence of bits in
Figure 1.11(a).

The signal constellation diagram for the ASK signaling system is shown in
Figure 1.12. Signal constellation diagram is the graphical representation of all possible
signals in an N -dimensional signal space spanned by N number of basis functions. In
this particular case of ASK, there is only one basis function of unit energy as follows:

φ1(t) =
√

2

Tb
cos 2π fct, 0 ≤ t ≤ Tb (1.26)

Consequently, the two possible signals in ASK are given in terms of φ1(t) as s0(t) = 0
and s1(t) = √

Ebφ1(t), as shown graphically in Figure 1.12.

1.5.2 Binary phase-shift keying

In PSK, the phase of the carrier signal is varied in accordance with the input digital
data. In the case of binary data, the phase of the carrier is shifted by 0◦ and 180◦

corresponding to bits 1 and 0, respectively. Accordingly, the pair of signals s0(t) and
s1(t) are defined as

s0(t) = Ac cos(2π fct + π) = −
√

2Eb

Tb
cos 2π fct, 0 ≤ t ≤ Tb

s1(t) = Ac cos 2π fct =
√

2Eb

Tb
cos 2π fct, 0 ≤ t ≤ Tb

(1.27)
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Figure 1.11 An example of ASK modulation. (a) Digital message and
corresponding unipolar signaling, (b) carrier signal and (c) ASK
modulated wave

It may be noted that, like ASK modulation scheme, binary phase-shift keying
(BPSK) is also equivalent to DSBSC modulation but with NRZ polar binary signal
as the modulating wave m(t), i.e.,

m(t) =
{−1, 0 ≤ t ≤ Tb, for input bit = 0

+1, 0 ≤ t ≤ Tb, for input bit = 1
(1.28)

Example of BPSK modulation, for the digital message considered in theASK example
above, and the corresponding signal-space diagram are depicted in Figures 1.13 and
1.14, respectively. Figure 1.13(b) shows the BPSK modulated wave obtained when
the carrier signal in Figure 1.11(b) is modulated by the digital message signal in NRZ
format shown in Figure 1.13(a). Here also there is only one basis function of unit
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s0(t) ≡ Bit 0 s1(t) ≡ Bit 1

F1(t) 
√Eb

0

Figure 1.12 Signal constellation diagram for ASK modulation
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1
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t

Ac

t

sBPSK(t)

−Ac
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Figure 1.13 An example of BPSK modulation. (a) Digital message and
corresponding NRZ polar signaling and (b) BPSK modulated wave

s1(t) ≡ Bit 1s0(t) ≡ Bit 0
F1(t) 

√Eb−√Eb

Figure 1.14 Signal constellation diagram for BPSK modulation

energy which is same as that given in (1.26) for the case of ASK above, and the two
possible signals in BPSK are given as s0(t) = −√

Ebφ1(t) and s1(t) = √
Ebφ1(t).

1.5.3 Binary frequency-shift keying

FSK is that form of digital modulation in which digital data are transmitted by varying
the frequency of the carrier waveform. For transmission of binary data, the pair of
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signals s0(t) and s1(t) corresponding to transmission of bits 0 and 1, respectively, are
defined as

s0(t) = Ac cos 2π f0t =
√

2Eb

Tb
cos 2π f0t, 0 ≤ t ≤ Tb

s1(t) = Ac cos 2π f1t =
√

2Eb

Tb
cos 2π f1t, 0 ≤ t ≤ Tb

(1.29)

As in the cases of ASK and BPSK above, binary frequency-shift keying (BFSK)
may be conceived as FM modulation in which the frequency of the carrier signal
c(t) = Ac cos 2π fct is modulated by a signal m(t) representing the binary sequence in
NRZ polar format, as defined in (1.28). Accordingly, following (1.8), we may write
the BFSK wave as

sBFSK(t) = Ac cos
[

2π

(

fc + m(t)
�f

2

)

t

]

=

⎧

⎪⎨

⎪⎩

Ac cos
[

2π
(

fc − �f
2

)

t
]

, 0 ≤ t ≤ Tb, for input bit = 0

Ac cos
[

2π
(

fc + �f
2

)

t
]

, 0 ≤ t ≤ Tb, for input bit = 1

(1.30)

Therefore, the two transmitting frequencies in BFSK, given in (1.29), are f0 =
fc − �f /2 and f1 = fc + �f /2, with frequency separation �f = f1 − f0. An example
of BFSK modulation is illustrated in Figure 1.15. Figure 1.15(b) shows the BFSK
modulated wave obtained when the carrier signal in Figure 1.11(b) is modulated by
the digital message signal in NRZ format shown in Figure 1.15(a). The BFSK mod-
ulation described here may be represented graphically in a two-dimensional signal
space spanned by the pair of orthonormal basis functions

φ1(t) =
√

2

Tb
cos 2π f0t, 0 ≤ t ≤ Tb

(1.31)

and φ2(t) =
√

2

Tb
cos 2π f1t, 0 ≤ t ≤ Tb

The two transmitted signals in BFSK are, hence, given as s0(t) = √
Ebφ1(t) and

s1(t) = √
Ebφ2(t). These are shown in Figure 1.16 by two message points defined,

respectively, by the signal vectors

s0 =
[ √

Eb

0

]

(1.32)

and s1 =
[

0√
Eb

]
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Figure 1.15 An example of BFSK modulation. (a) Digital message and
corresponding NRZ polar signaling and (b) BFSK modulated wave

s1(t) ≡ Bit 1

s0(t) ≡ Bit 0

F1(t) 

F2(t) 

√Eb

√Eb

Figure 1.16 Signal constellation diagram for BFSK modulation

It may be shown that the two basis functions defined in (1.31) are orthogonal if and
only if the frequency separation �f = k/2Tb for some positive integer k .

1.5.4 Continuous-phase frequency-shift keying

The BFSK scheme described above may be implemented by having transmitted signal
waveforms generated from two oscillators tuned to frequencies f0 and f1 and selecting
one of these two oscillators according to the bit to be transmitted. However, such abrupt
switching from one oscillator to another results in large spectral side lobes thereby
requiring large transmission bandwidth. This problem of spectral side lobes may be
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avoided if the frequency of the carrier wave is changed (modulated) continuously in
accordance to the information bits. The resulting modulated signal is phase continuous
and hence, is called continuous-phase frequency-shift keying (CPFSK). The CPFSK
wave, hence, may be represented as

sCPFSK(t) =
√

2Eb

Tb
cos[2π fct + θ (t)] (1.33)

The phase θ (t) decreases or increases linearly with time during every bit period cor-
responding to transmission of bits 0 and 1, respectively; the phase θ (t) of the CPFSK
wave during transmission of the nth bit in the binary sequence is given as

θ (t) =

⎧

⎪⎪⎨

⎪⎪⎩

θ (tn−1) − 2π
�f

2
(t − tn−1), tn−1 ≤ t ≤ tn, if nth bit = 0

θ (tn−1) + 2π
�f

2
(t − tn−1), tn−1 ≤ t ≤ tn, if nth bit = 1

(1.34)

where tn−1 = (n − 1)Tb and tn = nTb denote the time instants at which the nth bit
period starts and ends, respectively. The phase θ (tn−1) at the start of the nth bit period
depends on the past history of the modulation process. Accordingly, the pair of CPFSK
signals s0(t) and s1(t) corresponding to the transmission of bits 0 and 1, respectively,
are defined as

s0(t) =
√

2Eb

Tb
cos

[

2π

(

fc − �f

2

)

t + θ (0)
]

, 0 ≤ t ≤ Tb

s1(t) =
√

2Eb

Tb
cos

[

2π

(

fc + �f

2

)

t + θ (0)
]

, 0 ≤ t ≤ Tb

(1.35)

where θ (0) is the phase of the CPFSK wave at the end of the previous bit period that
depends on the sequence of bits transmitted so far. Thus, while in case of normal
BFSK the phase of the carrier wave in every bit period starts from zero and then
decreases/increases by π�fTb radians, that in case of CPFSK decreases/increases by
the same amount but starting from θ (0) radians. This ensures that the phase θ (t) in
CPFSK wave is a continuous function of time. Consequently, the CPFSK modulated
wave sCPFSK(t) is also continuous at all time instants.

Defining parameter h = Tb�f as the deviation ratio, the change in phase over
a bit period is calculated as ±πh radians; the phase of the CPFSK signal decreases
(increases) by πh radians over one bit period when bit 0 (bit 1) is transmitted. Since
the minimum frequency separation �f that guarantees orthogonality of the two FSK
signals is �f = 1/2Tb, the minimum value of h to be taken is 1/2. The CPFSK scheme
with h = 1/2 is known as minimum shift keying (MSK) [17, 18]. MSK, and more
generally CPFSK, is a special case of continuous-phase modulation (CPM) scheme
that offers both power and bandwidth efficiency while maintaining constant amplitude
and good error performance [19].

The modulation schemes described above are binary modulation in the sense
that the modulator maps one of the two possible symbols (0 or 1) into a waveform
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Figure 1.17 Signal constellation diagram for QPSK modulation

(s0(t) or s1(t)). Thus, in these schemes, only one bit is transmitted at a time. In order
to use the channel bandwidth more efficiently, however, it is possible to design M -ary
modulators that can transmit B bits at a time by mapping M = 2B possible symbols
(B-bit sequences) into M distinct signals si(t), i = 0, 1, . . . , M − 1. This is called
M-ary modulation. Two popularly used M -ary modulation schemes are as follows:

● Quadriphase-shift keying (QPSK): This is one of the frequently used multi-
phase signaling scheme in which M = 4. The scheme uses phase shifts of π/4,
3π/4, 5π/4 and 7π/4, as shown in the signal-space diagram of Figure 1.17, to
transmit two bits (dibits) at a time thereby doubling the transmission rate without
increasing the bandwidth.

● Quadrature amplitude modulation (QAM):This scheme, also known as ampli-
tude phase keying, is a combination of AM with phase-shift keying. The carrier
signal experiences phase shift of π/2 to produce a pair of quadrature carriers
φI (t) (in-phase carrier) and φQ(t) (quadrature-phase carrier), defined as

φI (t) =
√

2

Tb
cos 2π fct, 0 ≤ t ≤ Tb

(1.36)

and φQ(t) =
√

2

Tb
sin 2π fct, 0 ≤ t ≤ Tb

A QAM signal is a combination of these quadrature carriers weighted by
amplitudes AI

√
Eb and AQ

√
Eb. That is, a QAM signal may be represented as

si(t) = AI

√

EbφI (t) + AQ

√

EbφQ(t), i = 0, 1, . . . , M − 1 (1.37)
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Figure 1.18 Signal constellation diagram for QAM-16 modulation

where I = 0, 1, . . . , M1 − 1 and Q = 0, 1, . . . , M2 − 1. That means, AI takes M1

discrete values and AQ takes M2 discrete values, such that M = M1 × M2. Thus,
QAM signals are two-dimensional signals represented by the signal vectors

si =
[

AI
√

Eb

AQ
√

Eb

]

, i = 0, 1, . . . , M − 1 (1.38)

Figure 1.18 shows the constellation diagram for a 16-ary QAM signaling scheme
(QAM-16). Here, each of the amplitudes AI and AQ takes four discrete values,
resulting in a total 16 different signaling waveforms, as seen in the constellation
diagram.

1.6 Multiplexing

The modulation schemes described above are good for transmission of one message
signal over a single channel. However, economy and maximum utilization of the
communication networks demand sharing of channels among multiple signals via
multiplexing. As a consequence, several multiplexing schemes have been developed
over the years, as described below.

1.6.1 Frequency division multiplexing

The inherent bandwidth of a transmission medium is generally much greater than that
needed for a single signal. FDM can be employed to take advantage of this in sending
multiple signals over a single medium [20]. In this scheme, the available bandwidth
of the transmission medium is divided into a number of narrower frequency bands
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Figure 1.19 Frequency division multiplexing (FDM). (a) Magnitude spectra of
input baseband message signals m1(t), m2(t) and m3(t). (b) Magnitude
spectra of frequency-translated message signals s1(t), s2(t) and s3(t).
(c) Magnitude spectrum of the composite multiplexed signal sFDM(t)

(subbands), as depicted in Figure 1.19. Each of these subbands is allocated to each
user or transmitting station. A carrier signal of appropriate frequency is modulated
by the signal originated at a particular station so that the modulated wave is inserted
within the subband allocated to that station. As an example, the magnitude spec-
tra of the message signals originated from three transmitting stations, as given in
Figure 1.19(a), are frequency translated and then combined to form the composite
multiplexed signal, as shown in Figures 1.19(b) and 1.19(c), respectively. A sufficient
amount of separation (guard band) between the subbands is allowed so as to avoid any
interference between the adjacent channels. This scheme has been used in radio and
TV broadcasting, in multiplexing calls over a telephone line and continues to be used
in present day cellular networks and satellite communication. FDM is also utilized
in fiber-optic transmission systems, where it is customarily referred to as wavelength
division multiplexing (WDM). When multiple users share a physical communication
channel using FDM, it is called frequency division multiple access (FDMA).
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1.6.2 Orthogonal frequency division multiplexing

In digital data communication, it is possible to divide the transmission band more
efficiently by inserting more number of closely packed subbands without any guard
band in between the adjacent subbands; a scheme known as orthogonal frequency
division multiplexing (OFDM) [21–24], and the scheme by which multiple users
access a channel using OFDM is called orthogonal frequency division multiple
access (OFDMA).

Suppose, ck (t) = cos 2π fk t be the sinusoidal carrier signal associated with the
kth subband, where fk is the center frequency of the subband. These subband carriers
are referred to as subcarriers. If the frequency separation between adjacent subcarriers
is taken as �f = 1/Ts, where Ts is the symbol (data) duration, then the frequency
separation between any pair of subcarriers ck (t) and cj(t) is an integral multiple of the
symbol rate 1/Ts, i.e., fk − fj = n/Ts for some positive integer n. Consequently, this
pair of subcarriers is mutually orthogonal over the symbol duration Ts, independent
of the values of the phases φk and φj associated with them. That is,

∫ Ts

0
cos (2π fk t + φk) cos

(

2π fjt + φj

)

dt = 0 (1.39)

Thus, by virtue of orthogonality among the subcarriers, data can be detected on each
of these subcarriers without any interference from other subcarriers.

A frequency domain understanding to the above is as follows. The frequency
response of the kth subband carrying a data symbol of duration Ts is given by a sinc
function centered at fk with zero crossings at integral (both positive and negative)
multiples of 1/Ts. This is illustrated in Figure 1.20. Thus, signals carried by a subcar-
rier extend into other subbands. Nevertheless, as said above, the frequency separation
between adjacent subcarriers is taken as �f = 1/Ts due to which the center frequency
of every subband is located at the zero crossings of the frequency responses of all
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other subbands. This ensures that if the subbands are sampled precisely at their cen-
ter frequencies, then data on each of these subcarriers can be detected without any
interference from other subcarriers.

1.6.3 Time division multiplexing

An alternative to the FDM is the TDM in which the entire channel bandwidth is avail-
able to all users but periodically for a restricted interval of time [20]. In this scheme,
samples and/or data symbols from several sources are time interleaved and then
transmitted over a single communication channel. In line with FDMA and OFDMA
schemes, TDM is also utilized for accessing a channel by multiple users, referred to
as time division multiple access (TDMA).

1.6.4 Code division multiple access

Starting from the last decade in the twentieth century, code division multiple access
(CDMA) has been widely deployed in cellular networks and continues to be the
standard for mobile telephony in many countries. Not only cellular networks, it is
also used in satellite and cable networks [23, 25]. This is a form of spread spectrum
communication in which every user/station can use the entire channel bandwidth all
the time. Here, each bit time Tb is divided into N smaller intervals called chips.
Every user/station is assigned a unique N -bit code called the chip sequence. Chip
sequences for all users are designed such that they are pairwise orthogonal. That is,
the normalized inner product of two distinct sequences is zero while the normalized
inner product of a sequence with itself is unity. For example, (+1, +1, +1, +1),
(+1, −1, +1, −1), (+1, +1, −1, −1) and (+1, −1, −1, +1), where −1 corresponds
to bit 0 and +1 corresponds to bit 1 (i.e., NRZ bipolar signaling format), form a set
of four such sequences of length N = 4.

Digital data are transmitted by each user in the form of this chip sequence – the
station transmits a data bit 1 by sending the N -bit chip sequence (code) while bit 0 is
represented by the negative of the sequence. Thus, a narrowband data signal spreads
out over an N times wider frequency band. When multiple stations are transmitting
data, the bit-streams from all the transmitters are simply added and transmitted over
the channel. This method of combining signals from multiple sources is called code
division multiplexing. A receiver intending to listen to a particular transmitting station
computes the normalized inner product between the received sequence and the chip
sequence of the desired station.

As an example, suppose that data are transmitted from three stations A, B and
C whose assigned chip sequences are CA, CB and CC , respectively. The bit-stream
transmitted from Station A over one bit period is

SA =
⎧

⎨

⎩

CA, if data bit to be transmitted = 0

CA, if data bit to be transmitted = 1
(1.40)
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In a similar manner, Station B and Station C transmit bit-streams SB and SC , respec-
tively, over the same bit interval. Therefore, any receiver in the network receives the
combined sequence (SA + SB + SC). In order to recover the data transmitted from
a particular transmitting station, say Station B, a receiver computes the normalized
inner product between the received sequence and the chip sequence CB of the desired
station. Due to pairwise orthogonality of the chip sequences, we have

(SA + SB + SC) · CB = SB · CB

=
{

CB · CB = −1, for data bit = 0

CB · CB = +1, for data bit = 1
(1.41)

Thus, from the calculated results, it is possible to determine the data bits transmitted
from Station B while ignoring data transmitted from other stations.

1.7 Transmission media

The purpose of transmission media or the channel is to convey message signal from
the transmitter to the destination. As mentioned in Section 1.3, transmission media
are roughly grouped into two categories – wire (guided) and wireless (unguided)
transmission media. We now briefly describe some of the transmission media used
commonly in present day communication systems, especially in data communication.
Further discussion on transmission media for digital communications is available in
Reference 26.

1.7.1 Twisted pair cable

Twisted pair cable is one of the oldest and still the most common guided transmission
medium, especially used for telephone communications and modern Ethernet net-
works. It can be used for transmitting both analog and digital information. It consists
of two insulated copper wires twisted together in a helical form. Since two paral-
lel wires constitute a fine antenna that radiates electromagnetic energy, the wires are
twisted to prevent any radiation loss during transmission by nullifying the waves from
different twists. Typically, multiple pairs of twisted cables are bundled together by
wrapping them in a tough protective insulating sheath. Crosstalk interference between
neighboring pairs in a bundle is reduced by having different twist lengths for different
pairs.

In twisted pair cable, a message signal is usually carried as the difference in
voltage between the two wires in the pair. Since both the wires in a pair are generally
affected by same amount of external noise, the difference in voltage between the two
wires is hardly affected by noise thereby providing better immunity to channel noise.
Twisted pair cable is generally very cheap, readily available, flexible and lightweight.
It is easy to work with and install. Thus, due to its adequate performance and other
added advantages, twisted pair cables are widely used and are expected to remain
so for several years ahead. However, twisted pair cable suffers from certain inherent
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drawbacks. It is highly susceptible to external interference from other channels, offers
high attenuation and generally has a very narrow transmission bandwidth.

There are two basic types of twisted pair cables – unshielded and shielded.
Unshielded twisted pair (UTP) is the ordinary wire and so is the cheapest of all
the transmission media. It is easy to work with and install and, hence, used com-
monly for telephone networks and local area networks (LANs) in office buildings.
UTP comes in several categories that are based on the number of twists in the wires,
the diameter of the wires and the material used in the wires. Among all the different
categories of UTP, Categories 3 and 5 have received the most attention. Category 3
cable with transmission bandwidth up to 16 MHz is used primarily for telephone
connections. Category 5 uses the same connector as in Category 3 but with more
number of twists per unit length providing less crosstalk and a better-quality signal
over longer distances. Consequently, the transmission characteristics of Category 5
cable are specified up to 100 MHz making the cable more suitable for high-speed
computer communication. Recently, Category 6 cable with more stringent specifica-
tions has been developed. Categories 5 and 6 are currently the most common Ethernet
cables used.

A way to improve the performance of UTP so as to handle signals with higher
bandwidth is to have a metallic shielding on every individual twisted-pair in a bundle
as well as around the entire bundle but inside the protective plastic sheath. While the
inner layer of shielding prevents any crosstalk between adjacent cable pairs, the outer
layer of shielding makes the cable less susceptible to external interference. However,
shielded twisted pair (STP) is more expensive and more difficult to work with than
the UTP.

1.7.2 Coaxial cable

Coaxial cable is another commonly used guided transmission medium. It has better
shielding and greater bandwidth compared to twisted pair cables. A coaxial cable
consists of a hollow outer cylindrical conductor that surrounds a single inner wire
conductor; the two conductors are electrically separated either by regularly spaced
insulating rings or a layer of solid dielectric material between the two. The inner
conductor consists of a stiff copper wire while the outer conductor is often made in
the form of a closely woven braided mesh. A protective plastic sheath covers the outer
conductor. A cutaway view of a coaxial cable is shown in Figure 1.21.

The construction and shielding of the coaxial cable give it a good combination of
high bandwidth and excellent noise immunity. The outer conductor shields the inner
conductor from picking up stray signal from outside. The transmission bandwidth of
coaxial cable depends on the cable quality and length. Nowadays, coaxial cables with
bandwidth up to few gigahertz are available.

Coaxial cable can be used to transmit both analog and digital signals. There are
two kinds of coaxial cable; 50 	 cable for digital transmission and 75 	 cable for
analog transmission. It is perhaps the most versatile transmission medium used in a
wide variety of applications such as cable TV, long-distance telephony, short-range
computer links, LAN, etc. In cable TV system, coaxial cable is used to accommodate
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Figure 1.21 Construction of a coaxial cable – a cutaway view

hundreds ofTV channels transmitted over a distance of few tens of kilometers. Coaxial
cable can carry thousands of voice channels in long-distance telephone system.

1.7.3 Power line communication

Another common kind of guided transmission channel is the electrical power line used
primarily for delivering electrical power to houses, and for distribution of power to
various electrical outlets and appliances within houses. Power line has been used for
many years by electricity companies for remote metering. It is also used for controlling
devices in the home. In recent years, power line has also been used for high-speed
digital data communication over LAN and Internet. The main advantage of power
line communication is that no separate network setting is necessary for signaling and
transmission of messages. The already existing infrastructure for electrical power
distribution over a region can be utilized for the purpose. Any communication device
(transmitter or receiver) needs power. So, whenever the device is plugged in, the
device not only gets electric power supply but also sends and/or receives messages
over the same electrical wiring. The high-frequency message signal is superimposed
on the low-frequency power signal which is conveniently filtered out using a band-
pass filter at the receiving end. However, power line is basically designed to distribute
50/60 Hz electrical signals and is generally incapable of supporting high-frequency
message signals. As a result, message signals are severely attenuated in course of its
transmission over the power line. Also, transient currents due to switching on and off
create electrical noise over a wide range of frequencies thereby distorting the message
signal to a large extent. Moreover, electrical wiring acts as an antenna, if not twisted
properly, picking up external interference easily while radiating signals of its own.

1.7.4 Fiber-optic cable

In the race between computing technology and communication technology, the latter
probably is the winner, thanks to the development of fiber-optic transmission system
that has enabled high-speed transmission of digital data [27, 28]. Due to the high
optical frequencies, fiber-optic cable has the capability to support data transmission
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of the order terabits per second (Tbps), but limited by the operating speed of trans-
ducers and other associated hardware. Nevertheless, data transmission at a rate as
high as 100 gigabits per second (Gbps) can still be achieved in a fiber-optic system.
Accordingly, fiber optics find applications in high-speed LANs, high-speed Internet
access and so on. In this system of data transmission, digital bits are transmitted
in the form of pulses of light. Conventionally, a pulse of light indicates bit 1 while
bit 0 is indicated by the absence of any such light pulse. At present, three bands
of light waves in the near-infrared part of the spectrum are most commonly used in
fiber-optic transmission systems. These bands are centered at 850 nm, 1300 nm and
1550 nm (i.e., approximately at 350THz, 230THz and 190THz, respectively) and are
25–30THz wide.

The three key elements of a fiber-optic transmission system are the electrical-to-
optical transducer in the transmitter, the fiber-optic cable and the optical-to-electrical
transducer at the receiving end, in addition to other basic elements present in any digital
communication system such as amplifiers, clock recovery circuit, binary symbol (bit)
detection circuit, etc. The purpose of the electrical-to-optical transducer is to convert
an electrical pulse corresponding to a message-bit 1 to a pulse of light (and none
corresponding to message-bit 0). This may be viewed as OOK modulation of a light
wave (carrier signal) from an optical source by the input message bit-stream. Typically,
a laser diode or a light-emitting diode (LED) is used for the purpose. Laser diodes
have greater bandwidth, narrower spectrum, higher output power and hence, generally
used in long-distance communication. On the other hand, LEDs are cheaper, more
robust to environmental conditions and require simple interface circuitry. Hence, they
are used when cost and robustness are more important than performance.

At the receiver, two types of photodetectors, viz. p-i-n diodes and avalanche
photodiodes, are used for demodulation of the received modulated light beam. The
process includes conversion of light pulses to electrical pulses followed by detection
of data bits. p-i-n diodes are cheap and provide good performance, but operate at a
lower range of wavelengths. A photodiode, on the other hand, can function at higher
wavelengths and is more sensitive in detecting weak signals due to its inherent ampli-
fication. However, an avalanche photodiode needs high-supply voltage to operate, is
very sensitive to temperature and has lower gain-bandwidth-product which restricts
its use in very high data rate systems.

The transmission medium, i.e., the fiber-optic cable, is an ultra-thin fiber of glass.
It consists of a glass core at the center through which the light propagates, surrounded
by a glass cladding and a thin plastic jacket forming the outermost protective covering
as shown in Figure 1.22. Although both the core and the cladding are made of glass that
is transparent to light, they are designed such that the refractive index of the cladding
material is lower than that of the core. As a result, light wave traveling through the core
when impinges on the core-cladding boundary at an angle greater than the critical
angle, it reflects back into the core due to the principle of total internal reflection of
light. Thus, the light wave is reflected back and forth at the core-cladding boundary as
it propagates along the fiber. This is illustrated in Figure 1.23. Since a beam of light is
composed of a bundle of rays and different rays may strike the core-cladding boundary
at different angles, these rays will reach the receiver via multiple paths with different
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delays. That is, each ray has a different mode of propagation, and such a fiber-optic
cable is referred to as multimode fiber. However, for fibers with diameter equal to
only few wavelengths of the light, all the light rays can propagate in a straight line
along the center of the core. Such optical fibers are referred to as single-mode fibers.
Typically, a single-mode fiber has a core diameter of approximately 8 μm while that
of a multimode fiber is approximately 50 μm. It may also be noted that in a multimode
fiber some light rays may be incident on the core-cladding boundary at angles less
than the critical angle. These rays, therefore, will leak through the cladding and finally
absorbed by the opaque plastic jacket resulting in attenuation of the signal transmitted
over the fiber. Another problem encountered during transmission through an optical
fiber is the chromatic dispersion that occurs due to the differences in speeds at which
different wavelengths composing the transmitted optical signal propagate. Chromatic
dispersion results in spreading of the light pulses which in turn causes ISI.

Compared to copper wire, fiber-optic cable offers several advantages, as listed
below:

1. Larger bandwidth,
2. less power requirement,
3. lighter in weight,
4. less susceptible to degradation,
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5. no inter-fiber interference of light signals,
6. immune to electromagnetic interference.

However, optical communication systems suffer from certain disadvantages too. The
transmitter and the receiver in an optical system are relatively complex requiring
special interfacing devices, as discussed above. Further, fiber-optic cables can get
damaged easily and are inherently unidirectional.

1.7.5 Wireless channel

While the above-described wireline channels can be used quite effectively between
two fixed stations, they are hardly of any use in case of mobile transmitters and/or
receivers. The only solution for providing connectivity in such cases is wireless chan-
nels. In this, the transmitter radiates electromagnetic wave through an antenna into
the free space. This electromagnetic wave carries the message signal to be transmit-
ted to one or many receivers which after traveling through the free space reaches the
receiving station(s). A receiving antenna at every receiving station, irradiated by the
received electromagnetic wave, transforms the electromagnetic energy into voltage
across the two terminals of the antenna which is subsequently fed to the receiver
circuit where the message signal is extracted via demodulation.

Electromagnetic waves may propagate through several possible paths in space
depending on the frequency. Very low frequency (VLF) and low frequency (LF)
waves with frequencies below 300 kHz are reflected from the surface of the Earth
while traveling from the transmitter to the receiver. Thus, these waves are guided
along the contour of the Earth’s surface and are referred to as ground waves. How-
ever, the Earth’s surface causes large attenuation to these waves and so cannot be
used for long-distance communication. Sky waves are medium waves (0.3–3 MHz)
and high-frequency waves (3–30 MHz) that are reflected from the ionosphere of the
atmosphere. Very high frequency (VHF) waves in the range 30–300 MHz are the tro-
pospheric waves that are reflected at different layers in the troposphere where abrupt
changes in the effective dielectric of the troposphere occur. Electromagnetic waves
with frequencies above 300 MHz and up to several hundreds of gigahertz, including
the microwave band, can generally penetrate through the atmosphere. Hence, they are
used for line-of-sight communication and/or satellite communication.

1.8 Data communication systems

In this section, we will study some of the different kinds of communication sys-
tems and networks that are used in transmitting data in distribution automation. They
have different coverage areas (large or small) and use different technologies. His-
torically, communication systems and networks were primarily developed for analog
transmission of voice, audio, image and video. Nowadays, with the advent of digital
communication technology, many of these analog communication systems are being
fully or partially replaced by digital systems. Also, except in broadcasting applications
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where analog communication is still used extensively, all the newly developed com-
munication systems are digital systems. These digital transmission systems not only
carry digitized voice, audio, image and video, but are also used for transmitting other
digital messages, including those in case of distribution automation, by multiplexing
these data along with the primary service data (voice, audio, image and/or video).

1.8.1 Telephone system

Following the invention of telephone by Alexander Graham Bell in 1876, there had
been a tremendous demand for the same among the people who wished to talk to each
other remotely. The demand prevailed for over a century and even till today resulting
in the evolution of the system over the years. The need for one-to-one connectivity
among all the subscribers necessitated in building central switching offices in towns
and cities; credit goes to the Bell Telephone Company who opened the first switching
office way back in 1878. Each subscriber’s telephone set is connected to the local
central office by a simple two-wire cable forming the local loop. All such local central
offices within a larger geographical region are further connected to each other through
a toll office located centrally within that region. The toll offices, in turn, are connected
to each other through intermediate switching offices, thereby forming a hierarchical
structure of interconnections. When two subscribers attached to the same local office
wish to talk to each other, the switching mechanism within the office sets up a direct
connection between the two local loops throughout the duration of the call enabling
them to converse over the line. If the calling parties are residing within the same
geographical region but not in the same locality, the connection between them is
established through their respective local offices and the toll office connecting these
two local offices. For long-distance call, a path is established through the intermediate
switching office connecting the respective toll offices, local offices and the callers’
telephone sets on either sides. In short, the three major components of a telephone
system are – (i) local loops connecting the subscribers to the network, (ii) trunks
connecting the switching offices and (iii) switching offices where calls are redirected
from one trunk to another. A detailed description on the structure of telephony system
is available in Reference 29.

While analog telephone system had been the predominant technology even till
the last decade of the twentieth century, digital telephony has gradually taken over
in most countries. The advent of computer technology, digital electronics and fiber-
optic cables has made this possible. Telephone companies have replaced the analog
switches with computer (software) controlled electronic switching systems. Intertoll
trunk lines are being replaced by high-bandwidth fiber-optic cables, while various
other transmission media still continue to exist, including low-bandwidth twisted
pair cables in local loops, coaxial cables for long-distance trunk lines and microwave
links. Owing to the high cost that the subscribers need to pay in converting local loops
into digital link, the two-wire local loops still exist, except in some business houses
where they have been replaced with optical fibers. Since baseband transmission
of bits over low-bandwidth channel causes ISI, data bits are modulated onto time-
continuous sinusoidal carriers and then transmitted over the local loops. A modem is
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used as an interface between the digital system (computer and/or data source) at the
subscriber’s end and the analog local loop. The modem, short form of modulator–
demodulator, modulates the outgoing data bits onto a carrier and demodulates the
incoming signal for data extraction. Unfortunately, the data transmission capacity
of the telephone network is constrained by the low bandwidth and low signal-to-
noise ratio of the local loops. Consequently, in order to achieve high-speed data
transmission, telephone modems have been replaced by broadband digital subscriber
lines (DSLs). There are many DSL methods that use either one or two twisted pair
cables to serve the customers over the “last mile” local loops; a brief description on
each of these DSL methods is given below.

1. HDSL (high bit-rate digital subscriber line): It uses two twisted pair cables, one
for transmission and one for receiving data, to support data rate of 1.544 Mbps
at full-duplex for a distance of about 12,000 ft.

2. SDSL (symmetrical digital subscriber line): It is a one-pair version of HDSL
supporting full-duplex data transmission at a rate of 768 kbps in either direction.
Data transmitted are separated from the data received by using a hybrid or echo
canceller.

3. ADSL (asymmetrical digital subscriber line): It uses one twisted pair cable in
which downstream and upstream data are multiplexed using FDM scheme. Two
variations of ADSL are G.DMT and G.Lite that use “always on” (packet switch-
ing) ADSL technology. G.DMT uses discrete multitone (DMT) modulation with
up to 256 carriers and up to 15 bits of data modulated on each carrier using QAM.
Thus, G.DMT provides data rate of 6.1 Mbps downstream and 640 kbps upstream
for a distance of about 12,000 ft. The upstream and downstream data carriers are
placed in the 26–138 kHz and 138–1100 kHz bands, respectively, with a spacing
of 4.3125 kHz between carriers. G.Lite, on the other hand, uses only 128 carriers
with up to 8 bits of data modulated (QAM-256) on each carrier. G.Lite provides
data rate of 1.5 Mbps downstream and 512 kbps upstream for a distance of about
18,000 ft.

4. VDSL (very-high bit-rate digital subscriber line): It uses one twisted pair cable
that supports downstream data rate of 25 Mbps for a distance of up to 3000 ft or
51 Mbps for a distance of up to 1000 ft, and upstream data rate up to 3.2 Mbps.

5. ISDN (integrated service digital network): It uses one twisted pair cable to deliver
only digital data and no voice data. There are two categories of ISDN – (i) nar-
rowband ISDN (N-ISDN) that supports a data rate of 144 kbps in either direction
for a distance of up to 18,000 ft and (ii) broadband ISDN (B-ISDN) that has a
total data rate of 1.536 Mbps. Data from multiple channels are multiplexed and
transmitted over ISDN using TDM.

Although telephone systems were primarily designed for voice transmission,
telephone companies nowadays provide a multitude of other services over their public
switched telephone networks (PSTNs). Modern digital telephone systems use TDM
or packet data transmission for diverse applications such as fax, e-mails and data
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transfer, in addition to digitized voice communication. Digital services are provided
to the users in any of the three ways as follows.

● Dedicated leased service: In this, the subscriber is connected to the network
round-the-clock over a dedicated line that is leased out by the service provider to
the subscriber on payment basis.

● Circuit-switched service:This service is available on a dial-up basis as and when
the subscriber demands for it. When a subscriber’s computer places a telephone
call, the switching equipment within the telephone system establishes a physical
path all the way from the caller’s telephone to the receiver’s telephone.

● Packet-switched service: In packet data transmission, data bits are transmitted
in the form of packets as and when they are available without the need for estab-
lishing any dedicated path in advance. The link is “always-on” but used only when
packets are exchanged. The packets are routed from the source to destination via
routers that use a store-and-forward mechanism.

Further details on digital telephone system is beyond the scope of this chapter.
For more information on this topic, see Reference 30.

1.8.2 Mobile phone network

Since the invention of the wireless communication systems, there had been a tremen-
dous effort in providing wireless telephonic link even to persons who are on the move,
walking or traveling from one place to another. However, electro-magnetic spectrum
crunch prevents permanent allocation of a radio frequency (channel) for each and
every subscriber within a geographical area. The cellular telephone system provides a
solution to this. In this, a geographical area is divided into smaller regions called cells,
each having a base station. The base station of every cell uses a set of frequencies,
each frequency corresponding to a channel in that cell, that are shared by all mobile
users within that cell via FDMA, TDMA or CDMA. The frequencies used in a cell
are reused in other nearby cells, but not in its neighboring (adjacent) cells to avoid
inter-cell interference. Thus, it is possible to cater to a large population within a given
geographical area by dividing the area into numerous smaller-sized cells thereby per-
mitting more frequency reuse. A user moving within a particular cell communicates
wirelessly to the base station through his/her mobile telephone set using an available
wireless link (channel). The base station is connected to a mobile switching center
via telephone lines or microwave links, which in turn connects the caller to the called
party. If the called party uses landline-based telephone, the switching center connects
the mobile phone set of the caller party to the fixed telephone network via the local
central office. If the called party is also mobile, the connection is established through
the base station of the cell within which the called party is located using a wireless link
available in that cell. The mobile switching center is also responsible for assigning a
new transmission frequency (channel) to a mobile user whenever the user leaves a cell
and enters a new adjacent cell, a process called handoff. This ensures uninterrupted
conversation even when a mobile user travels from one cell to another.
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Some of the basic advantages of the cellular telephonic system are as follows:

1. Large subscriber capacity by accommodating unlimited number of mobile users,
theoretically, even for a limited number of channels.

2. Expandability of the network possible by splitting large congested cells into
smaller cells.

3. Efficient use of the electromagnetic spectrum due to its ability to reuse allocated
channel frequencies within a geographical area.

4. Reduced transmit power which is particularly important for battery-driven mobile
devices, thereby reducing the cost of transmitters.

5. Reduced occurrences of multipath propagation due to short-range communica-
tions within a cell and between nearby cells.

6. Service to portable devices thereby allowing on-the-move communication.
7. High-quality voice and data communication at relatively low cost.

The cellular technology has, till now, gone through three distinct generations;
popularly known as 1G, 2G and 3G. These are described in brief below.

First-generation (1G) system:

The Advanced Mobile Phone System (AMPS), developed by AT&T Bell Laboratories
in 1970s, is considered to be the First Generation (1G) of the modern mobile phone
technology. It replaced the earlier push-to-talk system and the Improved Mobile Tele-
phone System (IMTS) and was in use till the last decade. Every mobile telephone
set contains a PROM (programmable read-only memory) or EPROM (erasable pro-
grammable read-only memory), known as numeric assignment module (NAM). The
NAM stores the 10-digit telephone number or the mobile identification number (MIN)
assigned to the subscriber using that mobile set, and a unique 32-bit identification
number of the phone set given by the manufacturer, called electronic service num-
ber (ESN). Whenever the mobile is “on the air”, it automatically sends its ESN and
MIN to the base station and gets registered to the mobile switching center. Once
registered, the switching center gains control over that phone and establishes connec-
tion with it as and when there is a “call”. The AMPS is an analog system in which
the analog voice and audio signals are frequency modulated, even though FSK is
used for control signals. Four different sets of channels are used within a cell – data
channels for carrying voice, control channels, paging channels for call alerts, and
access channels for call setup and channel assignment. The channels are separated by
FDM thereby allowing conversations between multiple pairs of users using the same
wireless medium at the same time.

Soon after its commercial deployment in the USA in 1983, many other countries
adopted the AMPS as well. The first commercial cellular system MCS (Mobile Cellu-
lar System) developed in 1979 in Japan was modified to MCS-L1 based on AMPS but
with higher frequency and slightly smaller bandwidth. A system similar to AMPS,
but also with higher frequency and smaller bandwidth, called TACS (Total Access
Communication System), was introduced in 1985 in the United Kingdom and other
European countries. Later, a narrowband version of AMPS (N-AMPS) with voice

www.ebook3000.com

http://www.ebook3000.org


Communication systems for distribution automation 37

channels that are one-third of the regular AMPS was introduced in the year 1992.
A variation of the TACS, called JTACS, was deployed in Japan in 1989, followed by
N-TACS (narrowband-TACS) in 1993 with voice channels occupying half the band-
width as that in JTACS. However, with growing popularity of digital communication
systems and increasing demand for accommodating more mobile users, the analog
1G systems were gradually replaced by the digital second-generation systems.

Second-generation (2G) system:

The transition from analog cellular system to digital system marks the beginning of
the second generation (2G) in mobile technology. Several different standards were
developed among which the D-AMPS (digital-AMPS), GSM (Global System for
Mobile communications) and the CDMA-based cellular system have been widely
deployed. The D-AMPS is the digital upgradation of the first-generation AMPS. It
uses both FDM and TDM – channels within a cell are separated by FDM while TDM
is used to place multiple calls on the same channel. D-AMPS was designed to be
compatible with AMPS so that both first-generation AMPS and second-generation
D-AMPS can coexist and make a smooth transition from the analog generation to
the digital generation. The GSM system also uses TDM combined with FDM in a
manner similar to D-AMPS, whereas the third system is a completely different kind
of system that is based on CDMA.

In an effort to develop a single 2G mobile standard throughout Europe,
Groupe Specialé Mobile came up with the Global System for Mobile communica-
tions (GSM) [31] during the 1980s, although its first-field trial took place not before
1991. The European Telecommunication Standards Institute (ETSI) standardized this
system which was subsequently adopted worldwide as the international mobile stan-
dard. Cell-based design, frequency reuse and the handoff features of the earlier 1G
systems are retained in this system. The architecture is similar to that of AMPS with
few modifications. The phone set in GSM no longer contains PROM or EPROM but
a removable smart card with subscriber information, called Subscriber Identity Mod-
ule (SIM). The SIM can be inserted into any phone set to activate and connect that
phone set to the mobile network. The base stations are now connected to the mobile
switching center through a base station controller that controls channel assignment
and handoff. The base station uses the dedicated control channel for locating, regis-
tering and setting up of calls for mobiles within its range. There is also the common
control channel that is split into three subchannels – paging channel for call alerts,
random access channel through which a user requests for a slot in the dedicated control
channel to set up a call, and access grant channel to announce whenever a slot is made
available to a user. Finally, GSM employs a different mechanism for handoff, called
Mobile Assisted Handoff (MAHO). Since a user transmits or sends data (digitized
voice and audio) over a channel using TDM, it remains idle for most of the period.
The user utilizes this idle period in assessing the quality of signal that it receives
from other nearby base stations. This information is then passed to the base station
controller which in turn determines the location of the user from this information.
Based on the location of the mobile, as determined by the base station controller, the
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handoff is initiated whenever the mobile leaves a cell and enters a new cell. Thus, the
mobile set also participates in the handoff process and hence the name.

Third-generation (3G) system:

As discussed above, 1G and 2G mobile technologies are only about analog and digital
voice, respectively, with no provision for digital message data. Further, a world-
wide compatible mobile system was still missing. Motivated by this, ETSI proposed
the Universal Mobile Telecommunication System (UMTS). Soon, the International
Telecommunications Union (ITU) developed the International Mobile Telecommu-
nications 2000 (IMT-2000) system which includes UMTS as a subset. IMT-2000
supports three different modes of operation, viz. Wideband Code Division Multi-
ple Access (W-CDMA) in Europe and Japan, CDMA-2000 in the USA and some
Asian countries, and Time Division Code Division Multiple Access (TD-CDMA) in
China.

The basic services that the IMT-2000 provides are:

1. High-quality voice transmission,
2. messaging,
3. multimedia,
4. Internet access.

Additional services include video-conferencing, m-commerce, etc. All these services
are available instantly everywhere that can be reached via satellite and/or terrestrial
network. Thus, mobile technology is gradually penetrating every nook and corner of
the world. The service can be used not only for voice communication but also for
transmission of digital message data and multimedia data. Consequently, we have
now stepped into a new era of mobile technology, popularly called 3G – the third
generation of mobile technology.

Unlike the AMPS, GSM and most other earlier systems, the 3G technology
uses CDMA. This provides us with the following advantages over the 1G and
2G systems:

1. Higher capacity which is particularly important in places with increasing tele-
density.

2. Use of single frequency eliminates the need for complicated frequency planning.
3. Facilitates soft handoff in which the new base station takes control of the mobile

before the previous base station gives up. This eliminates the possibility of
unwanted call termination in case of fast-moving phone sets.

Although widespread deployment of 3G mobile networks is not yet complete,
research in developing the next generation of mobile technology, in the name Long
Term Evolution (LTE) or 4G, is underway [32, 33]. Some of the proposed features of
LTE include high bandwidth, ubiquity (connectivity everywhere), seamless integra-
tion with other IP networks, adaptive resource and spectrum management, and high
quality of service for multimedia.
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1.8.3 Trunked radio system

A trunked radio system comprises of a number of mobile radios (users) with a central
controller. All users must be enrolled to the system before they can participate in
communicating within the system. The group of users in a trunked radio system is
called a talkgroup. Every system uses a group of frequencies that is shared by this
talkgroup, allowing multiple simultaneous conversations by FDM. Whenever a user
wishes to communicate, the user presses a push-to-talk button that sends a digital
message to the central controller requesting a channel assignment. If a channel is
available, the system controller sends a message back to the user informing the user
about the channel assignment. The system controller also broadcasts a similar message
to other radios in the system so that they can tune to the designated channel if they
desire so. After the channel assignment process is completed, voice conversation
between two or more users in the system takes place.

In a trunked radio system, one out of all the channels provided in the system
is dedicated for use as control channel. Exchange of control information between
the users and the central controller is carried out over this channel. The remaining
channels are available to the users for conversation. The central controller uses a
dynamic channel assignment strategy to allocate these channels only to the demanding
users. Since generally not many users in a system will require channel access at the
same time, it is possible to accommodate a large number of users in a trunked radio
system with limited number of channels even while guaranteeing channel availability
to all its demanding users with high probability. A conventional (non-trunked) radio
system, on the other hand, can only accommodate that many users as many channels
are provided in the system. Thus, a trunked radio system offers greater benefits
compared to the conventional radio system. Nevertheless, there are certain major
disadvantages with trunked radio system as follows:

1. Trunked radio system depends on the smooth functioning of the central controller
which in turn relies on computer software that controls the channel assignment
task. So, any software as well as hardware problem with the central controller
will affect all radio users in the system.

2. Trunked radio operation will be unavailable if the central controller becomes
isolated from its remote mobile users. This may happen due to failure of the
dedicated control channel link. In such a situation, the whole system will collapse.

3. Trunked radio system suffers from a significant delay in initiating conversation.
This occurs due to the time spent in sending request for channel assignment by
the user and subsequent channel assignment by the controller.

1.8.4 Cable TV network

In the past decade, the cable TV system has emerged as another major player for data
transmission [34–36]. The idea of cable TV started sometime in the middle of the past
century. This system, in the earlier days, consisted of a large antenna for picking up
TV signals from the space, a headend to boost the received signal and then deliver
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this signal to every house in the locality via coaxial cable. Later, with increasing
popularity, cable TV operators began to lay cables across cities connecting all local
cable TV networks into a single network.

Starting from the beginning of this century, inter-city cables are replaced with
fiber optics to support high-speed digital data transmission from the headend to the
neighborhood of the customers, along with the TV signals. The data are multiplexed
with the TV signals using FDM and subsequently distributed to all customers in the
neighborhood via coaxial cables. In a manner similar to the TV signal transmission,
cable TV networks initially could only be used for one-way downstream data trans-
mission – from the headend to the customers. The present technology, however, has
enabled upstream transmission as well. A modem at every user end demodulates
the incoming signal to extract the downstream message data and modulates an RF
wave with the upstream data for transmission over the coaxial cable to the outside
world. Thus, cable TV system serves for data exchange between users connected to
the network.

1.8.5 Satellite communication system

In astronomical term, a satellite is a celestial body. While the Moon is the only natural
satellite of our Earth, advancement in space technology has led to the development of
artificial satellites which are space vehicles launched by humans that orbit the Earth.
Artificial satellites that provide communication and other related services to a variety
of consumers is called a communication satellite or comsat in short. A communication
satellite is essentially a microwave repeater in the sky that receives communication
signals from a transmitting station on the Earth and relays it back to one or more
receivers on the Earth. Over the last few years, the number of satellite communication
systems has increased providing means for relaying of telephone signals, broadcast-
ing of TV signals, communication links to remote locations and direct-to-home TV
distribution via satellite. Satellite systems are also used for GPS (global positioning
system) applications where the satellite signal is used to determine the user’s exact
location on the Earth.

A satellite communication system consists of one or more satellite space vehi-
cles, a ground-based control station on the Earth, and a network of user Earth stations
that communicates with each other via transmission and reception of communication
signals through the satellite system. Communication satellites are generally placed
in geostationary orbit such that their positions in the sky are fixed with respect to
the Earth. This enables the antenna on the Earth to be pointed in fixed directions
towards the satellites without the need for tracking the positions of the satellites.
A transponder attached to the satellite receives the signal sent from the transmitting
antenna on the Earth, amplifies the same and then relays back to the Earth. The uplink
(Earth-to-satellite) and the downlink (satellite-to-Earth) use different frequencies to
avoid any interference. The geographical area on the Earth’s surface covered by the
downward antenna beam is referred to as footprint. A communication satellite is gen-
erally equipped with multiple transponders, one transponder per channel, and multiple
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antennas to have a larger footprint area. Further reading on satellite communication
is available in Reference 37.

Satellite communication technology has evolved tremendously in the past two
decades. One major breakthrough in satellite communication had been the transition
from analog to digital domain. This obviously has helped in utilizing the service of
the communication satellites for digital data transmission. Satellite relays provide a
channel for data communication, in addition to other services. The different methods
used for multiple access of a single transponder by multiple uplink and downlink
stations are:

1. Frequency division multiple access (FDMA)
2. Time division multiple access (TDMA)
3. Code division multiple access (CDMA)
4. Space division multiple access (SDMA) where narrow-beam antenna patterns

are switched from one direction to another.

The system may use either fixed-assigned multiple-access (FAMA) or demand-
assigned multiple-access (DAMA) schemes. In the former mode, the multiple access
method used (FDMA, TDMA or CDMA) does not change. In the DAMA mode, the
system adopts to either of the FDMA orTDMA methods of multiple access depending
on the traffic condition. A multiple access method similar to TDMA, called ALOHA
(an Hawaiian word, meaning “hello”), is also employed under low traffic condition
[38]. In this method, multiple users send bursts of data (packets) as and when it is
required to communicate. However, two or more packets from different users may
overlap in time causing collision. In that case, each packet is retransmitted till it
reaches the destination successfully.

However, while satellite communication systems are cost effective for broadcast
purposes, they are less cost effective for point-to-point communication applications.
The cost of broadcasting a message to a large crowd is not much compared to that
in sending the message to a single recipient. From privacy point of view, satellite
communication is highly insecure and hence, encryption is a must whenever data
security is desired. Another drawback with satellite communication is the round-
trip propagation delay which is typically of the order of hundreds of milliseconds
(approximately 270 ms for a one-way transmission).

1.8.6 Wireless sensor network

Wireless sensor network is an emerging technology, generally deployed to monitor
various aspects of the physical world such as monitoring the temperature, humidity
and other weather conditions over a region, patient monitoring in a healthcare system,
tracking of objects, monitoring performance of equipment, etc. Thus, it provides
unprecedented opportunities for wide variety of applications such as disaster relief,
border monitoring, medical care, surveillance in battlefield scenarios, fault diagnosis
and many more. The network consists of a large number of sensor nodes that are
somewhat like small computers fixed (or embedded) on the objects to be tracked or
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spatially distributed in the environment to be monitored. A sensor node is generally
equipped with at least a power supply unit, sensing unit, processing unit to process the
sensed data and a transmitter–receiver unit. The sensing unit consists of sensors that
can sense temperature, vibration and other conditions, depending on the application,
using various modalities, such as acoustic, seismic, thermal and infrared. The sensor
nodes periodically sense the data, extract relevant information from the sensed data,
process it and transmit it to a distant fusion center or sink. In order to realize it, peer-
to-peer network technique may be used that allows direct communication between
any two nodes. If two devices cannot communicate directly, other intermediate nodes
relay data packets from the source node to the destination node using multi-hop
routing. Due to the dense deployment of sensors, reliable multiple access techniques
are necessary to allow multiple sensor nodes to transmit data simultaneously over
the same transmission medium. For this purpose, multiplexing schemes commonly
employed in wireless sensor networks are OFDM, its variants (OFDM in conjunction
with TDMA or FDMA) and CDMA.

1.8.7 Wireless data networks

The desire to connect computers and/or laptops with the Internet wirelessly anywhere–
anytime has led to the development of wireless LANs and wireless MANs, more
popularly known as Wi-Fi and Wi-Max. However, compatibility among all such sys-
tems, developed by various companies, was an issue. Consequently, standardization
of the systems was felt and the IEEE subsequently came up with the 802.11 and the
802.16 standards for Wi-Fi and Wi-Max systems, respectively.

Wi-Fi

The Wi-Fi is a Wireless Local Area Network (WLAN) that comprises the IEEE 802.11
family of networks. Starting from the beginning of this century, this family of WLANs
has gained popularity over the last 15 years. Nowadays, most college and university
campuses, office buildings, airport lounges, hotels and even private residences are
provided with Wi-Fi facility where multiple computers housed in the same building
are networked together and connected to the Internet via high-speed connection. Wi-
Fi networks are even popular at homes for networking multiple computers and for
connecting to the Internet as well.

The 802.11 standard defines an over-the-air interface between a wireless client
and a base station or between two wireless clients. These wireless networks oper-
ate unlicensed in designated frequency bands allowing anyone to put any of these
networks on-the-air without the need for any permission from the frequency allo-
cation authority. The three major Wi-Fi standards in the IEEE 802.11 family are
the 802.11a, 802.11b and 802.11g. 802.11a pertains to the WLAN standard that
goes as fast as 54 Mbps in the 5 GHz band. 802.11b yields connection as fast as
11 Mbps in the 2.4 GHz band while 802.11g provides for 20+ Mbps transmission
rate in the 2.4 GHz band. Table 1.1 gives a technical comparison among these three
standards.
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Table 1.1 Wi-Fi standards

802.11a 802.11b 802.11g

Frequency band (GHz) 5.0 2.4 2.4
Maximum data rate (Mbps) 54 11 54
Channel bandwidth (MHz) 20 20 20
Radio technology OFDM DSSS* OFDM

*Direct sequence spread spectrum.

Table 1.2 Wi-Max standards

Licensed service Unlicensed service

Frequency band (GHz) 2.5 5.5
Maximum data rate (Mbps) 108 108
Channel bandwidth (MHz) 20–40 20–40
Radio technology OFDM OFDM
Duplexing scheme Frequency division Time division

Wi-Max

The Wi-Max is a Wireless Metropolitan Area Network (WMAN) that is somewhat like
a cellular telephone system, but designed only for data communication and connected
to the Internet. Wi-Max standards are developed and approved by the IEEE 802.16
Working Group. The Wi-Max service may be licensed or unlicensed. Since unlicensed
service provider need not to pay for the spectrum space and the license, the unlicensed
service has the advantage of lower cost, but suffers from interference from other
unlicensed systems. For licensed systems, the service provider has to buy spectral
space and a license. It has the advantage of less interference and better Non-Line of
Sight (NLOS) reception. Table 1.2 gives a technical comparison between the Wi-Max
standards for licensed and unlicensed service.

1.8.8 Wireless mesh network

A wireless mesh network is a mesh network created through the connection of wire-
less access points installed at each user’s location. In this system, the access points
or the nodes are organized in a mesh topology forming a wireless ad hoc network.
Wireless mesh networks generally consist of mesh clients, mesh routers and gateways.
The mesh clients are wireless mobile devices such as laptops, mobile phones, etc.
The mesh routers forward data to and from the gateways which may be connected
to the Internet. Wireless mesh networks are implemented with various wireless tech-
nology including 802.11, 802.16, cellular technologies or combinations of more than
one type. The networking infrastructure is decentralized and simplified where each
network user forwards data as far as to the next node only. In a full mesh topology,
every node communicates with every other node while in a partial mesh network,
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nodes communicate with all nearby nodes, but not distant nodes. Similar to wireless
sensor networks, multiplexing schemes employed here are OFDM and its variants –
OFDM in conjunction with TDMA, FDMA or CDMA. Some of the advantages of
wireless mesh networks include:

1. Decreased need for Internet gateways,
2. collaborative backup ensuring data security in the event of disk failure,
3. dynamic route configuration,
4. lower power requirements,
5. increased reliability – each node connected to multiple nodes ensuring no broken

link in the event of any node dropping out of the network.

1.8.9 Wireless automated meter reading system

With wireless communication becoming ubiquitous around the world nowadays, its
application for gauging consumption of utilities by customers is rapidly becoming
popular and essential. A wireless automatic meter reading system (WAMRS) is a sys-
tem used to remote reading the consumption of energy. It consists of three main parts –
the Sender (also called the Premises Unit) located inside the house of the consumer,
the Central Point’s Unit covering every geographical area and the Receiver (server) at
the billing office of the electricity supply company. A digital energy meter at the con-
sumer’s premises continuously records the energy consumption by the customer. The
primary objective of a WAMRS is to send periodical readings of the meter wirelessly
to the billing office. Any of the available wireless technology may be used for the
purpose. However, since the range of wireless coverage of each premises unit is gen-
erally limited, the information is not sent directly to the billing office but via a central
point in that locality. These central points have long-range wireless transmitters that
can deliver the meter-reading data over long distances to the billing office.

1.8.10 Advanced metering infrastructure

Apart from distribution automation system, communication networks also play a
very vital role in advanced metering infrastructure (AMI). In an AMI, a smart meter
is installed in the premises of a customer which collects time stamped measurement
data. Subsequently, these measured data are sent to the AMI host system through
communication channels for further processing and analysis in order to provide useful
information to the service provider. However, in AMI the communication is carried
out in both the directions (i.e., from the customer’s smart meter to the utility and
from the utility to the smart meter) so that necessary control signals or real-time price
signals can be sent to the customer to help him/her to manage his/her electricity bill.

In an AMI, the communication system should have the following features [39]:

1. It should be able to send huge amount of data with appropriate confidentiality.
2. It should convey complete information about the customer’s consumption pattern.
3. The precision and authenticity of the communicated data should be maintained.
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4. It should be cost effective.
5. It should support future expansion.

Various communication technologies are used for AMI. These are [39]: (i) power
line communication, (ii) optical fiber, (iii) cellular, (iv) Wi-Max, (v) General Packet
Radio Service (GPRS), (vi) Internet, (vii) satellite, etc.

1.9 Conclusion

In this chapter, we discussed various issues related to communication systems and
techniques. These include different modulation techniques, multiplexing schemes,
transmission media and existing communication networks. Communication plays a
crucial role in distribution automation and hence, sufficient knowledge in commu-
nication theory is necessary for proper understanding of this topic. Hope that this
chapter will serve as a starting foundation in communication networks, as necessary
for understanding the distribution automation system.
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Chapter 2

Load flow analysis

Biswarup Das1

In an automated distribution system, several tasks, such as network reconfiguration
(for loss reduction, load balancing, service restoration), volt-var control, etc., are
undertaken regularly to improve the performance of the system. Further, these tasks
should be accomplished without violating any system constraints such as bus voltage
magnitudes, line power flow limits, etc. These constraints are checked at each step of
the algorithms (for accomplishing these tasks) through load flow analysis. Therefore,
an efficient load flow analysis is an integral part of an effective distribution automation
system. In this chapter, load flow analysis methods for balanced and unbalanced
distribution system are discussed. In this regard, three different cases are considered
in this chapter as follows:

● Load flow analysis of balanced radial distribution system.
● Load flow analysis of unbalanced radial distribution system.
● Load flow analysis of balanced weakly meshed distribution system.

It is to be noted that, in the foreseeable future, weakly meshed operation of low
voltage, unbalanced distribution system is quite unlikely and therefore, this case is
not considered in this chapter.

2.1 Load flow analysis of balanced radial distribution system

For load flow analysis of radial distribution system, the most popular technique is
backward/forward load flow method [1]. In this method, at every iteration, utilising
the most updated values of the node voltages, initially the load currents at every
node are calculated. Subsequently, starting from the leaf nodes of the system and
progressing towards the substation (root) node, the branch currents are calculated by
applying the Kirchoff’s current law. Finally, starting from the root node and moving
towards the leaf nodes of the system, the node voltages are updated by applying the

1 Department of Electrical Engineering, Indian Institute of Technology Roorkee, Roorkee, Uttarakhand,
India
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(1) (2) (3) (m) (n)

Figure 2.1 A sample radial distribution system

Kirchoff’s voltage law (KVL). These three steps are repeated till the node voltages
are converged.

The detailed steps of this method are described below with the help of the diagram
of a sample radial distribution system shown in Figure 2.1. In the system shown in
Figure 2.1, bus 1 is the substation bus (also called as root node) and as a result, its
complex voltage is assumed to be known. Actually, the voltage magnitude of the root
node is equal to the substation voltage while the angle of this bus voltage is taken to
be zero, i.e. this bus (root node) acts as the reference node for calculating the angles
of the other bus voltages.

For the algorithm described below, without any loss of generality it is assumed
that the radial distribution system has N buses with bus 1 being the substation bus.

2.1.1 Detailed algorithm

Step 1: Initialise all the node voltages to Vs∠0◦ (i.e. V̄ (0)
j = Vs∠0◦ for j = 2, 3, . . . , N ),

where Vs denotes the substation voltage magnitude while V̄ (0)
j denotes the initial

complex bus voltage of jth node.
Step 2: Initialise iteration count k = 0.
Step 3: Update iteration count k = k + 1.
Step 4: At iteration k , the load current Ī (k)

j at node j is calculated as:

Ī (k)
j = PLj − jQLj

{

V̄ (k−1)
j

}∗ ; j = 2, 3, . . . , N (2.1)

In (2.1), PLj and QLj denote the real and reactive (inductive) power load at bus j,
respectively, while {V̄ (k−1)

j } denotes the complex bus voltage of bus j corresponding
to (k − 1)th iteration.
Step 5: This step is called backward sweep. In this step, initially the current in any
branch directly connected to a leaf node is calculated to be equal to the load current at
that leaf node. Subsequently, the current in any other branch is calculated as the sum
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of the load current at the receiving end (of that branch) and the currents in the branches
emanating from the receiving end (of that branch). For example, in Figure 2.1, the
current in the branch between the buses m and n at iteration k(Ī (k)

mn ) is given by,

Ī (k)
mn = Ī (k)

n +
∑

currents in the branches emanated from bus n (2.2)

By this process, the complex currents in all the branches are calculated.
Step 6: This step is called forward sweep. In this step, starting from the root node
and moving towards the leaf nodes, the voltages at every node are updated from the
knowledge of the voltage at the respective previous node. For example, in Figure 2.1,
from the value of V̄ (k)

m , the value of V̄ (k)
n is calculated as:

V̄ (k)
n = V̄ (k)

m − Z̄mnĪ (k)
mn (2.3)

In (2.3), Z̄mn is the impedance of the feeder section between buses m and n. By this
process, the voltages at all the nodes are updated.
Step 7: Compute e(k)

i = |V̄ (k)
i − V̄ (k−1)

i | for all i = 2, . . . , N .
Step 8: Compute e(k) = max (e(k)

2 , e(k)
3 , . . . , e(k)

N ).
Step 9: If e(k) ≤ ε (tolerance limit), stop and print the solution. Else set k = k + 1 and
go to Step 4.

2.1.2 Illustrative example

To illustrate the algorithm described above, a small radial distribution system shown in
Figure 2.2 is considered. The data of this system are given in Table 2.1. In this system,
bus 1 is the substation bus (root node) with a voltage of 11 kV. InTable 2.1, the symbols
R and X denote the resistance and reactance of the feeder section between bus i and
bus j, respectively. Further, the symbols PL and QL denote the real and reactive power
loads, respectively. For solving the load flow, initially all the bus voltages are initialised
to 11∠0◦ kV. Subsequently, at each iteration k , following three steps are executed:

i. Calculation of load currents: Ī (k)
i = PLi − jQLi

{V̄ (k−1)
i }∗ ; i = 2, 3, . . . , 6.

ii. Backward sweep: The branch currents are calculated as: Ī (k)
45 = Ī (k)

5 ; Ī (k)
34 = Ī (k)

4 +
Ī (k)
45 ; Ī (k)

36 = Ī (k)
6 ; Ī (k)

23 = Ī (k)
3 + Ī (k)

34 + Ī (k)
36 ; Ī (k)

12 = Ī (k)
2 + Ī (k)

23 . It is to be noted that in
this chapter, the symbol Ī (k)

ij denotes the complex current flowing from bus i to
bus j in iteration k .

iii. Forward sweep: The bus voltages are updated as: V̄ (k)
2 = V̄1 − Z̄12 Ī (k)

12 ; V̄ (k)
3 =

V̄ (k)
2 − Z̄23 Ī (k)

23 ; V̄ (k)
4 = V̄ (k)

3 − Z̄34 Ī (k)
34 ; V̄ (k)

5 = V̄ (k)
4 − Z̄45 Ī (k)

45 ; V̄ (k)
6 = V̄ (k)

3 − Z̄36 Ī (k)
36 .

Again, it is to be noted that the symbol Z̄ij denotes the complex impedance of
the branch connecting bus i and bus j.

After the voltages are updated, the convergence of the algorithm is checked
following the procedure described in Steps 7–9 of the detailed algorithm given in
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(1) (2) (3) (4) (5)

(6)

Figure 2.2 A small radial distribution system

Table 2.1 System data and results for the system of Figure 2.2

Line data Load at bus j Vmag at bus j

Bus i Bus j R (�) X (�) PL (kW) QL (kVAR) Vlf (kV) Vsim (kV)

1 2 0.279 0.015 0 0 10.8654 10.8638
2 3 0.444 0.439 1572 174 10.6218 10.6181
3 4 0.864 0.751 1936 312 10.4178 10.4135
4 5 0.864 0.751 189 63 10.3976 10.3931
3 6 1.374 0.774 1336 112 10.4373 10.4333

Section 2.1.1. If the algorithm is not converged, then the iteration count is advanced
and steps (i)–(iii) described above are repeated.

The voltage magnitudes of different buses obtained by the load flow algorithm
described above are shown in the seventh column of Table 2.1 (denoted as Vlf ). For
computing the load flow solution, a tolerance of 10−12 (in kV) has been chosen and
the algorithm converged in 11 iterations. Further, for comparing the accuracy of the
load flow algorithm, the steady-state solution of the system shown in Figure 2.2 has
also been computed through detailed time domain simulation using PSCAD/EMTDC
software [2]. The solutions obtained from time domain simulation are taken as the
benchmark for the purpose of comparison. The voltage magnitudes of different buses
obtained from time domain simulation are also shown in the eighth column of Table
2.1 (denoted as Vsim). These two columns show that for this system, the load flow
algorithm gives quite accurate result.

As a second example, a 31-bus radial distribution system described in Reference 3
is considered. The data of this system are given in Table 2.2. In this system, bus 1
is the substation bus (root node) with a voltage of 23 kV. For solving the load flow,
initially all the bus voltages are initialised to 23∠0◦ kV. Subsequently, by following
the steps of the algorithms, the load flow solution of this system has been computed.
In this case, the algorithm converged in 17 iterations for a tolerance of 10−12 (in kV).
The voltage magnitudes and angles (in ◦, denoted as θlf ) at all the buses obtained after
the solution are also shown in Table 2.2.
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Table 2.2 System data and results for 31-bus radial distribution system

Line data Load at bus j Voltage at bus j

Bus i Bus j R (�) X (�) PL (kW) QL (kVAR) Vlf (kV) θ lf (◦)

1 2 0.896 0.155 0 0 22.3154 0.2899
2 3 0.279 0.015 572 174 22.1447 0.4214
3 4 0.444 0.439 0 0 21.7990 0.0018
4 5 0.864 0.751 936 312 21.4050 −0.4061
5 6 0.864 0.751 0 0 21.0607 −0.7732
6 7 1.374 0.774 0 0 20.5589 −1.0234
7 8 1.374 0.774 0 0 20.2018 −1.2060
8 9 1.374 0.774 0 0 19.8448 −1.3952
9 10 1.374 0.774 189 63 19.6127 −1.5205
10 11 1.374 0.774 0 0 19.3964 −1.6397
11 12 1.374 0.774 336 112 19.1801 −1.7617
12 13 1.374 0.774 657 219 18.9926 −1.8695
13 14 1.374 0.774 783 261 18.8615 −1.9459
14 15 1.374 0.774 729 243 18.7982 −1.9831
9 16 0.864 0.751 477 159 19.7597 −1.4971
16 17 1.374 0.774 549 183 19.6745 −1.5449
17 18 1.374 0.774 477 159 19.6349 −1.5672
7 19 0.864 0.751 432 144 20.4716 −1.1242
19 20 0.864 0.751 672 224 20.4078 −1.1983
20 21 1.374 0.774 495 165 20.3681 −1.2199
7 22 0.864 0.751 207 69 20.5477 −1.0364
4 23 0.444 0.439 522 174 21.6635 −0.1713
23 24 0.444 0.439 1917 639 21.5423 −0.3278
24 25 0.864 0.751 0 0 21.4131 −0.4692
25 26 0.864 0.751 1116 372 21.2840 −0.6123
26 27 0.864 0.751 549 183 21.2134 −0.6911
27 28 1.374 0.774 792 264 21.1523 −0.7231
2 29 0.279 0.015 882 294 22.2815 0.3139
29 30 1.374 0.774 882 294 22.1513 0.2492
30 31 1.374 0.774 882 294 22.0861 0.2165

From Table 2.2, it is observed that at some load buses, the bus voltage is
leading the substation voltage. This is due to significant amount of resistance
of the distribution feeders, which can be explained as follows. From (2.3),
V̄n = V̄m − Z̄mnĪmn = V̄m − (Rmn + jXmn)Īmn, where Rmn and Xmn are resistance and
reactance of the feeder section between buses m and n, respectively. Now,
if there is an active and reactive (inductive) load at bus n, then Īmn can be
written as, Īmn = (Imnr − jImni), where Imnr and Imni are the real and imaginary
part of Īmn, respectively. Therefore, taking V̄m as reference, V̄n = Vm − (Rmn +
jXmn)(Imnr − jImni) = (Vm − RmnImnr − XmnImni) + j(XmnImnr − RmnImni). Now, depend-
ing upon the values of Rmn, Xmn, Imnr and Imni, the quantity (XmnImnr − RmnImni) can be
greater than zero thereby making V̄n to lead V̄m. In this context, it is to be noted that
if Rmn ≈ 0, then V̄n = Vm − jXmn(Imnr − jImni) = (Vm − XmnImni) − jXmnImnr . Therefore,
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Figure 2.3 Voltage magnitude in 30-bus system

when the feeder resistance is negligible, V̄n will always lag V̄m for inductive load
connected at bus n.

As in 6-bus system, the voltage magnitudes for the 30-bus system have also
been computed using PSCAD/EMTDC and the results are shown in Figure 2.3 (along
with the voltage magnitudes obtained by the algorithm). From this figure, it is again
observed that the backward/forward sweep algorithm is quite accurate and as a result,
the backward/forward load flow algorithm is considered as the standard algorithm for
computing the steady-state solution of a balanced radial distribution system.

2.2 Load flow analysis of unbalanced radial distribution system

For the load flow solution of unbalanced radial distribution system, backward/forward
load flow method [4] is again mostly used. Therefore, the basic procedure described
in Section 2.1 is followed for this case also. However, as the system is unbalanced,
in this case, the three-phase voltages and currents are considered. Also, while in the
balanced system, a feeder section between bus i and bus j is represented by a series
impedance Z̄ij, in an unbalanced system, a three-phase feeder is represented by a
(3 × 3) matrix Z̄ij. With these two basic differences, the detailed algorithm can be
described as follows.

2.2.1 Detailed algorithm for unbalanced system

Step 1: Initialise all the node voltages to the substation bus voltage. Therefore,
V̄ (0)

ja = Vs∠0◦, V̄ (0)
jb = Vs∠−120◦ and V̄ (0)

jc = Vs∠120◦ for j = 2, 3, . . . , N , where V̄ (0)
jp
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denotes the initial complex bus voltage of jth node corresponding to pth phase
( p = a, b, c).
Step 2: Initialise iteration count k = 0.
Step 3: Update iteration count k = k + 1.
Step 4: At iteration k , the load current Ī (k)

jp at node j corresponding to phase p
( p = a, b, c) is calculated as:

[

Ī (k)
ja Ī (k)

jb Ī (k)
jc

]T =
[PLja − jQLja

{

V̄ (k−1)
ja

}∗
PLjb − jQLjb
{

V̄ (k−1)
jb

}∗
PLjc − jQLjc
{

V̄ (k−1)
jc

}∗
]T

; j = 2, 3, . . . , N (2.4)

In (2.4), PLjp and QLjp denote the real and reactive (inductive) power load at bus j cor-
responding to phase p ( p = a, b, c), respectively, while {V̄ (k−1)

jp } denotes the complex
bus voltage of bus j at phase p corresponding to (k − 1)th iteration.
Step 5: In this step (known as backward sweep), initially the three-phase current in
any branch directly connected to a leaf node is calculated to be equal to the three-
phase load current at that leaf node. Subsequently, the three-phase current in any
other branch is calculated as the sum of the three-phase load current at the receiving
end (of that branch) and the three-phase currents in the branches emanating from the
receiving end (of that branch). Therefore, in Figure 2.1, the three-phase current in the
branch q between the buses m and n at iteration k is given by,

⎡

⎢
⎢
⎢
⎢
⎣

J̄ (k)
qa

J̄ (k)
qb

J̄ (k)
qc

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

Ī (k)
na

Ī (k)
nb

Ī (k)
nc

⎤

⎥
⎥
⎥
⎥
⎦

+
∑

l∈M

⎡

⎢
⎢
⎢
⎢
⎣

J̄ (k)
la

J̄ (k)
lb

J̄ (k)
lc

⎤

⎥
⎥
⎥
⎥
⎦

(2.5)

In (2.5), J̄ (k)
qp denotes the complex branch current in the branch q corresponding to

phase p ( p = a, b, c) at iteration k while M is the set of feeder sections connected
at bus n. By this process, the complex three-phase currents in all the branches are
calculated.
Step 6: In this step (known as forward sweep), starting from the root node and moving
towards the leaf nodes, the three-phase voltages at every node are updated from the
knowledge of the three-phase voltage at the respective previous node. For example,
in Figure 2.1, from the value of V̄ (k)

mp , the value of V̄ (k)
np ( p = a, b, c) is calculated as:

⎡

⎢
⎢
⎢
⎢
⎣

V̄ (k)
na

V̄ (k)
nb

V̄ (k)
nc

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

V̄ (k)
ma

V̄ (k)
mb

V̄ (k)
mc

⎤

⎥
⎥
⎥
⎥
⎦

− Z̄mn

⎡

⎢
⎢
⎢
⎢
⎣

J̄ (k)
qa

J̄ (k)
qb

J̄ (k)
qc

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

V̄ (k)
ma

V̄ (k)
mb

V̄ (k)
mc

⎤

⎥
⎥
⎥
⎥
⎦

−

⎡

⎢
⎢
⎢
⎢
⎣

Z̄aa
mn Z̄ab

mn Z̄ac
mn

Z̄ba
mn Z̄bb

mn Z̄bc
mn

Z̄ca
mn Z̄cb

mn Z̄cc
mn

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎣

J̄ (k)
qa

J̄ (k)
qb

J̄ (k)
qc

⎤

⎥
⎥
⎥
⎥
⎦

(2.6)

In (2.6), Z̄mn is the (3 × 3) impedance matrix of the branch q between buses m and n.
By this process, the three-phase voltages at all the nodes are updated.
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Table 2.3 System data for the unbalanced system having same topology of
Figure 2.2

Line data Load at bus j

Bus Bus Length Impedance Pa Qa Pb Qb Pc Qc
i j (ft) matrix (kW) (kVAR) (kW) (kVAR) (kW) (kVAR)

1 2 1850 Z̄1 140 70 140 70 350 175
2 3 960 Z̄2 160 110 120 90 120 90
3 4 1320 Z̄2 394 225 418 239 128 86
4 5 360 Z̄1 170 125 230 132 85 40
3 6 520 Z̄2 485 190 68 60 290 212

Step 7: Compute e(k)
i = max (|V̄ (k)

ia − V̄ (k−1)
ia |, |V̄ (k)

ib − V̄ (k−1)
ib |, |V̄ (k)

ic − V̄ (k−1)
ic |) for all

i = 2, . . . , N .
Step 8: Compute e(k) = max (e(k)

2 , e(k)
3 , . . . , e(k)

N ).
Step 9: If e(k) ≤ ε (tolerance limit), stop and print the solution. Else set k = k + 1 and
go to step 4.

2.2.2 Illustrative example for unbalanced system

To illustrate the load flow algorithm for unbalanced radial distribution system, a small
unbalanced radial distribution system having the same topology as shown in Figure
2.2 is considered. The data of this system are given in Table 2.3. In this system,
Vs = 4.16 kV. In Table 2.3, Pp and Qp denote real and reactive power load at phase p
(=a, b, c), respectively. Further, the quantities Z̄1 and Z̄2 denote the branch impedance
matrices per mile (in �) and are given by

Z̄1 =
⎡

⎣

0.3465 + j1.0179 0.1560 + j0.5017 0.1580 + j0.4236
0.1560 + j0.5017i 0.3375 + j1.0478 0.1535 + 0.3849
0.1580 + j0.4236i 0.1535 + j0.3849 0.3414 + j1.0348

⎤

⎦

Z̄2 =
⎡

⎣

0.7526 + j1.1814 0.1580 + j0.4236 0.1560 + 0.5017i
0.1580 + j0.4236 0.7475 + j1.1983 0.1535 + j0.3849
0.1560 + j0.5017 0.1535 + j0.3849 0.7436 + j1.2112

⎤

⎦

For computing the load flow, initially all the three-phase voltages are initialised
as: V̄ (0)

ja = 4.16∠0◦, V̄ (0)
jb = 4.16∠−120◦ and V̄ (0)

jc = 4.16∠120◦ for j = 1, 2, . . . , 6.
Subsequently, at each iteration k , following three steps are executed:

i. Calculation of three-phase load current vector Ī
(k)
jabc = [Ī (k)

ja Ī (k)
jb Ī (k)

jc ]T ; j = 2,
3, . . . , 6, following equation (2.4).

ii. Backward sweep: In this step, the three-phase feeder current vector in the feeder
section between buses m and n (Ī

(k)
mnabc) is calculated. This current vector is
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Table 2.4 Load flow result of the small unbalanced radial distribution system

Bus no. Va (kV) θa (◦) Vb (kV) θb (◦) Vc (kV) θ c (◦)

1 4.16 0 4.16 −120.0 4.16 120.0
2 4.085 −0.8742 4.1404 −120.6711 4.1039 119.6447
3 4.0225 −1.2837 4.1101 −120.9792 4.0689 119.7116
4 3.9739 −1.3863 4.0694 −121.4193 4.0636 119.7703
5 3.9709 −1.3882 4.0674 −121.4675 4.0640 119.7657
6 4.0122 −1.4448 4.1126 −120.9583 4.0558 119.7271

represented as Ī
(k)
mnabc = [Ī (k)

mna Ī (k)
mnb Ī (k)

mnc]
T with Ī (k)

mnp denoting the complex feeder
current in phase p (=a, b, c) of the feeder section between buses m and n. From
Figure 2.2, these currents are updated as: Ī

(k)
45abc = Ī

(k)
5abc; Ī

(k)
34abc = Ī

(k)
4abc + Ī

(k)
45abc;

Ī
(k)
36abc = Ī

(k)
6abc; Ī

(k)
23abc = Ī

(k)
3abc + Ī

(k)
34abc + Ī

(k)
36abc; Ī

(k)
12abc = Ī

(k)
2abc + Ī

(k)
23abc.

iii. Forward sweep: In this vector, the three-phase complex bus voltage vector at
each jth bus (V̄

(k)
jabc) for j = 2, 3, . . . , 6 is updated, where V̄

(k)
jabc is represented

as: V̄
(k)
jabc = [V̄ (k)

ja V̄ (k)
jb V̄ (k)

jc ]T for j = 1, 2, . . . , 6. Now, as bus 1 is the substa-

tion bus, V̄
(k)
1abc = [V̄ (0)

1a V̄ (0)
1b V̄ (0)

1c ]T for all iterations k . Hence, from Figure 2.2,

these voltages at all the other buses are updated as: V̄
(k)
2abc = V̄

(k)
1abc − Z̄1Ī

(k)
12abc;

V̄
(k)
3abc = V̄

(k)
2abc − Z̄2Ī

(k)
23abc; V̄

(k)
4abc = V̄

(k)
3abc − Z̄2Ī

(k)
34abc; V̄

(k)
5abc = V̄

(k)
4abc − Z̄1Ī

(k)
45abc;

V̄
(k)
6abc = V̄

(k)
3abc − Z̄2Ī

(k)
36abc.

After the voltages are updated, the convergence of the algorithm is checked
following the procedure described in steps 7–9 of the detailed algorithm given in
Section 2.2.1. If the algorithm is not converged, then the iteration count is advanced
and steps (i)–(iii) described above are repeated.

The load flow results of the above system for a convergence tolerance of 10−12

(in kV) are shown in Table 2.4. The algorithm took 11 iterations for convergence. In
Table 2.4, the quantities Vp and θp denote the voltage magnitude and angle at phase
p (=a, b, c), respectively.

As second example, IEEE-37 bus unbalanced radial distribution system [5] is
considered. For the purpose of illustration, some modifications have been made to
the original system as: (i) the voltage regulator and the transformer in the original
system have been neglected, (ii) the shunt charging susceptances of the feeder sections
have been neglected and (iii) the nodes of the original system have been re-numbered.
As a result, the system now contains 36 nodes and the detailed data of this modified
system are given in Table 2.5. In this table, the branch impedance matrices Z̄1, Z̄2,
Z̄3 and Z̄4 are given by (� per mile),

Z̄1 =
⎡

⎣

0.2926 + j0.1973 0.0673 − j0.0368 0.0337 − j0.0417
0.0673 − j0.0368 0.2646 + j0.1900 0.0673 − j0.0368
0.0337 − j0.0417 0.0673 − j0.0368 0.2926 + j0.1973

⎤

⎦
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Table 2.5 System data for the modified 37-bus unbalanced radial distribution
system

Line data Load at bus j

Bus Bus Length Impedance Pa Qa Pb Qb Pc Qc
i j (ft) matrix (kW) (kVAR) (kW) (kVAR) (kW) (kVAR)

1 2 1850 Z̄1 140 70 140 70 350 175
2 3 960 Z̄2 0 0 0 0 0 0
3 4 1320 Z̄2 0 0 0 0 0 0
3 5 360 Z̄3 0 0 0 0 85 40
5 6 520 Z̄3 0 0 0 0 0 0
6 7 80 Z̄4 17 8 21 10 0 0
7 8 520 Z̄4 85 40 0 0 0 0
3 9 400 Z̄4 0 0 0 0 0 0
9 10 320 Z̄4 8 4 85 40 0 0
9 11 240 Z̄4 0 0 0 0 85 40
4 12 600 Z̄3 0 0 0 0 85 40
12 13 200 Z̄3 0 0 0 0 0 0
13 14 600 Z̄3 0 0 85 40 0 0
13 15 320 Z̄3 0 0 0 0 0 0
15 16 320 Z̄4 0 0 0 0 42 21
15 17 320 Z̄3 85 40 0 0 0 0
17 18 560 Z̄3 0 0 0 0 42 21
18 19 520 Z̄4 0 0 0 0 0 0
19 20 1280 Z̄4 0 0 42 21 0 0
19 21 200 Z̄4 0 0 0 0 85 40
18 22 640 Z̄3 140 70 0 0 0 0
22 23 400 Z̄3 126 62 0 0 0 0
23 24 400 Z̄3 0 0 0 0 0 0
24 25 400 Z̄3 0 0 0 0 42 21
24 26 200 Z̄4 0 0 0 0 85 40
4 27 240 Z̄4 0 0 0 0 42 21
27 28 280 Z̄3 42 21 0 0 0 0
28 29 200 Z̄4 42 21 42 21 42 21
28 30 280 Z̄4 42 21 0 0 0 0
6 31 800 Z̄3 0 0 0 0 85 40
31 32 600 Z̄3 0 0 0 0 0 0
32 33 280 Z̄4 0 0 42 21 0 0
31 34 920 Z̄4 0 0 0 0 0 0
34 35 120 Z̄4 0 0 140 70 21 10
34 36 760 Z̄4 0 0 42 21 0 0

Z̄2 =
⎡

⎣

0.4751 + j0.2973 0.1629 − j0.0326 0.1234 − j0.0607
0.1629 − j0.0326 0.4488 + j0.2678 0.1629 − j0.0326
0.1234 − j0.0607 0.1629 − j0.0326 0.4751 + j0.2973

⎤

⎦
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Table 2.6 Load flow result of the modified 37-bus unbalanced radial distribution
system

Bus no. Va (kV) θa (◦) Vb (kV) θb (◦) Vc (kV) θ c (◦)

1 4.8 0 4.8 −120.0 4.8 120.0
2 4.7795 −0.0686 4.7881 −120.0756 4.7701 119.8923
3 4.7671 −0.1179 4.7813 −120.1117 4.7555 119.8320
4 4.7515 −0.1711 4.7798 −120.1514 4.7439 119.7984
5 4.7665 −0.1142 4.7769 −120.1038 4.7525 119.8152
6 4.7652 −0.0984 4.7699 −120.1028 4.7510 119.7921
7 4.7644 −0.0971 4.7699 −120.1047 4.7511 119.7936
8 4.7601 −0.0926 4.7705 −120.1163 4.7516 119.8043
9 4.7676 −0.1167 4.7785 −120.0991 4.7526 119.8273
10 4.7677 −0.1089 4.7759 −120.0965 4.7530 119.8208
11 4.7678 −0.1218 4.7787 −120.0935 4.7506 119.8294
12 4.7406 −0.2112 4.7801 −120.1502 4.7326 119.8171
13 4.7369 −0.2206 4.7800 −120.1539 4.7300 119.8239
14 4.7375 −0.2084 4.7767 −120.1543 4.7306 119.8112
15 4.7305 −0.2421 4.7815 −120.1595 4.7255 119.8415
16 4.7306 −0.2456 4.7817 −120.1558 4.7241 119.8432
17 4.7240 −0.2604 4.7829 −120.1683 4.7218 119.8593
18 4.7158 −0.2912 4.7848 −120.1719 4.7148 119.8806
19 4.7165 −0.2964 4.7832 −120.1564 4.7107 119.8792
20 4.7172 −0.2814 4.7779 −120.1484 4.7115 119.8646
21 4.7167 −0.3007 4.7834 −120.1516 4.7091 119.8809
22 4.7053 −0.3132 4.7877 −120.1957 4.7118 119.9138
23 4.7024 −0.3264 4.7889 −120.1963 4.7092 119.9231
24 4.7028 −0.3387 4.7895 −120.1841 4.7059 119.9218
25 4.7030 −0.3428 4.7897 −120.1801 4.7048 119.9216
26 4.7030 −0.3430 4.7897 −120.1794 4.7042 119.9236
27 4.7489 −0.1696 4.7794 −120.1525 4.7424 119.8056
28 4.7468 −0.1701 4.7792 −120.1585 4.7422 119.8097
29 4.7462 −0.1688 4.7786 −120.1572 4.7416 119.8106
30 4.7457 −0.1685 4.7794 −120.1617 4.7424 119.8126
31 4.7682 −0.0756 4.7594 −120.0811 4.7474 119.7440
32 4.7686 −0.0696 4.7578 −120.0808 4.7477 119.7376
33 4.7687 −0.0664 4.7566 −120.0791 4.7479 119.7344
34 4.7706 −0.0342 4.7431 −120.0505 4.7478 119.7008
35 4.7708 −0.0302 4.7414 −120.0472 4.7478 119.6965
36 4.7710 −0.0254 4.7399 −120.0457 4.7483 119.6922

Z̄3 =
⎡

⎣

1.2936 + j0.6713 0.4871 + j0.2111 0.4585 + j0.1521
0.4871 + j0.2111 1.3022 + j0.6326 0.4871 + j0.2111
0.4585 + j0.1521 0.4871 + j0.2111 1.2936 + j0.6713

⎤

⎦

Z̄4 =
⎡

⎣

2.0952 + j0.7758 0.5204 + j0.2738 0.4926 + j0.2123
0.5204 + j0.2738 2.1068 + j0.7398 0.5204 + j0.2738
0.4926 + j0.2123 0.5204 + j0.2738 2.0952 + j0.7758

⎤

⎦
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In this system, bus 1 is the substation bus (root node) with a voltage of 4.8 kV
(L-N). By following the steps of the algorithm, the load flow solution of this system
has been computed. In this case, the algorithm converged in eight iterations for a
tolerance of 10−12 (in kV). The voltage magnitudes and angles (in ◦, denoted as θlf ) at
all the buses corresponding to all three phases obtained after the solution are shown
in Table 2.6.

The load flow solution of the modified 37-bus system has also been computed
using PSCAD/EMTDC. The voltage magnitudes obtained by the backward/forward
algorithm and PSCAD simulation are almost identical to each other. In fact, the
maximum absolute percentage deviation of the voltage magnitudes (with respect to
the results obtained from PSCAD) for phase a, phase b and phase c are 0.0031%,
0.0030% and 0.0031%, respectively. Hence, the results obtained from PSCAD are
not plotted along with the results obtained by the backward/forward algorithm as both
these curves would overlap each other.

2.3 Load flow analysis of balanced weakly meshed
distribution system

For solving the power flow problem of a balanced weakly meshed distribution system,
different approaches have been developed in the literature such as breakpoint-based
techniques [1, 6], direct approach-based method [7], Zbus matrix-based technique
[8], etc. Among all these methods, the method developed in Reference 7 is quite
straightforward to apply as it depends on direct manipulation of two constant matrices.
For any topology of the distribution system (radial or weakly meshed), these two
matrices can be easily constructed following two simple algorithms. Therefore, this
method is described in detail below. Initially, construction of these two matrices for
a radial distribution system is described and subsequently, modification of these two
matrices in the presence of loops in the network is discussed.

Let us consider Figure 2.2 again. In Section 2.1.2, while describing the backward
sweep, the relations between the branch currents and the node (load) currents have
been shown. Working again with those relations, we get (for brevity, the superscript
k is omitted),

Ī45 = Ī5

Ī34 = Ī4 + Ī45 = Ī4 + Ī5

Ī36 = Ī6

Ī23 = Ī3 + Ī34 + Ī36 = Ī3 + Ī4 + Ī5 + Ī6

Ī12 = Ī2 + Ī23 = Ī2 + Ī3 + Ī4 + Ī5 + Ī6

⎫

⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(2.7)

Writing the above equations in a matrix form we get,
⎡

⎢
⎢
⎢
⎢
⎣

Ī12

Ī23

Ī34

Ī36

Ī45

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

1 1 1 1 1
0 1 1 1 1
0 0 1 1 0
0 0 0 0 1
0 0 0 1 0

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎣

Ī2

Ī3

Ī4

Ī5

Ī6

⎤

⎥
⎥
⎥
⎥
⎦

(2.8)
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In (2.8), the matrix having entries 0 and 1 represents the branch currents in terms of
the node currents. This matrix is termed as bus injection to branch current ([BIBC])
matrix in Reference 7. It is to be noted that this matrix is a constant matrix. Equation
(2.8) can be written in compact form as:

Ībranch = [BIBC]Īnode (2.9)

where Ībranch = [

Ī12 Ī23 Ī34 Ī36 Ī45

]T
and Īnode = [

Ī2 Ī3 Ī4 Ī5 Ī6

]T
.

For a general n bus, m branch radial distribution system (m = n − 1), the algorithm
for constructing the [BIBC] matrix given in Reference 7 is as follows:

1. The size of the [BIBC] matrix is m × m.
2. If �th branch section is connected between bus i and bus j, copy the column

corresponding to bus i of the [BIBC] matrix to the column of jth bus. Also, fill
a +1 to the element corresponding to �th row and jth column.

3. Repeat step 2 for all branches in the radial distribution system.

Again, in Section 2.1.2, while describing the forward sweep, the relationship
between the branch currents and the bus voltages is shown. Working with those
relations further, we have (for brevity, the superscript k is omitted again),

V̄2 = V̄1 − Z̄12 Ī12

V̄3 = V̄2 − Z̄23 Ī23 = V̄1 − Z̄12 Ī12 − Z̄23 Ī23

V̄4 = V̄3 − Z̄34 Ī34 = V̄1 − Z̄12 Ī12 − Z̄23 Ī23 − Z̄34 Ī34

V̄5 = V̄4 − Z̄45 Ī45 = V̄1 − Z̄12 Ī12 − Z̄23 Ī23 − Z̄34 Ī34 − Z̄45 Ī45

V̄6 = V̄3 − Z̄36 Ī36 = V̄1 − Z̄12 Ī12 − Z̄23 Ī23 − Z̄36 Ī36

⎫

⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(2.10)

Again, writing the above equations in a matrix form we get,

⎡

⎢
⎢
⎢
⎢
⎣

V̄1

V̄1

V̄1

V̄1

V̄1

⎤

⎥
⎥
⎥
⎥
⎦

−

⎡

⎢
⎢
⎢
⎢
⎣

V̄2

V̄3

V̄4

V̄5

V̄6

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

Z̄12 0 0 0 0
Z̄12 Z̄23 0 0 0
Z̄12 Z̄23 Z̄34 0 0
Z̄12 Z̄23 Z̄34 0 Z̄45

Z̄12 Z̄23 0 Z̄36 0

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎣

Ī12

Ī23

Ī34

Ī36

Ī45

⎤

⎥
⎥
⎥
⎥
⎦

(2.11)

In (2.11), the matrix having entries 0 and branch impedances represents the voltage
drops in terms of the branch currents. This matrix is termed as branch current to bus
voltage ([BCBV]) matrix in Reference 7. It is to be noted that this matrix is also a
constant matrix. Equation (2.11) can be written in compact form as:

�V̄ = [BCBV]Ībranch (2.12)

where �V̄ = [

V̄1 − V̄2 V̄1 − V̄3 V̄1 − V̄4 V̄1 − V̄5 V̄1 − V̄6

]T
.

Again, for a general n bus, m branch radial distribution system (m = n − 1), the
algorithm for constructing the [BCBV] matrix given in Reference 7 is as follows:
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(1) (2) (3) (4) (5)

(6)

Figure 2.4 A small weakly meshed distribution system

1. The size of the [BCBV] matrix is m × m.
2. If �th branch section is connected between bus i and bus j, copy the row cor-

responding to bus i of the [BCBV] matrix to the row corresponding to jth bus.
Also, fill the line impedance Z̄ij to the element corresponding to jth row and �th
column.

3. Repeat step 2 for all branches in the radial distribution system.

Now let us assume that in Figure 2.2, a branch between bus 5 and bus 6 exists
thereby making the system a weakly meshed system. The diagram of the system is
shown in Figure 2.4. Let the current flowing in this branch is Ī56 (i.e. flowing from
bus 5 to bus 6). The directions of currents flowing in all the other branches and loads
are also shown in this figure.

For the system shown in Figure 2.4, the relations between the branch currents
and the load currents can be written as:

Ī45 = Ī5 + Ī56

Ī34 = Ī4 + Ī45 = Ī4 + Ī5 + Ī56

Ī36 = Ī6 − Ī56

Ī23 = Ī3 + Ī34 + Ī36 = Ī3 + Ī4 + Ī5 + Ī6

Ī12 = Ī2 + Ī23 = Ī2 + Ī3 + Ī4 + Ī5 + Ī6

⎫

⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(2.13)

The above equations can be written in a matrix form as:

⎡

⎢
⎢
⎢
⎢
⎣

Ī12

Ī23

Ī34

Ī36

Ī45

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

1 1 1 1 1
0 1 1 1 1
0 0 1 1 0
0 0 0 0 1
0 0 0 1 0

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎣

Ī2

Ī3

Ī4

Ī5 + Ī56

Ī6 − Ī56

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

1 1 1 1 1
0 1 1 1 1
0 0 1 1 0
0 0 0 0 1
0 0 0 1 0

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎣

Ī2

Ī3

Ī4

Ī5

Ī6

⎤

⎥
⎥
⎥
⎥
⎦

+

⎡

⎢
⎢
⎢
⎢
⎣

1 1
1 1
1 0
0 1
1 0

⎤

⎥
⎥
⎥
⎥
⎦

[

Ī56

−Ī56

]

(2.14)

www.ebook3000.com

http://www.ebook3000.org


Load flow analysis 63

Equation (2.14) can be written in the following way to get the modified [BIBC]
matrix:

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī12

Ī23

Ī34

Ī36

Ī45

Ī56

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 1 1 1 1 0
0 1 1 1 1 0
0 0 1 1 0 1
0 0 0 0 1 −1
0 0 0 1 0 1
0 0 0 0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī2

Ī3

Ī4

Ī5

Ī6

Ī56

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(2.15)

Now, in Figure 2.4, branch 5–6 creates a loop. Therefore, let us denote the current
Ī56 as Īloop. With this new notation, (2.15) can be re-written as:

[

Ībranch

Īloop

]

= [BIBC]
[

Īnode

Īloop

]

(2.16)

In general, in a general n bus, m branch distribution system (m ≥ n), the number
of loops is l = m − n + 1. In this general case, the quantity Īloop would be replaced
by a vector Īloop which will contain the currents in those branches forming l loops
in the system. Consequently, the sizes of the vectors Ībranch, Īnode and Īloop would be
(n − 1) × 1, (n − 1) × 1 and l × 1, respectively.

In Reference 7, an algorithm for constructing the [BIBC] matrix for a general n
bus, m branch distribution system (m ≥ n) is given as follows:

1. The size of the [BIBC] matrix is m × m.
2. If the �th branch section is connected between bus i and bus j without forming

a loop, follow step 2 of the algorithm for forming [BIBC] matrix in a radial
distribution system. On the other hand, if the �th branch section forms a loop,
then copy the column corresponding to ith bus to the �th column and subtract
the column corresponding to jth bus from this new �th column and finally fill a
+1 to the element corresponding to �th row and �th column.

3. Repeat step 2 for all branches in the distribution system.

Now, to construct the [BCBV] matrix of the system shown in Figure 2.4, the
voltage equations of this system are to be written. It is to be noted that all the equations
of the equation set (2.10) are still valid for this system. Apart from these equations,
another extra equation for the loop of Figure 2.4 can be written as:

Z̄34 Ī34 + Z̄45 Ī45 + Z̄56 Ī56 − Z̄36 Ī36 = 0 (2.17)
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Writing (2.10) and (2.17) together in a matrix form we get:
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

V̄1

V̄1

V̄1

V̄1

V̄1

0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

−

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

V̄2

V̄3

V̄4

V̄5

V̄6

0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄12 0 0 0 0 0
Z̄12 Z̄23 0 0 0 0
Z̄12 Z̄23 Z̄34 0 0 0
Z̄12 Z̄23 Z̄34 0 Z̄45 0
Z̄12 Z̄23 0 Z̄36 0 0
0 0 Z̄34 −Z̄36 Z̄45 Z̄56

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī12

Ī23

Ī34

Ī36

Ī45

Ī56

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(2.18)

The above equation can be re-written as:
[

�V̄
0

]

= [BCBV]
[

Ībranch

Īloop

]

(2.19)

It is to be noted that in a general n bus, m branch distribution system (m ≥ n), the
single entry 0 in (2.19) would be replaced by a null vector whose dimension would be
l × 1. In Reference 7, an algorithm for constructing the [BCBV] matrix for a general
n bus, m branch distribution system (m ≥ n) is given, which is described as follows:

1. The size of the [BCBV] matrix is m × m.
2. If the �th branch section is connected between bus i and bus j without forming

a loop, follow step 2 of the algorithm for forming [BCBV] matrix in a radial
distribution system. On the other hand, if the �th branch section forms a loop,
add a new row to the original [BCBV] matrix corresponding to the KVL equation
in the loop.

3. Repeat step 2 for all branches in the distribution system.

Substituting (2.16) into (2.19) one gets:
[

�V̄
0

]

= [BCBV][BIBC]
[

Īnode

Īloop

]

=
[

A BT

B C

] [

Īnode

Īloop

]

(2.20)

In (2.20), the dimensions of the matrices A, B and C are (5 × 5), (1 × 5) and (1 × 1),
respectively. These matrices are given by:

A =

⎡

⎢
⎢
⎢
⎢
⎣

Z̄12 Z̄12 Z̄12 Z̄12 Z̄12

Z̄12 Z̄12 + Z̄23 Z̄12 + Z̄23 Z̄12 + Z̄23 Z̄12 + Z̄23

Z̄12 Z̄12 + Z̄23 Z̄12 + Z̄23 + Z̄34 Z̄12 + Z̄23 + Z̄34 Z̄12 + Z̄23

Z̄12 Z̄12 + Z̄23 Z̄12 + Z̄23 + Z̄34 Z̄12 + Z̄23 + Z̄34 + Z̄45 Z̄12 + Z̄23

Z̄12 Z̄12 + Z̄23 Z̄12 + Z̄23 Z̄12 + Z̄23 Z̄12 + Z̄23 + Z̄36

⎤

⎥
⎥
⎥
⎥
⎦

(2.21)

B = [

0 0 Z̄34 Z̄34 + Z̄45 −Z̄36

]

; C = (

Z̄34 + Z̄36 + Z̄45 + Z̄56

)

(2.22)

For a general n bus, m branch distribution system (m ≥ n) having l(=m − n + 1)
loops, the sizes of the matrices A, B and C are (n − 1) × (n − 1), l × (n − 1) and l × l,
respectively. Application of Cron reduction to (2.20) leads to [7],

�V̄ = [

A − BT C−1B
]

Īnode = [DLF] Īnode (2.23)
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It is to be noted that the matrix [DLF] is a constant matrix, which is based only
on the feeder parameters. Therefore, this matrix needs to be calculated only once.
Based on (2.23), the detailed algorithm for computing the load flow solution of a n
bus, m branch (m ≥ n) weakly meshed distribution system is given in Reference 7 as
follows.

2.3.1 Detailed algorithm

Step 1: Initialise all the node voltages to Vs∠0◦ (i.e. V̄ (0)
j = Vs∠0◦ for j = 2, 3, . . . , n).

Step 2: Initialise iteration count k = 0.
Step 3: Update iteration count k = k + 1.
Step 4: At iteration k , the load current Ī (k)

j at node j is calculated as in (2.1).

Step 5: At iteration k , form the vector Ī
(k)
node as Ī

(k)
node =

[

Ī (k)
2 Ī (k)

3 · · · Ī (k)
n

]T
.

Step 6: Calculate �V̄
(k) = [DLF]Ī

(k)
node, where �V̄

(k) =
[

�V̄ (k)
2 �V̄ (k)

3 · · · �V̄ (k)
n

]T
.

Step 7: Update V̄ (k)
j = V̄ (k−1)

j + �V̄ (k)
j for j = 2, 3, . . . , n.

Step 8: Compute e(k)
i = |V̄ (k)

i − V̄ (k−1)
i | for all i = 2, . . . , n.

Step 9: Compute e(k) = max(e(k)
2 , e(k)

3 , . . . , e(k)
n ).

Step 10: If e(k) ≤ ε (tolerance limit), stop and print the solution. Else set k = k + 1
and go to step 3.

2.3.2 Examples

As the first example, the system shown in Figure 2.4 is first considered. For this
system, the load data are same as given in Table 2.1. Further, the impedances of
the feeder sections 1-2, 2-3, 3-4, 4-5 and 5-6 are also same as given in Table 2.1.
The impedance of the feeder section 5-6 is 0.896 + j0.155 �. The BIBC and BCBV
matrices for this system are given in (2.15) and (2.18), respectively. The load flow
results obtained by the algorithm described in Section 2.3.1 are shown in Table 2.7. In
this table, the symbols Vlf and θlf denote the voltage magnitude and angle, respectively,
obtained by the load flow algorithm. Further, for validation purpose, the system shown
in Figure 2.4 has also been simulated using PSCAD/EMTDC.The voltage magnitudes
obtained by PSCAD/EMTDC (denoted by Vsim) are shown in Table 2.7. From these
results, it is observed that the voltage magnitudes obtained by the load flow algorithm
and time domain simulation are almost identical to each other and thus, the algorithm
described in Section 2.3.1 is quite accurate.

As a second example, the 31-bus distribution system is again considered. The
feeder parameter and load data of the base (radial) system are given in Table 2.2. How-
ever, in this base system, two extra feeder sections are now considered between (a)
buses 11 and 20 and (b) buses 16 and 29. The impedances of these two feeder sections
are (0.896 + j0.155) � and (1.374 + j0.774) �, respectively. Therefore, with the addi-
tion of these two feeder sections, the 31-bus system has now become a weakly meshed
system having two loops. The load flow solution of this system has been computed by
the algorithm and is shown in Table 2.8. Further, this system has also been simulated
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Table 2.7 Load flow result of 6-bus weakly meshed distribution system

Bus no. Vlf (kV) θ lf (◦) Vsim (kV) Bus no. Vlf (kV) θ lf (◦) Vsim (kV)

1 11.0 0 11.0 4 10.4257 −1.4739 10.4256
2 10.8654 0.0707 10.8654 5 10.4130 −1.4505 10.4129
3 10.6218 −0.884 10.6218 6 10.4233 −1.4203 10.4232

Table 2.8 Load flow result of 31-bus weakly meshed distribution system

Bus no. Vlf (kV) θ lf (◦) Vsim (kV) Bus no. Vlf (kV) θ lf (◦) Vsim (kV)

1 23 0 23 17 21.8431 0.088 21.8429
2 22.3422 0.2595 22.342 18 21.8063 0.0699 21.8072
3 22.2364 0.342 22.2373 19 21.5625 −0.2216 21.5617
4 22.0294 0.0983 22.0297 20 21.4728 −0.2988 21.4717
5 21.8914 −0.022 21.8922 21 21.4337 −0.3183 21.434
6 21.8017 −0.0915 21.8025 22 21.6637 −0.1323 21.6633
7 21.6729 −0.1206 21.674 23 21.896 −0.0712 21.8957
8 21.7235 −0.0886 21.7233 24 21.7764 −0.2244 21.7759
9 21.7718 −0.0567 21.7726 25 21.6476 −0.3627 21.648
10 21.6039 −0.168 21.6042 26 21.5211 −0.5027 21.5204
11 21.4498 −0.2736 21.4502 27 21.4498 −0.5798 21.4506
12 21.2566 −0.3731 21.2556 28 21.39 −0.611 21.3901
13 21.0864 −0.4607 21.0868 29 22.2502 0.3199 22.2498
14 20.9691 −0.5226 20.969 30 22.1191 0.255 22.1195
15 20.9116 −0.5527 20.9121 31 22.0547 0.2223 22.0542
16 21.919 0.1268 21.9196

using PSCAD/EMTDC. The voltage magnitudes obtained by PSCAD/EMTDC are
also shown in this table. It can be seen that the voltage magnitudes obtained by these
two methods are very close to each other (in fact, the maximum percentage differ-
ence between these two sets of results is only 0.005%) thereby again establishing the
accuracy of the method.

2.4 Conclusion

In this chapter, load flow techniques for balanced radial distribution system, unbal-
anced radial distribution system and balanced weakly meshed distribution system are
discussed along with suitable examples. These techniques are used to ensure that dif-
ferent tasks in an automated distribution system are accomplished without violating
any system constraint.

www.ebook3000.com

http://www.ebook3000.org


Load flow analysis 67

Acknowledgement

The author would like to thank Mr. Akhilesh Mathur, research scholar in the Depart-
ment of Electrical Engineering, IIT Roorkee, for carrying out the PSCAD simulation
studies.

References

[1] D. Shirmohammadi, H. W. Long, A. Semlyen and G. X. Luo, “A compensa-
tion based power flow method for weakly meshed distribution and transmission
networks”, IEEE Transactions on Power System, vol. 3, no. 2, pp. 753–762,
May 1988.

[2] PSCAD/EMTDC, Version 4.2, Manitoba HVDC Research Center, Winnipeg,
Manitoba, Canada.

[3] S. K. Goswami and S. K. Basu, “Direct solution of distribution system”, IEE
Proceeding – Part C, Generation, Transmission and Distribution, vol. 138, no.
1, pp. 78–88, January 1991.

[4] C. S. Cheng and D. Shirmohammadi, “A three-phase power flow method for
real time distribution system analysis”, IEEE Transactions on Power System,
vol. 10, no. 2, pp. 671–679, May 1995.

[5] IEEE Power and Energy Society, “Distribution test feeders”. Available from
http://ewh.ieee.org/soc/pes/dsacom/testfeeders/.

[6] G. X. Luo and A. Semlyen, “Efficient load flow for large weakly meshed net-
works”, IEEE Transactions on Power System, vol. 5, no. 4, pp. 1309–1316,
November 1990.

[7] J. H.Teng, “A direct approach for distribution system load flow solutions”, IEEE
Transactions on Power Delivery, vol. 18, no. 3, pp. 882–887, July 2003.

[8] T.-H. Chen, M.-S. Chen, K.-J. Hwang, P. Kotas and E. A. Chebli, “Distribution
system power flow analysis – a rigid approach”, IEEE Transactions on Power
Delivery, vol. 6, no. 3, pp. 1146–1152, July 1991.



This page intentionally left blank

www.ebook3000.com

http://www.ebook3000.org


Chapter 3

Short-circuit analysis

Vinay Pant1

3.1 Introduction

Under normal operating conditions, the currents flowing through the components of
a power system are usually well within the specified limits. However, when a fault
occurs in a system, currents far in excess of normal current values flow through the
elements of the network. These large currents, if not interrupted in time or limited
in value, can cause serious damage to the equipment through which they flow. The
faults in a power system can also cause interruptions in power supply to the con-
sumers and affect the power quality. The severity of a fault depends on the type of
fault, location of fault, fault impedance, system impedance and voltage level. The
process of estimating the currents and voltages in different parts of a power system
under abnormal conditions is called fault analysis or short-circuit analysis [1]. The
information obtained from the short-circuit analysis helps in designing a properly
coordinated protective system and selection of appropriately rated equipments for the
system. This analysis can also be helpful in estimating the size of current limiting
reactors or fault current limiters required for limiting the fault current to a safe value.

The faults occurring in a power system can be categorized as balanced or unbal-
anced faults. In the balanced or symmetrical faults, all the three phases are equally
affected and the system remains balanced, e.g. three-phase fault (LLL or LLLG
faults). In the unbalanced or unsymmetrical faults, the system no longer remains bal-
anced and the three phases are affected differently. The examples of this type of fault
are: (i) line to ground (LG) fault, (ii) line to line (LL) fault and (iii) double line to
ground (LLG) fault. The percentage of occurrences of various types of faults is given
in Table 3.1. The category others includes LLL, LLLG and open conductor faults.
The most commonly occurring fault in power systems is the LG fault while the most
severe fault (in terms of fault current) is the LLLG fault.

Short-circuit analysis of transmission and distributions systems has usually been
carried out using sequence component-based methods [1, 3, 4]. For transmission
systems, which are usually transposed and hence balanced in nature, these methods

1Department of Electrical Engineering, Indian Institute of Technology Roorkee, Roorkee, Uttarakhand,
India
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Table 3.1 Frequency of occurrence of short-circuit faults [2]

No. Fault type Percentage of occurrence

1 LG 70
2 LL 15
3 LLG 4
4 Others 11

give accurate results. Distribution systems, however, are inherently unbalanced as
they also have single phase, two phase and unbalanced loads apart from the usual
three-phase balanced loads. Moreover, the distribution feeders are not transposed.
As a result, distribution systems do not fulfil the fundamental requirement of a bal-
anced system for the application of sequence component-based methods. Hence,
these methods do not give accurate results for the short-circuit analysis of unbal-
anced distribution systems. A study was carried out in 5 to ascertain the error in
the short circuit analysis of distribution systems using symmetrical component-based
method and it was observed that the error in the results obtained by this method is
not negligible and can significantly affect the coordination of protective devices in
the system. Further, it was also established that the error in fault current estimation
is a function of the degree of unbalance present in the system. The error in applying
symmetrical component-based short-circuit analysis methods to distribution systems
lead to the development of various phase variable-based short-circuit analysis meth-
ods [6–11]. One of the recent phase variable-based distribution system short-circuit
analysis methods is based on bus injection to branch current (BIBC) and branch cur-
rent to bus voltage (BCBV) matrices [9–11] and this method is described in detail in
this chapter.

3.2 Short-circuit analysis of unbalanced radial
distribution system

In Chapter 2, the [BIBC] and [BCBV] matrices have been described for a single-phase
distribution system. These matrices can be easily extended to three-phase distribution
systems. The (1×1) element of [BIBC] matrix for a single-phase element needs to be
replaced by a (3×3) identity matrix [I] for a three-phase element. For example, the
ijth element of the [BIBC] matrix is equal to 1 for single-phase case, while for the
three-phase case, the (3×3) matrix [BIBCabc

ij ] is given by

[

BIBCabc
ij

] =
a

b

c

a b c
⎡

⎣

1 0 0
0 1 0
0 0 1

⎤

⎦
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Similarly, the impedance Z̄ij of a single-phase line element connected between
ith and jth node is a single element, while for a three-phase element it is a (3×3)
matrix as given below:

[

Z̄abc
ij

] =
a

b

c

a b c
⎡

⎢
⎢
⎣

Z̄aa
ij Z̄ab

ij Z̄ac
ij

Z̄ba
ij Z̄bb

ij Z̄bc
ij

Z̄ ca
ij Z̄ cb

ij Z̄ cc
ij

⎤

⎥
⎥
⎦

Further, the three-phase voltages and currents of an individual bus or branch in the
circuit are represented by (3×1) arrays. For two-phase elements, the corresponding
entries of [BIBC] and [BCBV] matrices are (2×2) matrices and the branch currents
and bus voltages are (2×1) arrays. The method for the short-circuit analysis of a
distribution system for different types of faults is explained next. In this method,
the bus active and reactive loads have not been considered while calculating the
short-circuit currents and voltages in the network.

3.2.1 Single line to ground fault

For an LG fault through a fault impedance Z̄f on phase a of ith bus (shown in
Figure 3.1a), the boundary conditions can be expressed as [9]

Ī a
i = Ī a

i, f , Ī b
i = 0, Ī c

i = 0 (3.1)

V̄ a
i, f = Z̄f Ī a

i, f (3.2)

where Ī a
i, f is the fault current of phase a and Ī a

i , Ī b
i and Ī c

i are the bus injection currents
of phases a, b and c, of ith bus respectively. V̄ a

i, f is the post-fault voltage of phase a
of ith bus.

The branch current vector under fault conditions can be expressed as

[

Ībr,f

] = [

BIBC
] [

0 0 0 · · · Ī a
i, f 0 0 · · · 0 0

]T
(3.3)

Equation (3.3) can be simplified as

[

Ībr,f

] = [

BIBCa
i

]

Ī a
i, f (3.4)

where [BIBCa
i ] is the column vector of [BIBC] matrix corresponding to phase a of

the faulted bus i. The voltage drop in phase a from the substation bus to the fault point
can be written as

�V̄ a
i, f = V̄ a

s − V̄ a
i, f (3.5)

where V̄ a
s is the voltage of phase a of the substation bus.
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Figure 3.1 Unsymmetrical short-circuit faults: (a) LG fault; (b) LLG fault;
(c) LLLG fault; and (d) LL fault

The voltage drop �V̄ a
i, f can be written as [10]

�V̄ a
i, f = [

BCBVa
i

] [

BIBCa
i

]

Ī a
i, f (3.6)

where [BCBVa
i ] is the row vector of [BCBV] matrix corresponding to phase a of ith

bus.
From (3.2), (3.5) and (3.6), we get

V̄ a
s − Z̄f Ī a

i, f = [

BCBVa
i

] [

BIBCa
i

]

Ī a
i, f (3.7)

Now, from (3.7), the fault current Ī a
i, f can be calculated as

Ī a
i, f = ([

BCBVa
i

] [

BIBCa
i

] + Z̄f

)−1
V̄ a

s

=
([

Z̄LG
sc

]−1
V̄ a

s

)

(3.8)
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where
[

Z̄LG
sc

]

is the short-circuit impedance matrix for an LG fault and it given as

[

Z̄LG
sc

] = [

BCBVa
i

] [

BIBCa
i

] + Z̄f (3.9)

For a single line to ground fault, the short-circuit impedance matrix is (1×1) in
size. After calculating the fault current from (3.8), the branch currents under fault
conditions can be calculated from (3.4). The post-fault bus voltage of jth bus [V̄j,f ]
can be calculated as [10]

[

V̄j,f

] = [

V̄s

] − [

BCBVj
] [

Ibr,f
] ∀j = 1, . . . , n, j �= i (3.10)

where [V̄s] is the substation bus voltage vector, [BCBVj] is the portion of [BCBV]
matrix corresponding to jth bus and n is the number of buses in the system. The sizes
of [V̄s] and [BCBVj] depend on the number of phases at jth bus. The numbers of rows
for these two matrices can be one or two or three depending on whether the jth bus is
a single-phase bus or a two-phase bus or a three-phase bus.

3.2.2 Double line to ground fault

For an LLG fault through a fault impedance Z̄f on phases a and b of ith bus (shown
in Figure 3.1b), the boundary conditions can be expressed as

Ī a
i = Ī a

i, f , Ī b
i = Ī b

i, f , Ī c
i = 0 (3.11)

V̄ a
i, f = V̄ b

i, f = Z̄f

(

Ī a
i, f + Ī b

i, f

)

(3.12)

where Ī a
i, f , Ī b

i, f and V̄ a
i, f , V̄ b

i, f are the fault currents and the post-fault voltages of phases
a and b of ith bus, respectively.

The branch current vector under fault conditions can be expressed as

[

Ībr,f

] = [

BIBC
] [

0 0 0 · · · Ī a
i, f Ī b

i, f 0 · · · 0 0
]T

(3.13)

Equation (3.13) can be rewritten as

[

Ībr,f

]

=
[

BIBCa
i BIBCb

i

]

⎡

⎣
Ī a
i, f

Ī b
i, f

⎤

⎦ (3.14)

In (3.14), [BIBCa
i ] and [BIBCb

i ] are the column vectors of [BIBC] matrix corre-
sponding to phases a and b of the faulted bus i. The voltage drops in phases a and b
from the substation bus to the fault point can be expressed as

�V̄ a
i, f = V̄ a

s − V̄ a
i, f (3.15a)

�V̄ b
i, f = V̄ b

s − V̄ b
i, f (3.15b)

where V̄ a
s and V̄ b

s are the voltages of phases a and b of the substation bus.
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The voltage drops �V̄ a
i, f and �V̄ b

i, f can be written as [9]
⎡

⎣
�V̄ a

i, f

�V̄ b
i, f

⎤

⎦ =
⎡

⎣
BCBVa

i

BCBVb
i

⎤

⎦

[

BIBCa
i BIBCb

i

]

⎡

⎣
Ī a
i, f

Ī b
i, f

⎤

⎦ (3.16)

where [BCBVa
i ] and [BCBVb

i ] are the row vectors of [BCBV] matrix, corresponding
to phases a and b of ith bus.

From (3.12), (3.15) and (3.16), we get
⎡

⎢
⎣

V̄ a
s − Z̄f

(

Ī a
i, f + Ī b

i, f

)

V̄ b
s − Z̄f

(

Ī a
i, f + Ī b

i, f

)

⎤

⎥
⎦ =

⎡

⎣
BCBVa

i

BCBVb
i

⎤

⎦

[

BIBCa
i BIBCb

i

]

⎡

⎣
Ī a
i, f

Ī b
i, f

⎤

⎦ (3.17)

Equation (3.17) can be rearranged as
⎡

⎣
V̄ a

s

V̄ b
s

⎤

⎦ =
⎛

⎝

⎡

⎣
BCBVa

i

BCBVb
i

⎤

⎦

[

BIBCa
i BIBCb

i

]

+
⎡

⎣
Z̄f Z̄f

Z̄f Z̄f

⎤

⎦

⎞

⎠

⎡

⎣
Ī a
i, f

Ī b
i, f

⎤

⎦ (3.18)

Now the fault currents of phases a and b can be calculated as

⎡

⎣
Ī a
i, f

Ī b
i, f

⎤

⎦ =
⎛

⎝

⎡

⎣
BCBVa

i

BCBVb
i

⎤

⎦

[

BIBCa
i BIBCb

i

]

+
⎡

⎣
Z̄f Z̄f

Z̄f Z̄f

⎤

⎦

⎞

⎠

−1 ⎡

⎣
V̄ a

s

V̄ b
s

⎤

⎦

⎡

⎣
Ī a
i, f

Ī b
i, f

⎤

⎦ =
[

Z̄LLG
sc

]−1

⎡

⎣
V̄ a

s

V̄ b
s

⎤

⎦ (3.19)

where

[

Z̄LLG
sc

]

=
⎡

⎣
BCBVa

i

BCBVb
i

⎤

⎦

[

BIBCa
i BIBCb

i

]

⎡

⎣
Z̄f Z̄f

Z̄f Z̄f

⎤

⎦ (3.20)

where [Z̄LLG
sc ] is the short-circuit impedance matrix for a double line to ground fault

and is (2 × 2) in size.
Once the fault current is calculated from (3.19), the branch currents can be

calculated using (3.14) and the post-fault bus voltage of jth bus [V̄j,f ] can be
estimated using (3.10).

3.2.3 Triple line to ground fault

For an LLLG fault through a fault impedance Z̄f on phases a, b and c of ith bus (shown
in Figure 3.1c), the boundary conditions can be expressed as

Ī a
i = Ī a

i, f , Ī b
i = Ī b

i, f , Ī c
i = Ī c

i, f (3.21)
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V̄ a
i, f = V̄ b

i, f = V̄ c
i, f = Z̄f

(

Ī a
i, f + Ī b

i, f + Ī c
i, f

)

(3.22)

where Ī a
i, f , Ī b

i, f , Ī c
i, f and V̄ a

i, f , V̄ b
i, f , V̄ c

i, f are the fault currents and the post-fault voltages
of phases a, b and c of ith bus, respectively.

The branch current vector under fault conditions can be expressed as

[

Ībr,f

] = [

BIBC
] [

0 0 0 · · · Ī a
i, f Ī b

i, f Ī c
i, f · · · 0 0

]T
(3.23)

Equation (3.23) can be rewritten as

[

Ībr,f

]

=
[

BIBCa
i BIBCb

i BIBCc
i

]

⎡

⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

⎤

⎥
⎥
⎥
⎦

(3.24)

In (3.24), [BIBCa
i ], [BIBCb

i ] and [BIBCc
i ] are the column vectors of [BIBC] matrix

corresponding to phases a, b and c of the faulted bus i, respectively. The voltage drops
in phases a, b and c from the substation bus to the fault point can be expressed as

�V̄ a
i, f = V̄ a

s − V̄ a
i, f (3.25a)

�V̄ b
i, f = V̄ b

s − V̄ b
i, f (3.25b)

�V̄ c
i, f = V̄ c

s − V̄ c
i, f (3.25c)

where V̄ a
s , V̄ b

s and V̄ c
s are the voltages of phases a, b and c of the substation bus.

The voltage drops �V̄ a
i, f , �V̄ b

i, f and �V̄ c
i, f can be written as [10]

⎡

⎢
⎢
⎢
⎣

�V̄ a
i, f

�V̄ b
i, f

�V̄ c
i, f

⎤

⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎣

BCBVa
i

BCBVb
i

BCBVc
i

⎤

⎥
⎥
⎥
⎦

[

BIBCa
i BIBCb

i BIBCc
i

]

⎡

⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

⎤

⎥
⎥
⎥
⎦

(3.26)

where [BCBVa
i ], [BCBVb

i ] and [BCBVc
i ] are the row vectors of [BCBV] matrix,

corresponding to phases a, b and c of ith bus.
From (3.22), (3.25) and (3.26), we get

⎡

⎢
⎢
⎢
⎢
⎢
⎣

V̄ a
s − Z̄f

(

Ī a
i, f + Ī b

i, f + Ī c
i,f

)

V̄ b
s − Z̄f

(

Ī a
i, f + Ī b

i, f + Ī c
i,f

)

V̄ c
s − Z̄f

(

Ī a
i, f + Ī b

i, f + Ī c
i,f

)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎣

BCBVa
i

BCBVb
i

BCBVc
i

⎤

⎥
⎥
⎥
⎦

[

BIBCa
i BIBCb

i BIBCc
i

]

⎡

⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

⎤

⎥
⎥
⎥
⎦

(3.27)



76 Power distribution automation

Equation (3.27) can be written as

⎡

⎢
⎢
⎢
⎣

V̄ a
s

V̄ b
s

V̄ c
s

⎤

⎥
⎥
⎥
⎦

=

⎛

⎜
⎜
⎜
⎝

⎡

⎢
⎢
⎢
⎣

BCBVa
i

BCBVb
i

BCBVc
i

⎤

⎥
⎥
⎥
⎦

[

BIBCa
i BIBCb

i BIBCc
i

]

+

⎡

⎢
⎢
⎢
⎣

Z̄f Z̄f Z̄f

Z̄f Z̄f Z̄f

Z̄f Z̄f Z̄f

⎤

⎥
⎥
⎥
⎦

⎞

⎟
⎟
⎟
⎠

⎡

⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

⎤

⎥
⎥
⎥
⎦

(3.28)

Now the fault currents of phases a, b and c can be calculated as

⎡

⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

⎤

⎥
⎥
⎥
⎦

= [

Z̄LLLG
sc

]−1

⎡

⎢
⎢
⎢
⎣

V̄ a
s

V̄ b
s

V̄ c
s

⎤

⎥
⎥
⎥
⎦

(3.29)

where

[

Z̄LLLG
sc

]

=

⎡

⎢
⎢
⎢
⎣

BCBVa
i

BCBVb
i

BCBVc
i

⎤

⎥
⎥
⎥
⎦

[

BIBCa
i BIBCb

i BIBCc
i

]

+

⎡

⎢
⎢
⎢
⎣

Z̄f Z̄f Z̄f

Z̄f Z̄f Z̄f

Z̄f Z̄f Z̄f

⎤

⎥
⎥
⎥
⎦

(3.30)

where [Z̄LLLG
sc ] is the short-circuit impedance matrix for a triple line to ground fault

and is (3 × 3) in size. Once the fault current is calculated from (3.29), the branch
currents can be calculated using (3.24) and the post-fault bus voltage [V̄j,f ] of jth bus
can be found out from (3.10).

3.2.4 Line to line fault

When an LL fault occurs through a fault impedance Z̄f on phases a and b of ith bus
(shown in Figure 3.1d), the boundary conditions can be expressed as

Ī a
i = Ī a

i, f , Ī b
i = −Ī a

i, f , Ī c
i = 0 (3.31)

V̄ a
i, f − V̄ b

i, f = Z̄f Ī a
i, f (3.32)

Equation (3.32) can be written in terms of voltage drops in phases a and b (�V̄ a
i, f and

�V̄ b
i, f ) from the substation bus to the fault point as

(

V̄ a
s − V̄ a

i, f

)

−
(

V̄ b
s − V̄ b

i, f

)

= (

V̄ a
s − V̄ b

s

) − Z̄f Ī a
i, f

�V̄ a
i, f − �V̄ b

i, f = (

V̄ a
s − V̄ b

s

) − Z̄f Ī a
i, f

(3.33)
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The branch current vector under LL fault conditions can be expressed as

[

Ībr,f

] = [

BIBC
] [

0 0 0 · · · Ī a
i, f −Ī a

i, f 0 · · · 0 0
]T

(3.34)

[

Ībr,f

] = [

BIBCa
i BIBCb

i

]

⎡

⎣
Ī a
i, f

−Ī a
i, f

⎤

⎦

The voltage drops �V̄ a
i, f and �V̄ b

i, f can be expressed in terms of the elements
of [BIBC], [BCBV] and [Ībr,f ] as

⎡

⎣
�V̄ a

i, f

�V̄ b
i, f

⎤

⎦ =
⎡

⎣
BCBVa

i

BCBVb
i

⎤

⎦

[

BIBCa
i BIBCb

i

]

⎡

⎣
Ī a
i, f

−Ī a
i, f

⎤

⎦ (3.35)

Equation (3.35) can be expanded as
⎡

⎣
�V̄ a

i, f

�V̄ b
i, f

⎤

⎦ =
[[

BCBVa
i

] [

BIBCa
i

] [

BCBVa
i

] [

BIBCb
i

]

[

BCBVb
i

] [

BIBCa
i

] [

BCBVb
i

] [

BIBCb
i

]

] [
Ī a
i, f

−Ī a
i, f

]

(3.36)⎡

⎣
�V̄ a

i, f

�V̄ b
i, f

⎤

⎦ =
[

Z̄aa
i Z̄ab

i

Z̄ba
i Z̄bb

i

] [
Ī a
i, f

−Ī a
i, f

]

where

Z̄aa
i = [

BCBVa
i

] [

BIBCa
i

]

; Z̄ab
i = [

BCBVa
i

] [

BIBCb
i

]

(3.37)
Z̄ba

i = [

BCBVb
i

] [

BIBCa
i

]

; Z̄bb
i = [

BCBVb
i

] [

BIBCb
i

]

From the above equation, (�V̄ a
i, f − �V̄ b

i, f ) can be calculated as

(

�V̄ a
i, f − �V̄ b

i, f

) = (

Z̄aa
i − 2Z̄ab

i + Z̄bb
i

)

Ī a
i, f (3.38)

From (3.33) and (3.38), the fault current Ī a
i, f can be calculated as

Ī a
i, f = [

Z̄aa
i − 2Z̄ab

i + Z̄bb
i + Z̄f

]−1 (

V̄ a
s − V̄ b

s

)

(3.39)
Ī a
i, f = [

Z̄LL
sc

]−1 (

V̄ a
s − V̄ b

s

)

where
[

Z̄LL
sc

] = [

Z̄aa
i − 2Z̄ab

i + Z̄bb
i + Z̄f

]

(3.40)

where [Z̄LL
sc ] is the short-circuit impedance matrix for a line to line fault and is (1 × 1)

in size. After calculating the fault current from (3.40), the branch currents and post-
fault bus voltages can be found out using (3.35) and (3.10), respectively.
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3.3 Short-circuit analysis of unbalanced weakly meshed
distribution system

3.3.1 Single line to ground fault

For an LG fault in a weakly meshed distribution system through a fault impedance Z̄f

on phase a of ith bus (shown in Figure 3.1a), the boundary conditions are identical to
those given in (3.1) and (3.2).

Equation (3.4) can be extended for a weakly meshed distribution system as
follows:

⎡

⎢
⎣

Īrad
br,f

· · ·
Īloop

br,f

⎤

⎥
⎦ =

[

BIBCrad,a
i

... BIBCloop

]

⎡

⎢
⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎦ (3.41)

where Īrad
br,f and Īloop

br,f are the branch currents of the radial and meshed branches of the
distribution network under fault conditions, respectively. [BIBCrad,a

i ] is the column
vector of [BIBC] matrix for the radial part of the distribution network corresponding to
phase a of the faulted bus i and [BIBCloop] matrix is the [BIBC] matrix corresponding
to the meshed part of the distribution system.

The voltage drops for radial and meshed parts of the network can be written
as [11]

⎡

⎢
⎣

�V̄ a
i, f

· · ·
0

⎤

⎥
⎦ =

⎡

⎢
⎣

BCBVrad,a
i

· · ·
BCBVloop

⎤

⎥
⎦

[

BIBCrad,a
i BIBCloop

]

⎡

⎢
⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎦ (3.42)

where [BCBVrad,a
i ] is the row vector of [BCBV] matrix for the radial part of the

distribution network corresponding to phase a of ith bus and [BCBVloop] represents
the [BCBV] matrix of the meshed part of the network.

From (3.2), (3.5) and (3.42), we get

⎡

⎢
⎣

V̄ a
s − Z̄f Ī a

i, f

· · ·
0

⎤

⎥
⎦ =

⎡

⎢
⎢
⎣

[

BCBVrad,a
i

] [

BIBCrad,a
i

] [

BCBVrad,a
i

] [

BIBCloop
]

· · · · · ·
[

BCBVloop
] [

BIBCrad,a
i

] [

BCBVloop
] [

BIBCloop
]

⎤

⎥
⎥
⎦

⎡

⎢
⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎦

⎡

⎢
⎣

V̄ a
s − Z̄f Ī a

i, f

· · ·
0

⎤

⎥
⎦ =

⎡

⎢
⎣

Z̄ rr
i

[

Z̄ rl
i

]

· · · · · ·
[

Z̄ lr
i

] [

Z̄ ll
i

]

⎤

⎥
⎦

⎡

⎢
⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎦ (3.43)

For a network with � number of three-phase loops, Z̄ rr
i = [BCBVrad,a

i ]
[BIBCrad,a

i ] is (1 × 1) in size, [Z̄ rl
i ] = [BCBVrad,a

i ][BIBCloop] is (1 × 3�) in size,
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[Z̄ lr
i ] = [BCBVloop][BIBCrad,a

i ] is (3� × 1) in size and [Z̄ ll
i ] = [BCBVloop][BIBCloop]

is (3� × 3�) in size.
Now, from (3.43), the fault current Ī a

i, f and [Īloop
br,f ] can be calculated as

⎡

⎢
⎢
⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Z̄ rr
i + Z̄f

[

Z̄ rl
i

]

· · · · · ·
[

Z̄ lr
i

] [

Z̄ ll
i

]

⎤

⎥
⎥
⎦

−1 ⎡

⎢
⎢
⎣

V̄ a
s

· · ·
0

⎤

⎥
⎥
⎦

= [

Z̄LGm
sc

]−1

⎡

⎢
⎢
⎣

V̄ a
s

· · ·
0

⎤

⎥
⎥
⎦

(3.44)

The size of the short-circuit impedance matrix for an LG fault
[

Z̄LGm
sc

]

is (3� + 1) ×
(3� + 1).

After calculating the fault current and the branch currents for the meshed part
of the network from (3.44), the branch currents and post-fault bus voltages can be
calculated using (3.41). The post-fault voltage of [V̄j,f ] of jth bus can be determined
using the following relation [11]:

[

V̄j,f

] = [

V̄s

] − [

BCBVrad
j

] [

Irad
br,f

] ∀j = 1, . . . , n, j �= i (3.45)

where [V̄s] is the substation bus voltage vector, [BCBVrad
j ] is the row vector of

[BCBVrad] matrix corresponding to jth bus and n is the number of buses in the
system.

3.3.2 Double line to ground fault

For an LLG fault through a fault impedance Z̄f on phases a and b of ith bus (shown in
Figure 3.1b), the boundary conditions are identical to those described in (3.11) and
(3.12).

Equation (3.14) can be modified for a weakly meshed distribution system as
follows:

⎡

⎢
⎢
⎣

Īrad
br,f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎦

=
[

BIBCrad,a
i BIBCrad,b

i

... BIBCloop

]

⎡

⎢
⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎦

(3.46)

where [BIBCrad,a
i ] and [BIBCrad,b

i ] are the column vectors of [BIBC] matrix for the
radial part of the distribution network corresponding to phases a and b, respectively,
of the faulted bus i.
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The voltage drops for radial and meshed parts of the network can be written
as [11]

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

�V̄ a
i, f

�V̄ b
i, f

· · ·
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

BCBVrad,a
i

BCBVrad,b
i

· · ·
BCBVloop

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

[

BIBCrad,a
i BIBCrad,b

i

... BIBCloop

]

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.47)

where [BCBVrad,a
i ] and [BCBVrad,b

i ] are the row vectors of [BCBV] matrix for the
radial part of the distribution network corresponding to phases a and b, respectively,
of ith bus.

From (3.12), (3.15) and (3.47), we get

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

= [

Z̄LLGm
sc

]−1

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

V̄ a
s

V̄ b
s

· · ·
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.48)

where

[

Z̄LLGm
sc

] =

⎡

⎢
⎢
⎢
⎢
⎣

BCBVrad,a
i

BCBVrad,b
i

· · ·
BCBVloop

⎤

⎥
⎥
⎥
⎥
⎦

[

BIBCrad,a
i BIBCrad,b

i

... BIBCloop

]

+

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄f Z̄f

...

Z̄f Z̄f

...

· · · · · · ... · · ·
... 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

For a distribution network with � number of three-phase loops, the size of the
[

Z̄LLGm
sc

]

is (3� + 2) × (3� + 2).
After calculating the fault current and the branch currents for the network from

(3.48), the branch currents and post-fault bus voltages can be calculated using (3.46)
and (3.45), respectively.
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3.3.3 Triple line to ground fault

For an LLLG fault through a fault impedance Z̄f on ith bus (shown in Figure 3.1c), the
boundary conditions are identical to those described in (3.21) and (3.22). Equation
(3.24) can be modified for a weakly meshed distribution system as follows:

⎡

⎢
⎢
⎢
⎢
⎣

Īrad
br,f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎦

=
[

BIBCrad,a
i BIBCrad,b

i BIBCrad,a
i

... BIBCloop

]

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.49)

where [BIBCrad,a
i ], [BIBCrad,b

i ] and [BIBCrad,c
i ] are the column vectors of [BIBC]

matrix for the radial part of the distribution network corresponding to the three phases
of the faulted bus i. The voltage drops for radial and meshed parts of the network can
be written as [11]
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

�V̄ a
i, f

�V̄ b
i, f

�V̄ c
i, f

· · ·
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

BCBVrad,a
i

BCBVrad,b
i

BCBVrad,c
i

· · ·
BCBVloop

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

[

BIBCrad,a
i BIBCrad,b

i BIBCrad,c
i

... BIBCloop

]

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.50)

where [BCBVrad,a
i ], [BCBVrad,b

i ] and [BCBVrad,c
i ] are the row vectors of [BCBV]

matrix for the radial part of the distribution network corresponding to phases a, b and
c, respectively, of ith bus. From (3.22), (3.25) and (3.50), we get

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī a
i, f

Ī b
i, f

Ī c
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

= [

Z̄LLLGm
sc

]−1

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

V̄ a
s

V̄ b
s

V̄ c
s

· · ·
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.51)

For a distribution network with �number of three-phase loops, the size of the
[

Z̄LLLGm
sc

]

is (3� + 3) × (3� + 3). After calculating the fault current and the branch currents for
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the meshed part of the network from (3.51), the branch currents and post-fault bus
voltages can be calculated using (3.49) and (3.45), respectively.

In (3.51),

[

Z̄LLLGm
sc

] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

BCBVrad,a
i

BCBVrad,b
i

BCBVrad,c
i

· · ·
BCBVloop

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

[

BIBCrad,a
i BIBCrad,b

i BIBCrad,c
i

... BIBCloop

]

+

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄f Z̄f Z̄f

...

Z̄f Z̄f Z̄f

...

Z̄f Z̄f Z̄f

...

· · · · · · · · · ... · · ·
... 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

3.3.4 Line to line fault

When an LL fault occurs through a fault impedance Z̄f on phases a and b of ith bus
(shown in Figure 3.1d), the boundary conditions are identical to those described in
(3.31) and (3.32).

Equation (3.35) can be modified for a weakly meshed distribution system as

⎡

⎢
⎢
⎢
⎢
⎣

Īrad
br,f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎦

=
[

BIBCrad,a
i BIBCrad,b

i

... BIBCloop

]

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī a
i, f

−Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.52)

The voltage drops for radial and meshed parts of the network can be written
as [11]

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

�V̄ a
i, f

�V̄ b
i, f

· · ·
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

BCBVrad,a
i

BCBVrad,b
i

· · ·
BCBVloop

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

[

BIBCrad,a
i BIBCrad,b

i

... BIBCloop

]

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ī a
i, f

−Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.53)
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Equation (3.53) can be simplified as

⎡

⎢
⎢
⎢
⎣

�V̄ a
i, f − �V̄ b

i, f

· · ·
0

⎤

⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎣

BCBVrad,a
i − BCBVrad,b

i

· · ·
BCBVloop

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

BIBCrad,a
i − BIBCrad,b

i

· · ·
BIBCloop

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎥
⎥
⎥
⎦

(3.54)

Substituting (3.33) into (3.54), and after simplification, we get

⎡

⎣

V̄ a
s − V̄ b

s
· · ·
0

⎤

⎦ =

⎛

⎜
⎜
⎜
⎝

⎡

⎣

BCBVrad,a
i − BCBVrad,b

i
· · ·

BCBVloop

⎤

⎦

⎡

⎣

BIBCrad,a
i − BIBCrad,b

i
· · ·

BIBCloop

⎤

⎦

+

⎡

⎢
⎢
⎢
⎣

Z̄f

...

· · · ... · · ·
... 0

⎤

⎥
⎥
⎥
⎦

⎞

⎟
⎟
⎟
⎠

⎡

⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎦ (3.55)

Finally, the fault current and meshed branch currents can be calculated as

⎡

⎣

Ī a
i, f

· · ·
Īloop

br,f

⎤

⎦ = [

Z̄LLm
sc

]−1

⎡

⎣

V̄ a
s − V̄ b

s
· · ·
0

⎤

⎦ (3.56)

where

[

Z̄LLm
sc

] =

⎡

⎢
⎢
⎢
⎣

BCBVrad,a
i − BCBVrad,b

i

· · ·
BCBVloop

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

BIBCrad,a
i − BIBCrad,b

i

· · ·
BIBCloop

⎤

⎥
⎥
⎥
⎦

+

⎡

⎢
⎢
⎢
⎢
⎣

Z̄f

...

· · · ... · · ·
... 0

⎤

⎥
⎥
⎥
⎥
⎦

For a distribution network with � number of three-phase loops, the size of the [Z̄LLm
sc ]

matrix is (3� + 1) × (3� + 1).
After calculating the fault current and the branch currents for the meshed part of

the network from (3.56), the branch currents and post-fault bus voltages are obtained
with the help of (3.52) and (3.45), respectively.
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3.4 Example of short-circuit analysis of unbalanced
radial distribution system

To illustrate the short-circuit analysis procedure, a test radial distribution system, as
shown in Figure 3.2, has been considered. The distribution system has six buses, three
3-phase feeders, one 2-phase feeder and one 1-phase feeder. The switches S are open
in the radial configuration of the distribution system. The feeder data are given in
Table 3.2.

1

Va
s

2
12

3
a

b

c

a

b

c

a

b

c c

a

Vb
s

Vc
s

a

b

4 5

b

a
6

S

S

S

zaa
23zaa

12zab
12zac

23zab

24zaa

24zab
24zac

24zbb

24zbc

24zcc

12zbb
23zbb

34zbb
45zbb

45zab
34zac

34zab
23zac

12zbc

12zcc
23zbc

23zcc
zbc

34
34

zcc

34zaa
45zaa

56zaa

Figure 3.2 6-Bus distribution system for short-circuit analysis

Table 3.2 Feeder data of 6-bus radial distribution system

Feeder no. From bus To bus Length (ft) Type

1 1 2 20,064 Three phase
2 2 3 14,784 Three phase
3 3 4 22,704 Three phase
4 4 5 17,424 Two phase
5 5 6 16,972 Single phase
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The impedance parameters (in �/mile) for the feeders are given below.
For three-phase elements (branches 1-2, 2-3 and 3-4):

Z̄3−� =

a b c

a

b

c

⎡

⎢
⎣

0.3465 + j1.0179 0.1560 + j0.5017 0.1580 + j0.4236

0.1560 + j0.5017 0.3375 + j1.0478 0.1535 + 0.3849

0.1580 + j0.4236 0.1535 + j0.3849 0.3414 + j1.0348

⎤

⎥
⎦

For two-phase element (branch 4-5):

Z̄2−� =
a b

a

b

[

0.3465 + j1.0179 0.1560 + j0.5017

0.1560 + j0.5017 0.3375 + j1.0478

]

For single-phase element (branch 5-6):

Z̄1−� =
a

a [0.3465 + j1.0179]

The LG fault is assumed to occur on phase a, while LL and LLG faults are assumed
to occur on phases a and b of the faulted bus. The fault impedance is taken as
Z̄f = 0.001 pu for all the types of faults [10] and the fault is assumed to occur at bus
no. 4. The substation bus voltage is 11.4 kV.

3.4.1 Results for 6-bus radial distribution system

Following the algorithm in Chapter 2, the [BIBC] matrix of the test radial distribution
system of Figure 3.2 is given below:

[BIBC] =

2a 2b 2c 3a 3b 3c 4a 4b 4c 5a 5b 6a

1a−2a

1b−2b

1c−2c

2a−3a

2b−3b

2c−3c

3a−4a

3b−4b

3c−4c

4a−5a

4b−5b

5a−6a

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 1 0 0 1 0 0 1 0 1

0 1 0 0 1 0 0 1 0 0 1 0

0 0 1 0 0 1 0 0 1 0 0 0

0 0 0 1 0 0 1 0 0 1 0 1

0 0 0 0 1 0 0 1 0 0 1 0

0 0 0 0 0 1 0 0 1 0 0 0

0 0 0 0 0 0 1 0 0 1 0 1

0 0 0 0 0 0 0 1 0 0 1 0

0 0 0 0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 0 0 0 1 0 1

0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦



86 Power distribution automation

In the above [BIBC] matrix, the rows correspond to the branches while the
columns correspond to the buses. The [BCBV] matrix for the same system is given as

[BCBV] =

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a

2a

2b

2c

3a

3b

3c

4a

4b

4c

5a

5b

6a

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄aa
12 Z̄ab

12 Z̄ac
12 0 0 0 0 0 0 0 0 0

Z̄ba
12 Z̄bb

12 Z̄bc
12 0 0 0 0 0 0 0 0 0

Z̄ca
12 Z̄cb

12 Z̄cc
12 0 0 0 0 0 0 0 0 0

Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 0 0 0 0 0 0

Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 0 0 0 0 0 0

Z̄ca
12 Z̄cb

12 Z̄cc
12 Z̄ca

23 Z̄cb
23 Z̄cc

23 0 0 0 0 0 0

Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 0 0 0

Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 Z̄ba
34 Z̄bb

34 Z̄bc
34 0 0 0

Z̄ca
12 Z̄cb

12 Z̄cc
12 Z̄ca

23 Z̄cb
23 Z̄cc

23 Z̄ca
34 Z̄cb

34 Z̄cc
34 0 0 0

Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 Z̄aa

45 Z̄ab
45 0

Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 Z̄ba
34 Z̄bb

34 Z̄bc
34 Z̄ba

45 Z̄bb
45 0

Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 Z̄aa

45 Z̄ab
45 Z̄aa

56

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

In the above [BCBV] matrix, the rows correspond to the buses while the columns
correspond to the branches.

The required portions of the [BIBC] and [BCBV] matrices for calculating the
short-circuit impedance matrices along with the expressions for the short-circuit
impedance matrices of the 6-bus radial distribution system under various types of
fault are given next.

LG fault

[BCBV]a
4 =

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a

4a
[

Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 0 0 0

]

(

[BIBC]a
4

)T =
1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a

4a [ 1 0 0 1 0 0 1 0 0 0 0 0 ]

From (3.9), the short-circuit impedance matrix for an LG fault can be
calculated as

[

Z̄LG
sc

] = Z̄aa
12 + Z̄aa

23 + Z̄aa
34 + Z̄f
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LLG fault

⎡

⎢
⎣

[BCBV]a
4

[BCBV]b
4

⎤

⎥
⎦ =

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a

4a

4b

⎡

⎢
⎣

Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 0 0 0

Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 Z̄ba
34 Z̄bb

34 Z̄bc
34 0 0 0

⎤

⎥
⎦

⎡

⎣
[BIBC]a

4

[BIBC]b
4

⎤

⎦

T

=

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a

4a

4b

⎡

⎣
1 0 0 1 0 0 1 0 0 0 0 0

0 1 0 0 1 0 0 1 0 0 0 0

⎤

⎦

From (3.20), the short-circuit impedance matrix for an LLG fault can be
calculated as

[

Z̄LLG
sc

] =
⎡

⎢
⎣

Z̄aa
12 + Z̄aa

23 + Z̄aa
34 + Z̄f Z̄ab

12 + Z̄ab
23 + Z̄ab

34 + Z̄f

Z̄ba
12 + Z̄ba

23 + Z̄ba
34 + Z̄f Z̄bb

12 + Z̄bb
23 + Z̄bb

34 + Z̄f

⎤

⎥
⎦

LLLG fault

⎡

⎢
⎢
⎢
⎢
⎣

[BCBV]a
4

[BCBV]b
4

[BCBV]c
4

⎤

⎥
⎥
⎥
⎥
⎦

=

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a

4a

4b

4c

⎡

⎢
⎢
⎢
⎢
⎣

Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 0 0 0

Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 Z̄ba
34 Z̄bb

34 Z̄bc
34 0 0 0

Z̄ca
12 Z̄cb

12 Z̄cc
12 Z̄ca

23 Z̄cb
23 Z̄cc

23 Z̄ca
34 Z̄cb

34 Z̄cc
34 0 0 0

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

[BIBC]a
4

[BIBC]b
4

[BIBC]c
4

⎤

⎥
⎥
⎥
⎦

T

=

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a

4a

4b

4c

⎡

⎢
⎢
⎢
⎣

1 0 0 1 0 0 1 0 0 0 0 0

0 1 0 0 1 0 0 1 0 0 0 0

0 0 1 0 0 1 0 0 1 0 0 0

⎤

⎥
⎥
⎥
⎦

From (3.30), the short-circuit impedance matrix for an LLLG fault can be
calculated as

[

Z̄LLLG
sc

] =

⎡

⎢
⎢
⎢
⎢
⎣

Z̄aa
12 + Z̄aa

23 + Z̄aa
34 + Z̄f Z̄ab

12 + Z̄ab
23 + Z̄ab

34 + Z̄f Z̄ac
12 + Z̄ac

23 + Z̄ac
34 + Z̄f

Z̄ba
12 + Z̄ba

23 + Z̄ba
34 + Z̄f Z̄bb

12 + Z̄bb
23 + Z̄bb

34 + Z̄f Z̄bc
12 + Z̄bc

23 + Z̄bc
34 + Z̄f

Z̄ ca
12 + Z̄ ca

23 + Z̄ ca
34 + Z̄f Z̄ cb

12 + Z̄ cb
23 + Z̄ cb

34 + Z̄f Z̄ cc
12 + Z̄ cc

23 + Z̄ cc
34 + Z̄f

⎤

⎥
⎥
⎥
⎥
⎦
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Table 3.3 Fault currents (kA) for different types of faults at bus no. 4 of 6-bus
radial distribution system

LG fault LL fault LLG fault LLLG fault

BIBC PSCAD BIBC PSCAD BIBC PSCAD BIBC PSCAD

Phase a 0.55954 0.55952 0.92592 0.92589 0.94461 0.94458 1.0307 1.0306
Phase b 0.925921 0.92589 0.94180 0.94184 1.0197 1.0198
Phase c 0.8752 0.8751

LL fault

From (3.38), the elements of [Z̄LL
sc ] can be calculated as

Z̄aa
4 = Z̄aa

12 + Z̄aa
23 + Z̄aa

34 + Z̄f

Z̄ab
4 = Z̄ab

12 + Z̄ab
23 + Z̄ab

34 + Z̄f

Z̄ba
4 = Z̄ba

12 + Z̄ab
ba + Z̄ba

34 + Z̄f

Z̄bb
4 = Z̄bb

12 + Z̄bb
23 + Z̄bb

34 + Z̄f

From (3.40), the short-circuit impedance matrix
[

Z̄LL
sc

]

for a double line fault at
bus no. 4 can be calculated as

Z̄LL
sc = Z̄aa

12 − 2Z̄ab
12 + Z̄bb

12 + Z̄aa
23 − 2Z̄ab

23 + Z̄bb
23 + Z̄aa

34 − 2Z̄ab
34 + Z̄bb

34 + Z̄f

The fault currents, for the four types of faults (considered one at a time), at
the fault point are tabulated in Table 3.3, and the phase a voltage of the faulted
bus is given in Table 3.4. The results obtained through BIBC-based method have
also been compared with PSCAD simulation results. It can be seen from these two
tables that the results of BIBC method are in excellent agreement with those obtained
through PSCAD simulation. The voltage profiles of the phases a, b and c of the
distribution system, for these four types of faults, obtained through BIBC method
and PSCAD simulations are shown in Figure 3.3. As can be observed from these
figures, the voltage profiles obtained from these two methods are also in excellent
agreement.

3.4.2 Results for 6-bus meshed distribution system

When switches S, as shown in Figure 3.2, are closed, a new feeder from bus no. 2 to
bus no. 4 is added to the distribution system and a mesh is created. The system now
operates in a weakly meshed configuration. The length of the added feeder is 20,064 ft.
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Table 3.4 Phase a voltage in kV for different types of faults at bus no. 4 of 6-bus radial distribution system

Bus no. LG fault LLG fault LLLG fault LL fault

PSCAD BIBC %Error PSCAD BIBC %Error PSCAD BIBC %Error PSCAD BIBC %Error

1 6.58165 6.58179 0.00217 6.58165 6.58179 0.00217 6.58165 6.58179 0.00217 6.58165 6.58179 0.00217
2 4.29562 4.29571 0.00208 4.31427 4.31435 0.00188 4.30655 4.30663 0.00195 4.99111 4.99124 0.00262
3 2.61139 2.61144 0.00197 2.64393 2.64401 0.00309 2.63008 2.63087 0.03009 4.01805 4.01817 0.00301
4 0.07274 0.07272 0.02625 0.12279 0.12276 0.02574 0.13399 0.13395 0.02817 3.25672 3.25680 0.00245
5 0.07274 0.07272 0.02762 0.12279 0.12276 0.02452 0.13399 0.13395 0.02519 3.25672 3.25680 0.00245
6 0.07274 0.07272 0.02762 0.12280 0.12276 0.02737 0.13399 0.13395 0.02519 3.25672 3.25680 0.00245
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Figure 3.3 Voltage profile of 6-bus radial distribution system under fault conditions: (a) LG fault; (b) LLG fault; (c) LLLG fault; and
(d) LL fault
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The [BIBC] matrix of the 6-bus meshed distribution system of Figure 3.2 is as given
below:

[BIBC] =

2a 2b 2c 3a 3b 3c 4a 4b 4c 5a 5b 6a 2a−4a 2b−4b 2c−4c

1a−2a

1b−2b

1c−2c

2a−3a

2b−3b

2c−3c

3a−4a

3b−4b

3c−4c

4a−5a

4b−5b

5a−6a

2a−4a

2b−4b

2c−4c

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 1 0 0 1 0 0 1 0 1 0 0 0

0 1 0 0 1 0 0 1 0 0 1 0 0 0 0

0 0 1 0 0 1 0 0 1 0 0 0 0 0 0

0 0 0 1 0 0 1 0 0 1 0 1 −1 0 0

0 0 0 0 1 0 0 1 0 0 1 0 0 −1 0

0 0 0 0 0 1 0 0 1 0 0 0 0 0 −1

0 0 0 0 0 0 1 0 0 1 0 1 −1 0 0

0 0 0 0 0 0 0 1 0 0 1 0 0 −1 0

0 0 0 0 0 0 0 0 1 0 0 0 0 0 −1

0 0 0 0 0 0 0 0 0 1 0 1 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

From the structure of [BIBC] matrix of the meshed system, it can be seen that
additional rows and columns, corresponding to the created loop, are added to the
[BIBC] matrix found earlier for the radial distribution system. Hence, the [BIBC]
matrix of meshed system can be represented in a partitioned form as

[

BIBC
] =

radial loop

radial [BIBC]radial [BIBC]loop

loop [0] [I]

⎡

⎣

⎤

⎦

Combining the rows for the two partitions, [BIBC] matrix may be written as
[

BIBC
] =

[

[BIBC]radial

... [BIBC]loop

]

The [BCBV] matrix for the same system is given as



BCBV =

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a 2a−4a 2b−4b 2c−4c

2a Z̄aa
12 Z̄ab

12 Z̄ac
12 0 0 0 0 0 0 0 0 0 0 0 0

2b Z̄ba
12 Z̄bb

12 Z̄bc
12 0 0 0 0 0 0 0 0 0 0 0 0

2c Z̄ca
12 Z̄ cb

12 Z̄ cc
12 0 0 0 0 0 0 0 0 0 0 0 0

3a Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 0 0 0 0 0 0 0 0 0

3b Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 0 0 0 0 0 0 0 0 0

3c Z̄ca
12 Z̄ cb

12 Z̄ cc
12 Z̄ ca

23 Z̄ cb
23 Z̄ cc

23 0 0 0 0 0 0 0 0 0

4a Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 0 0 0 0 0 0

4b Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 Z̄ba
34 Z̄bb

34 Z̄bc
34 0 0 0 0 0 0

4c Z̄ca
12 Z̄ cb

12 Z̄ cc
12 Z̄ ca

23 Z̄ cb
23 Z̄ cc

23 Z̄ ca
34 Z̄ cb

34 Z̄ cc
34 0 0 0 0 0 0

5a Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 Z̄aa

45 Z̄ab
45 0 0 0 0

5b Z̄ba
12 Z̄bb

12 Z̄bc
12 Z̄ba

23 Z̄bb
23 Z̄bc

23 Z̄ba
34 Z̄bb

34 Z̄bc
34 Z̄ba

45 Z̄bb
45 0 0 0 0

6a Z̄aa
12 Z̄ab

12 Z̄ac
12 Z̄aa

23 Z̄ab
23 Z̄ac

23 Z̄aa
34 Z̄ab

34 Z̄ac
34 Z̄aa

45 Z̄ab
45 Z̄aa

56 0 0 0

2a−4a 0 0 0 −Z̄aa
23 −Z̄ab

23 −Z̄ac
23 −Z̄aa

34 −Z̄ab
34 −Z̄ac

34 0 0 0 Z̄aa
24 Z̄ab

24 Z̄ac
24

2b−4b 0 0 0 −Z̄ba
23 −Z̄bb

23 −Z̄bc
23 −Z̄ba

34 −Z̄bb
34 −Z̄bc

34 0 0 0 Z̄ba
24 Z̄bb

24 Z̄bc
24

2c−4c 0 0 0 −Z̄ ca
23 −Z̄ cb

23 −Z̄ cc
23 −Z̄ ca

34 −Z̄ cb
34 −Z̄ cc

34 0 0 0 Z̄ ca
24 Z̄ cb

24 Z̄ cc
24

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦
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From the [BCBV] matrix of the meshed system, it can also be observed that
additional rows and columns, corresponding to the loop created, are added to the
[BCBV] matrix of the radial distribution system.

The [BCBV] matrix can then be represented in a concise form as

[

BCBV
] =

radial loop

radial [BCBV]radial [0]

loop [BCBV]loop

[

Z̄
]

loop branch

⎡

⎣

⎤

⎦

Now combining the columns of the two partitions, [BCBV] may be written as

[

BCBV
] = [BCBV]radial

[BCBV]loop

⎡

⎣

⎤

⎦

From the above [BCBV] matrix of the meshed system, it can also be observed
that additional rows and columns, corresponding to the loop created, are added to the
[BCBV] matrix of the radial distribution system.

For faults at bus no. 4 of the 6-bus meshed distribution system, the [BIBC] matrix
for the three phases

[

BIBCa
4 BIBCb

4 BIBCc
4

]T
is given as

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a 2a−4a 2b−4b 2c−4c

4a 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0

4b 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0

4c 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0

⎡

⎢
⎣

⎤

⎥
⎦

For the LG fault, only the row corresponding to phase a of bus no. 4 is required.
For the LLG and LL faults, the rows corresponding to phases a and b of bus no. 4 are
needed; while for the LLLG fault, the [BIBC] matrix corresponding to all the three
phases is used. The

[

BCBVloop

]

part of the [BCBV] matrix is

1a−2a 1b−2b 1c−2c 2a−3a 2b−3b 2c−3c 3a−4a 3b−4b 3c−4c 4a−5a 4b−5b 5a−6a 2a−4a 2b−4b 2c−4c

2a−4a 0 0 0 −Z̄aa
23 −Z̄ab

23 −Z̄ac
23 −Z̄aa

34 −Z̄ab
34 −Z̄ac

34 0 0 0 Z̄aa
24 Z̄ab

24 Z̄ac
24

2b−4b 0 0 0 −Z̄ba
23 −Z̄bb

23 −Z̄bc
23 −Z̄ba

34 −Z̄bb
34 −Z̄bc

34 0 0 0 Z̄ba
24 Z̄bb

24 Z̄bc
24

2c−4c 0 0 0 −Z̄ca
23 −Z̄cb

23 −Z̄cc
23 −Z̄ca

34 −Z̄cb
34 −Z̄cc

34 0 0 0 Z̄ca
24 Z̄cb

24 Z̄cc
24

⎡

⎢
⎢
⎢
⎢
⎣

⎤

⎥
⎥
⎥
⎥
⎦

Following the procedure outlined in Section 3.3.1, the final expression for the
short-circuit impedance matrix for an LG fault in 6-bus meshed distribution system
is as follows:

[

Z̄LGm
sc

] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄aa
12 + Z̄aa

23 + Z̄aa
34 + Z̄f −Z̄aa

23 − Z̄aa
34 −Z̄ab

23 − Z̄ab
34 −Z̄ac

23 − Z̄ac
34

−Z̄aa
23 − Z̄aa

34 Z̄aa
23 + Z̄aa

24 + Z̄aa
34 Z̄ab

23 + Z̄ab
24 + Z̄ab

34 Z̄ac
23 + Z̄ac

24 + Z̄ac
34

−Z̄ba
23 − Z̄ba

34 Z̄ba
23 + Z̄ba

24 + Z̄ba
34 Z̄bb

23 + Z̄bb
24 + Z̄bb

34 Z̄bc
23 + Z̄bc

24 + Z̄bc
34

−Z̄ca
23 − Z̄ca

34 Z̄ca
23 + Z̄ca

24 + Z̄ca
34 Z̄cb

23 + Z̄cb
24 + Z̄cb

34 Z̄cc
23 + Z̄cc

24 + Z̄cc
34

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦



Table 3.5 Short-circuit impedance matrices for different types of faults at bus no. 4 of 6-bus meshed distribution system

Fault Short-circuit impedance matrix

LLG
[

Z̄LLGm
sc

] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄aa
12 + Z̄aa

23 + Z̄aa
34 + Z̄f Z̄ab

12 + Z̄ab
23 + Z̄ab

34 −Z̄aa
23 − Z̄aa

34 −Z̄ab
23 − Z̄ab

34 −Z̄ac
23 − Z̄ac

34

Z̄ba
12 + Z̄ba

23 + Z̄ba
34 Z̄bb

12 + Z̄bb
23 + Z̄bb

34 + Z̄f −Z̄ba
23 − Z̄ba

34 −Z̄bb
23 − Z̄bb

34 −Z̄bc
23 − Z̄bc

34

−Z̄aa
23 − Z̄aa

34 −Z̄ab
23 − Z̄ab

34 Z̄aa
23 + Z̄aa

24 + Z̄aa
34 Z̄ab

23 + Z̄ab
24 + Z̄ab

34 Z̄ac
23 + Z̄ac

24 + Z̄ac
34

−Z̄ba
23 − Z̄ba

34 −Z̄bb
23 − Z̄bb

34 Z̄ba
23 + Z̄ba

24 + Z̄ba
34 Z̄bb

23 + Z̄bb
24 + Z̄bb

34 Z̄bc
23 + Z̄bc

24 + Z̄bc
34

−Z̄ca
23 − Z̄ca

34 −Z̄cb
23 − Z̄cb

34 Z̄ca
23 + Z̄ca

24 + Z̄ca
34 Z̄cb

23 + Z̄cb
24 + Z̄cb

34 Z̄cc
23 + Z̄cc

24 + Z̄cc
34

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

LLLG
[

Z̄LLLGm
sc

] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄aa
12 + Z̄aa

23 + Z̄aa
34 + Z̄f Z̄ab

12 + Z̄ab
23 + Z̄ab

34 Z̄ac
12 + Z̄ac

23 + Z̄ac
34 −Z̄aa

23 − Z̄aa
34 −Z̄ab

23 − Z̄ab
34 −Z̄ac

23 − Z̄ac
34

Z̄ba
12 + Z̄ba

23 + Z̄ba
34 Z̄bb

12 + Z̄bb
23 + Z̄bb

34 + Z̄f Z̄bc
12 + Z̄bc

23 + Z̄bc
34 −Z̄ba

23 − Z̄ba
34 −Z̄bb

23 − Z̄bb
34 −Z̄bc

23 − Z̄bc
34

Z̄ca
12 + Z̄ca

23 + Z̄ca
34 Z̄cb

12 + Z̄cb
23 + Z̄cb

34 Z̄cc
12 + Z̄cc

23 + Z̄cc
34 + Z̄f −Z̄ca

23 − Z̄ca
34 −Z̄cb

23 − Z̄cb
34 −Z̄cc

23 − Z̄cc
34

−Z̄aa
23 − Z̄aa

34 −Z̄ab
23 − Z̄ab

34 −Z̄ac
23 − Z̄ac

34 Z̄aa
23 + Z̄aa

24 + Z̄aa
34 Z̄ab

23 + Z̄ab
24 + Z̄ab

34 Z̄ac
23 + Z̄ac

24 + Z̄ac
34

−Z̄ba
23 − Z̄ba

34 −Z̄bb
23 − Z̄bb

34 −Z̄bc
23 − Z̄bc

34 Z̄ba
23 + Z̄ba

24 + Z̄ba
34 Z̄bb

23 + Z̄bb
24 + Z̄bb

34 Z̄bc
23 + Z̄bc

24 + Z̄bc
34

−Z̄ca
23 − Z̄ca

34 −Z̄cb
23 − Z̄cb

34 −Z̄cc
23 − Z̄cc

34 Z̄ca
23 + Z̄ca

24 + Z̄ca
34 Z̄cb

23 + Z̄cb
24 + Z̄cb

34 Z̄cc
23 + Z̄cc

24 + Z̄cc
34

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

LL
[

Z̄LLm
sc

] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Z̄aa
12 − 2Z̄ab

12 + Z̄bb
12 + Z̄aa

23 − 2Z̄ab
23 + Z̄bb

23 + Z̄aa
34 − 2Z̄ab

34 + Z̄bb
34 + Z̄f Z̄ab

23 − Z̄aa
23 − Z̄aa

34 + Z̄ab
34 Z̄bb

23 − Z̄ab
23 − Z̄ab

34 + Z̄bb
34 Z̄bc

23 − Z̄ac
23 − Z̄ac

34 + Z̄bc
34

Z̄ab
23 − Z̄aa

23 − Z̄aa
34 + Z̄ab

34 Z̄aa
23 + Z̄aa

24 + Z̄aa
34 Z̄ab

23 + Z̄ab
24 + Z̄ab

34 Z̄ab
23 + Z̄ac

24 + Z̄ac
34

Z̄bb
23 − Z̄ba

23 − Z̄ba
34 + Z̄bb

34 Z̄ba
23 + Z̄ba

24 + Z̄ba
34 Z̄bb

23 + Z̄bb
24 + Z̄bb

34 Z̄bc
23 + Z̄bc

24 + Z̄bc
34

Z̄cb
23 − Z̄ca

23 − Z̄ca
34 + Z̄cb

34 Z̄ca
23 + Z̄ca

24 + Z̄ca
34 Z̄cb

23 + Z̄cb
24 + Z̄cb

34 Z̄cc
23 + Z̄cc

24 + Z̄cc
34

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦
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Figure 3.4 Voltage profile of 6-bus meshed distribution system under fault
conditions: (a) LG fault; (b) LLG fault; (c) LLLG fault; and (d) LL fault

Table 3.6 Fault currents (kA) for different types of faults at bus no. 4 of 6-bus
meshed system

LG fault LL fault LLG fault LLLG fault

BIBC PSCAD BIBC PSCAD BIBC PSCAD BIBC PSCAD

Phase a 0.96926 0.96926 1.6040 1.6039 1.6289 1.6288 1.7793 1.7792
Phase b 1.6040 1.6039 1.6303 1.6302 1.7648 1.7647
Phase c 1.5134 1.5133

Using the same procedure, the short-circuit impedance matrices for LLG, LLLG
and LL faults for the 6-bus meshed distribution system are given in Table 3.5. The
voltage profiles for the four types of faults at bus no. 4 of the 6-bus meshed distri-
bution system are shown in Figure 3.4, while the fault currents at the fault point are
given in Table 3.6. Further, in Table 3.7, the phase a voltage at bus no. 4 for different
types of faults (obtained by the short-circuit analysis method and PSCAD simulation
studies) are shown.

From Tables 3.6 and 3.7 and Figure 3.4, it can be concluded that the BIBC-
based short-circuit analysis method performs equally well for the meshed distribution
systems also.



Table 3.7 Phase a voltages (kV) for different types of faults at bus no. 4 of 6-bus meshed system

Bus no. LG fault LLG fault LLLG fault LL fault

PSCAD BIBC %Error PSCAD BIBC %Error PSCAD BIBC %Error PSCAD BIBC %Error

1 6.5817 6.5818 0.00151 6.5817 6.5818 0.0015 6.5817 6.5818 0.00151 6.5817 6.5818 0.00151
2 2.623 2.623 0 2.6801 2.6802 0.0037 2.6585 2.6585 0 4.043 4.0431 0.00247
3 1.6074 1.6074 0 1.6802 1.6802 0 1.6546 1.6546 0 3.6124 3.6124 0
4 0.126 0.126 0 0.2118 0.2117 0.0472 0.2313 0.2312 0.04323 3.2979 3.298 0.00303
5 0.126 0.126 0 0.2118 0.2117 0.0472 0.2313 0.2312 0.04323 3.2979 3.298 0.00303
6 0.126 0.126 0 0.2118 0.2117 0.0472 0.2313 0.2312 0.04323 3.2979 3.298 0.00303
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Figure 3.5 Voltage profile of 36-bus radial distribution system under fault
conditions: (a) LG fault; (b) LLG fault; (c) LLLG fault; and (d) LL fault
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Figure 3.6 Voltage profile of 36-bus meshed distribution system under fault
conditions: (a) LG fault; (b) LLG fault; (c) LLLG fault; and (d) LL fault
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Table 3.8 Fault currents (kA) for different types of faults at bus no. 25 of 36-bus
radial distribution system

LG fault LL fault LLG fault LLLG fault

BIBC PSCAD BIBC PSCAD BIBC PSCAD BIBC PSCAD

Phase a 1.9346 1.9343 2.4957 2.4953 2.6708 2.6704 2.6654 2.6650
Phase b 2.4957 2.4953 2.5002 2.4999 2.9478 2.9473
Phase c 2.7734 2.7730

Table 3.9 Fault currents (kA) for different types of faults at bus no. 25 of 36-bus
meshed distribution system

LG fault LL fault LLG fault LLLG fault

BIBC PSCAD BIBC PSCAD BIBC PSCAD BIBC PSCAD

Phase a 2.5886 2.5881 3.2595 3.2589 3.4961 3.4954 3.4937 3.4930
Phase b 3.2595 3.2589 3.2744 3.2737 3.8436 3.8429
Phase c 3.6077 3.6070

3.4.3 Results for 36-bus radial distribution system

The method was also tested on a larger system to test its efficacy. The voltage profiles
of the 36-bus distribution system, for all the four types of faults at bus no. 25, obtained
through BIBC-based method and PSCAD simulation studies are shown in Figure 3.5
for radial configuration and in Figure 3.6 for weakly meshed configuration. The fault
currents for radial and meshed distribution systems are tabulated in Tables 3.8 and
3.9, respectively. As can be observed from these tables and figures, the results of both
the methods are in very good agreement.

3.5 Conclusion

In this chapter, a method for the short-circuit analysis of radial and meshed distribution
systems has been explained in details. The results obtained from the discussed method
have also been compared with PSCAD simulation results to establish their accuracy.
The values of the calculated short-circuit currents can be used for the selection of
equipment ratings and protection coordination.
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Chapter 4

Choice of solver for distribution system
state estimation
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Abstract

In this chapter, a statistical framework is introduced to assess the suitability of various
state estimation methodologies for the purpose of distribution system state estima-
tion. The existing algorithms adopted in the transmission system state estimation are
re-evaluated for the distribution system. The performance of three-state estimation
algorithms has been examined and discussed in standard 12-bus and 95-bus United
Kingdom-Generic Distribution System network models.

Keywords

Distribution system state estimation, Distribution management system, Error statis-
tics, χ2-Distribution

List of symbols

m, n Number of measurements and state variables
xt , x̂ True state and estimated state vectors, respectively (n × 1)
Px, P̂x Numerically computed and estimated error covariance matrices,

respectively (n × n)
E[·] Expectation operator
ε Normalised state error squared variable
z Measurement vector (m × 1)
h(x) Expectation of measurement vector (m × 1)
σzi Standard deviation of the ith measurement
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Rz Measurement error covariance matrix (m × m)
ez Measurement error vector (m × 1)
ri Normalised residual of ith measurement

4.1 Introduction

The deregulation of power systems and the introduction of distributed generation (DG)
to distribution networks have challenged the operational philosophy of the distribution
systems. The passive nature of the network can only accommodate restricted amount
of DG capacity. This means that significant network reinforcement will be necessary
to accommodate DG and load growth in the future. An alternative would be to change
the approach to network operation such as introducing control to distribution network
operation. A range of technology innovations is needed to change the way distribution
systems operate. The innovations must pin down on new architecture for distribution
network control centre with performance critical software functions like state estima-
tion (SE), optimal power flow, and network-specific sensor placement and integration.

In transmission systems, SE is a fairly routine task and a host of established
methodologies exist [1]. These cannot simply be adopted to distribution systems
because the planning, design and operation philosophy of distribution networks are
different from those in the transmission networks. The distribution network topology
and characteristics are different and most importantly the amount of available net-
work measurements is very limited. The SE methodologies adopted in transmission
systems start showing their limitations when exposed to the specifics of distribution
networks [2].

Furthermore, the potential benefits of using SE technologies in distribution net-
work control have not been explored mainly due to the absence of adequate network
measurements and also the lack of rigorous methodology and tools that could be
applied on restricted measurements. The development of new distribution system state
estimation (DSSE) is a challenging task as the tools to evaluate the quality of SE must
consider a number of issues relating to measurement types, locations and numbers.

Methodologies on which such tools could be built are not available at present.
However, some interesting research has been done in DSSE [3–10]. Lu et al. [3]
propose a three-phase DSSE algorithm. The algorithm uses a current-based formula-
tion of the weighted least squares (WLS) method in which the power measurements,
current measurements and voltage measurements are converted to their equivalent cur-
rents, and the Jacobian terms are constant and equal to the admittance matrix elements.
The observability analysis of the proposed distribution system is also discussed. Lin
and Teng [4] have proposed a new fast decoupled state estimator with equality con-
straints. The proposed method is based on the equivalent current measurement in
rectangular coordinates. Baran and Kelley [5] have introduced a computationally
efficient algorithm based on branch currents as state variables. The method is demon-
strated to work well in radial and weakly meshed systems. This concept is further
refined by Wang and Schulz [6]. Wang and Schulz [6] have presented a revised
branch current-based DSSE algorithm. In this algorithm, the load estimated at every
node from an automated meter reading system is used as a pseudo measurement.
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Li [7] has presented a distribution system state estimator based on WLS approach
and three-phase modelling techniques. Li has also demonstrated the impact of the
measurement placement and measurement accuracy on the estimated results. A rule-
based approach for measurement placement is presented by Baran et al. [8]. Ghosh
et al. [9] have presented an alternative approach to DSSE using a probabilistic exten-
sion of the radial load flow algorithm treating the real measurements as solution
constraints. The algorithm that accounts for non-normally distributed loads incorpo-
rates the concept of load diversity and can interact with a load allocation routine. The
field results are discussed in Reference 10.

The DSSE literature is either based on the probabilistic load flow or direct
adaptation of transmission system SE algorithms (particularly WLS). The issue
of measurement inadequacy is addressed through pseudo measurements which are
stochastic in nature. However, the performance of the SE algorithms under the
stochastic behaviour of pseudo measurements is not addressed in the DSSE literature.

The work presented in this chapter and also reported in References 11, 12 inves-
tigates the existing transmission system SE techniques and algorithms and assesses
their suitability to the DSSE problem. The selected algorithms are tested on the 12-bus
and 95-bus United Kingdom-Generic Distribution System (UK-GDS) network mod-
els against some statistical measures like Bias, Consistency and overall Quality of
the estimates. Unlike many other distribution systems, the UK distribution network is
fairly balanced and that has prompted us to go with a single-phase approach although
the method is generic. Furthermore, the statistical measures utilised in this chapter
mainly depend on the probability distribution of the measurements and not on the
line model of the network. Following this introduction, a theoretical framework for
the statistical measures is established in Section 4.2. The consistency and the quality
of the estimates utilise the asymptotic state error covariance matrix. The various SE
techniques along with the details of their state error covariance matrices are discussed
in Section 4.3. The efficacy of the algorithms is examined on standard test systems
and discussed in Section 4.4.

4.2 Statistical measures

In distribution systems, measurements are predominantly of pseudo type, which are
statistical in nature, so the performance of a state estimator should be based on some
statistical measures. Various statistical measures such as bias, consistency and quality
have been adopted for assessing the effectiveness of SE in other technology areas
such as target tracking [13]. We explore these for the DSSE applications. Briefly, we
describe the statistical measures as follows:

4.2.1 Bias

A state estimator is said to be unbiased if the expected value of error in the state
estimate is zero. Mathematically an unbiased estimator can be defined as:

E
[(

xt − x̂
)] = 0 (4.1)
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4.2.2 Consistency

If the error in an estimate statistically corresponds to the corresponding covariance
matrix then the estimate (and hence the technique generating this estimate) is said to be
consistent. One measure of consistency is the normalised state error squared variable:

ε = (

xt − x̂
)T

P̂
−1

x

(

xt − x̂
)

(4.2)

where P̂x denotes the estimated state error covariance matrix.
For the estimator to be consistent, ε should be within its confidence bounds,

which can be obtained from the error statistics.

4.2.2.1 Choice of confidence regions
In the univariate case when the estimation error is represented by a normal distribution
with zero mean and known variance, one can use the tables of normal distribution
to compute the confidence intervals. However, in the multivariate case when the
estimation error is represented by a normal distribution with zero mean vector and
known covariance matrix, such confidence intervals are difficult to compute because
tables are available only for the bivariate case. Alternatively, one could setup limits for
each component on the basis of distribution, but this procedure has the disadvantages
that the choice of limit is somewhat arbitrary and in some cases leads to tests that may
be poor against some alternatives. Moreover, such limits are difficult to compute. The
procedure given below, which is based on χ 2-statistics, can be easily computed and
applied in the multivariate case. Furthermore, it can be theoretically justified based
on the following lemma. The proof of the lemma can be found in Reference 14.

Lemma 4.1. If an n-component vector v is distributed according to normal distri-
bution N (0,T) (non-singular), then vTT−1v is distributed according to chi-square
(χ2)-distribution with n degrees of freedom.

4.2.2.2 χ2-Statistics
It can be shown that if the errors in measurements are normally distributed, the SE error
corresponding to these measurements will be normally distributed with zero mean
vector and covariance matrix given by E[(xt − x̂)(xt − x̂)T ]. Utilising this fact and
Lemma 4.1, the normalised squared error ε (4.2) should follow aχ 2-distribution with n
degrees of freedom for a consistent estimator, where n is the number of states. In other
words, for the estimator to be consistent, ε should lie within its confidence bounds
that can be obtained from the standard χ2-table for a chosen confidence level α.
Lower and upper bounds for this confidence level can be given by χ 2

n ((1 − α)/2)
and χ2

n ((1+ α)/2), respectively. In statistics, a 95% confidence is considered to be
adequate.

4.2.2.3 χ2-Test over Monte Carlo simulations
In practice, statistical tests are performed using a number of Monte Carlo simulations.
Consider that the system has n number of states and M is the number of Monte Carlo
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simulations, then the normalised squared error follows a χ 2-distribution with Mn
degrees of freedom. Mathematically:

E[ε] = χ2
Mn(α)

M
(4.3)

For large number of Monte Carlo runs χ 2
Mn(α) ≈ Mn, which results in:

E[ε] = n (4.4)

Hence, the mean of ε should approach to the number of states with the increase in
the number of simulations.

4.2.3 Quality

Quality of an estimate is inversely related to its variance. For the multivariate case, the
square root of the determinant of the error covariance matrix measures the volume of
1-σ (one standard deviation) ellipsoid and is used here to quantify the total variance
of an estimate. Hence, the quality of the estimate can be defined as:

Qdet = log

(

1
√

det (Px)

)

(4.5)

Sometimes, in large networks, it becomes difficult to compute the determinant of the
error covariance matrix numerically due to precision limits of the solver. In this situ-
ation, an alternate way to define the quality is to use the trace of the error covariance
matrix. However, this ignores the off-diagonal information. The quality as function
of the trace of the error covariance matrix can be written as:

Qtrace = log
(

1

tr(Px)

)

(4.6)

4.3 SE techniques

Various algorithms have been suggested for transmission system state estimation
[1]. All these algorithms work well in transmission systems because there is high
redundancy in the measurements. However, in distribution systems, due to sparsity of
measurements, there is less or no redundancy in the measurements. Hence, when these
algorithms are exposed to distribution systems they start showing their limitations. For
example, in transmission systems, weighted least absolute value (WLAV) eliminates
bad data out of redundant measurements, but in distribution systems, it fails to work
because it treats every pseudo measurement as bad data and there is no redundancy
to eliminate these pseudo measurements.
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This section briefly explains the most common SE techniques to examine their
suitability for the DSSE problem under stochastic behaviour of the pseudo mea-
surements and limited or no redundancy. All these techniques use the following
measurement model.

4.3.1 Measurement model

z = h(x) + ez (4.7)

where ez ∼ N (0, Rz) is zero mean Gaussian noise with error covariance matrix
Rz(=diag{σ 2

z1, σ 2
z2, . . . , σ 2

zm}). We define the normalised residual of ith measurement
ri as:

ri = zi − hi(x)

σzi
(4.8)

where ri ∼ N (0, 1). The class of estimators discussed in this section is based on
maximum likelihood theory. They rely on a priori knowledge of the distribution of
the measurement error (Gaussian in this case, with zero mean and known covariance).
A generalised estimation problem seeks to minimise the following objective:

J =
m

∑

i=1

ρ(ri) (4.9)

The different estimators can be characterized based on the choice of the ρ function.

4.3.2 WLS estimation

WLS is a quadratic form of the maximum likelihood estimation problem. The WLS
problem can be stated as the minimisation of the following objective function:

1

2
[z − h(x)]T R−1

z [z − h(x)] (4.10)

The above objective takes the form given in (4.9) for:

ρ(ri) = 1

2
r2

i (4.11)

An estimate of state was obtained iteratively using the Newton method according to:

x̂k+1 = x̂k + (

HT
(

x̂k

)

R−1
z H

(

x̂k

))−1
HT

(

x̂k

)

R−1
z

[

z − h
(

x̂k

)]

(4.12)

where

H(x̂k ) =
[
∂h(x)

∂x

]

x=h(x̂k )

(4.13)
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4.3.3 WLAV estimator

WLAV estimator is based on the minimisation of the L1 norm of weighted
measurement residual, and can be expressed as:

∥
∥
∥
∥

R
− 1

2
z [z − h(x)]

∥
∥
∥
∥

1

(4.14)

which is equivalent to (4.9) when,

ρ(ri) = |ri| (4.15)

Existing techniques use linear programming or interior point methods to solve
this problem. In this chapter, we have used a primal dual interior point (PDIP)
method [15].

4.3.4 Schweppe Huber generalized M estimator

This estimator combines both WLS and WLAV estimators. The ρ function for
Schweppe Huber generalized M (SHGM) estimator is given by:

ρ(ri) =

⎧

⎪⎨

⎪⎩

1

2
r2

i if |ri| ≤ aωi

aωi|ri| − 1

2
a2ω2

i otherwise
(4.16)

The performance of this estimator highly depends upon the weight factor ωi and
tuning parameter a. In this chapter, the solution to this problem was obtained using
iteratively re-weighted least squares (IRLS) method [1]. The parameter a = 1.5 was
used in simulations.

4.3.4.1 State error covariance matrix
An estimate of the asymptotic covariance matrix at convergence can be expressed as
[16, 17]:

P̂x = α
(

HT
(

x̂
)

R−1
z H

(

x̂
))−1

(4.17)

where x̂ = limk→∞ x̂k . The value of α depends on the choice of the estimator. An
expression for α is given by [16]:

α = E
[

ψ2(r)
]

(E [ψ ′(r)])2 (4.18)

where ψ(r) = ∂ρ(r)
∂r and ψ ′(r) = ∂ψ(r)

∂r .
The numerical computation of α for various estimators is given in Appendix 4.6.

Table 4.1 summarises the various estimators used in this chapter. Table 4.1 indicates a
typical value of α for SHGM considering aωi = 1.5. Since the IRLS method is used
for SHGM, the value of α changes during the estimation process depending upon the
weight ωi.
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Table 4.1 State estimators: summary

Solution for x̂ Asymptotic error covariance P̂x

WLS Newton (HT(x̂) R−1
z H(x̂))−1

WLAV PDIP
π

2
(HT(x̂) R−1

z H(x̂))−1

SHGM IRLS ∗1.037(HT(x̂) R−1
z H(x̂))−1

∗a = 1.5, wi = 1.

1 122 3 4 5 6 7 8 9 10 11

|V|

Figure 4.1 12-Bus test system
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Figure 4.2 UK-GDS: 95-bus test system

4.4 Case study

The algorithms discussed in the previous section were applied on a 12-bus radial
distribution network model and on a part of the UK-GDS model (95-bus UK-GDS).
Figures 4.1 and 4.2 show the schematic diagrams of the test systems. Network and
load data for these networks can be found in References 18 and 19, respectively.
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4.4.1 State variables

The bus voltage magnitudes and angles were considered as state variables except
at the reference bus (bus #1) for which the bus angle was assumed to be zero. Hence,
the number of states to be evaluated was 23 and 189 for the 12-bus test system and the
UK-GDS, respectively.

4.4.2 Measurements

It was assumed that the errors associated with the measurements are independent
identically distributed. Three types of measurements were taken into consideration.
The telemetered measurements were utilised as real measurements. Zero injections
with a very low variance (10−8) were modelled as virtual measurements. Loads were
modelled as pseudo measurements. Various scenarios considering the errors in real
measurements as 1% and 3%, while 20% and 50% in pseudo measurements were
examined. The range of error in pseudo measurements was chosen on the basis of
errors in load estimates of various classes of customers, such as industrial, domestic
and commercial. The loads of the industrial customers can be estimated more accu-
rately than the domestic and commercial, thus they have less error. On the other hand,
loads of domestic customers are difficult to estimate; hence, they have large error.
The error in commercial load estimates lies between these two cases. It was also
taken into consideration that with this choice of range, the maximum demand limits
at various buses are not violated and the condition of linear approximation is valid.
The mean value for these measurements was obtained using distribution system load
flow. Table 4.2 summarises the measurements and their redundancy level for the two
test network models.

4.4.3 Measurement variance

A ±3σ deviation around the mean covers more than 99.7% area of the Gaussian
curve. Hence, for a given percentage of maximum error about mean μzi, the standard
deviation of error was computed as follows:

σzi = μzi × % error

3 × 100
(4.19)

The square of standard deviation gives the variance of the measurement.

4.4.4 Simulation results

The performance of the estimators was evaluated for the following cases:

Case 1: Error in real measurement 1% and pseudo measurement 20%.
Case 2: Error in real measurement 1% and pseudo measurement 50%.
Case 3: Error in real measurement 3% and pseudo measurement 20%.
Case 4: Error in real measurement 3% and pseudo measurement 50%.
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Table 4.2 Measurements used in study

Test system Real measurements (mr) Virtual and pseudo Redundancy
(mr + mp)

nmeasurements (mp)

12-Bus 3 (V1, P1−2, Q1−2) 22 (Loads only no
25

23
= 1.09

zero injections)

UK-GDS 188 (Loads and
193

189
= 1.02

(a) Limited 5 (V1, P1−2, Q1−2, zero injections)
redundancy P1−85, Q1−85)

UK-GDS 21 (V1, V18, V19, V20, 188 (Loads and
209

189
= 1.11

(b) Increased V21, V95, P1−2, Q1−2, zero injections)
redundancy P1−85, Q1−85, P18−19, Q18−19,

P82−95, Q82−95
P15−17, Q15−17, P34−35,
Q34−35, δ19, δ20, δ21)

0 200 400 600 800 1000
20

21

22

23

24

25

26

27

28

Number of Monte Carlo simulations

E[
ε]

Figure 4.3 Variation of E[ε] with different Monte Carlo steps

4.4.4.1 12-Bus system
In the 12-bus test system, the voltage magnitude measurement at bus #1 and power
flow measurement in lines #1–2 were considered as real measurement. Figure 4.3
shows the variation of the expected value of the normalised state error squared with
various Monte Carlo steps for the 12-bus distribution system. It is clear from the figure
that as the number of Monte Carlo steps increases, the expected value of normalised
state error square variable approaches to the number of states, which agrees with (4.4).
Also after 400 Monte Carlo steps, the error in E[ε] is within 1% of the number of
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Figure 4.4 12-Bus system estimation error plot for all state variables: error in true
measurements = 3%, error in pseudo measurements = 50%

states. Hence, we chose 400 Monte Carlo steps for the simulations. A larger number
of Monte Carlo steps give slightly better results but it increases the computation time.

Figure 4.4 shows the error plots with the number of simulations for the three
estimators. The plots shown are for the worst-case scenario (Case 4), i.e. the error
associated with real measurements is 3% and that with pseudo measurements is 50%.
The estimation errors for all the states are displayed in Figure 4.4; however, they are
indistinguishable because of the overlaps. It is evident from the figure that the error
varies about zero mean. This indicates that all the three estimators are unbiased. It was
also found that for all other cases, the three estimators were unbiased. Figures 4.5–4.8
show the consistency plots for the estimators for Cases 1–4. A 95% confidence level
was used to define the confidence bounds. It was found that WLS shows consistent
results in all test cases. On the other hand, WLAV is inconsistent in all the cases.
It is interesting to note that SHGM is inconsistent for small errors in pseudo mea-
surements and consistent for large errors in pseudo measurements. The reason is that
the measurement set considered for study is predominantly comprised of the pseudo
measurements, and large error in pseudo measurements increases the measurement
variance (4.19). Also the computation of variance in (4.19) is based on the maximum
error. This results in low normalised residual (|ri|) for pseudo measurements. Due
to this fact the normalised residual becomes less than the cut-off value aωi (4.16),
and the estimator behaves like WLS. However, this is not always true. Whenever the
normalised residual exceeds the cut-off value, the estimator becomes inconsistent. It
will be shown, that for the 95-bus UK-GDS system, SHGM becomes inconsistent for
these cases of large errors too.
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Figure 4.5 12-Bus system consistency plot: error in true measurements = 1%,
error in pseudo measurements = 20%

Table 4.3 shows the performance summary of the 12-bus test system. Two types
of qualities are shown. As expected the quality of the estimates decreases with the
increase in the error in measurements. This decrease is significant with the increase
in the error in the real measurements as compared to the pseudo measurements.

4.4.4.2 95-Bus UK-GDS
The performance of the estimators was also evaluated on the 95-bus test system model
for all the test cases analysed in the 12-bus test system. It was observed that in the
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Figure 4.6 12-Bus system consistency plot: error in true measurements = 1%,
error in pseudo measurements = 50%

95-bus test system also, 400 Monte Carlo steps are sufficient to bring down the error
in E[ε] within 1% of the number of states. The following two cases were considered.

(a) Limited redundancy
In this case, the real measurements were considered to be available at the main
substation. Hence, the voltage magnitude measurement at bus #1 and power flow
measurements in lines #1–2 and #1–85 were taken as real measurements. It was
observed that in the 95-bus test system all the estimators were unbiased. However,
only WLS was found to be consistent in all the test cases. Hence, the consistency
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Figure 4.7 12-Bus system consistency plot: error in true measurements = 3%,
error in pseudo measurements = 20%

plots of WLS in all four test cases are displayed in Figure 4.9. The consistency plot
for SHGM is also shown in Figure 4.10 for the test Case 2. It is clear from Figure 4.10
that the SHGM which was consistent in Case 2 in the 12-bus system no longer remains
consistent in larger systems.

(b) Increased redundancy
In this case, the redundancy was increased by placing the measurements at DG
locations first and then measurements were placed at optimal locations. The opti-
mality criterion and details of the measurement placement appear in Reference 20.
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Figure 4.8 12-Bus system consistency plot: error in true measurements = 3%,
error in pseudo measurements = 50%

Furthermore, the phasor measurements were also deployed at optimally selected
buses. The real measurement set in this study consists of following measurements:

1. Voltage measurements at buses #1, #18, #19, #20, #21 and #95.
2. Line flow measurements in lines #1–2, #1–85, #82–95, #18–19, #15–17 and

#34–35.
3. Phasor measurements at buses #19, #20 and #21.

The consistency plots for WLS and SHGM with increased redundancy are shown
in Figures 4.11 and 4.12, respectively. The WLS shows the consistent performance



Table 4.3 12-Bus system performance summary

Estimator Real 1%, pseudo 20% Real 1%, pseudo 50% Real 3%, pseudo 20% Real 3%, pseudo 50%

Bias Consistency/ Quality Bias Consistency/ Quality Bias Consistency/ Quality Bias Consistency/ Quality
E[ε] tr/det E[ε] tr/det E[ε] tr/det E[ε] tr/det

WLS Unbiased Consistent/ 4.08/199.24 Unbiased Consistent/ 3.7/179.01 Unbiased Consistent/ 1.89/198.4 Unbiased Consistent/ 1.81/178.02
23.13 23.25 22.85 22.97

WLAV Unbiased Inconsistent/ 3.17/191.46 Unbiased Inconsistent/ 2.26/173.98 Unbiased Inconsistent/ 1.68/190.53 Unbiased Inconsistent/ 1.45/173.07
136.7 80.67 130.91 72.81

SHGM Unbiased Inconsistent/ 3.86/193.1 Unbiased Consistent/ 3.7/178.28 Unbiased Inconsistent/ 1.86/192.37 Unbiased Consistent/ 1.80/177.63
1033.1 26.37 953.8 24.1
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Figure 4.9 95-Bus system consistency plot with limited redundancy: WLS shows
consistency in all test cases. (a) Case 1; (b) Case 2; (c) Case 3; and
(d) Case 4
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Figure 4.10 95-Bus system consistency plot with limited redundancy: error in true
measurements = 1%, error in pseudo measurements = 50%

whereas the SHGM shows the inconsistency in all the simulated cases. A very high
degree of inconsistency was observed in WLAV, which is difficult to show graphically.

The performance summaries for both of these cases are shown in Tables 4.4(a)
and 4.4(b). In both the cases, the quality defined in (4.5) gives numerical instability
in computations; hence, it does not appear in the tables. Furthermore, the quality
for WLAV estimator is inconsistent and shows negative values. This is because of
very high variance of state estimates which are unacceptable for SE. In WLS and
SHGM, as expected the qualities decrease with increase in errors in real and pseudo
measurements. The value of E[ε] in case of SHGM does not converge to the number
of states (i.e. 189), which numerically confirms its inconsistency.

It is also important to note that with limited redundancy the trace qualities defined
in (4.6) are close for both WLS and SHGM in cases 2 and 4. This gives the impression
that SHGM should be consistent for these cases. Since trace captures the diagonal
information of the error covariance matrix, it can be attributed that inconsistency in
SHGM is mainly due to off-diagonal elements. In case of increased redundancy, there
is significant difference in the qualities of WLS and SHGM in all the test cases. The
quality of WLS is better than the quality of SHGM.

In all the simulated cases only WLS satisfies the three statistical criteria (Bias,
Consistency and Quality) under the assumption of normal distribution of measurement
errors. It can be concluded that the WLS is suitable solver for the DSSE problem.

4.4.5 Comments on error distribution and choice of solver

The statistical criteria discussed in this chapter depend on the characteristics of the
distribution of measurement errors. The results presented are based on the assumption
that the measurement errors are normally distributed. Under this assumption, the WLS
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Figure 4.11 95-Bus system consistency plot with increased redundancy: WLS
shows consistency in all the test cases. (a) Case 1; (b) Case 2;
(c) Case 3; and (d) Case 4
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Figure 4.12 95-Bus system consistency plot with increased redundancy: SHGM
shows inconsistency in all the test cases. (a) Case 1; (b) Case 2;
(c) Case 3; and (d) Case 4
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Table 4.4 95-Bus UK-GDS performance summary

Estimator Real 1%, pseudo 20% Real 1%, pseudo 50% Real 3%, pseudo 20% Real 3%, pseudo 50%

Bias Consistency/ Quality Bias Consistency/ Quality Bias Consistency/ Quality Bias Consistency/ Quality
E[ε] tr/det E[ε] tr/det E[ε] tr/det E[ε] tr/det

(a) Limited redundancy

WLS Unbiased Consistent/ 6.63/– Unbiased Consistent/ 6.24/– Unbiased Consistent/ 4.61/– Unbiased Consistent/ 4.41/–
190.02 188.16 189.84 190.23

WLAV Unbiased Inconsistent/ −52/− Unbiased Inconsistent/ −44.42/− Unbiased Inconsistent/ −45.18/− Unbiased Inconsistent/ −41.12/−
∞ ∞ ∞ ∞

SHGM Unbiased Inconsistent/ 6.46/– Unbiased Inconsistent/ 6.16/– Unbiased Inconsistent/ 4.75/– Unbiased Inconsistent/ 4.4/–
3.06 × 104 2.53 × 105 2.89 × 104 2.27 × 105

(b) Increased redundancy

WLS Unbiased Consistent/ 8.86/– Unbiased Consistent/ 8.75/– Unbiased Consistent/ 6.85/– Unbiased Consistent/ 6.75
190 188.3 188.65 189.23

WLAV Unbiased Inconsistent/ −55.65/− Unbiased Inconsistent/ −63.74/− Unbiased Inconsistent/ −43.73/− Unbiased Inconsistent/ −49.88/−
∞ ∞ ∞ ∞

SHGM Unbiased Inconsistent/ 6.70/– Unbiased Inconsistent/ 6.35/– Unbiased Inconsistent/ 4.32/– Unbiased Inconsistent/ 4.28/–
1.65 × 109 1.82 × 109 6.58 × 109 1.0 × 1010
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satisfies the statistical criteria and hence was found to be the suitable solver for the SE.
However, this may not be true if the measurement errors are not normally distributed.
For instance if the errors follow the Laplace distribution [21], the WLAV estimator
gives better performance than WLS and SHGM. The reason for this is that the WLAV
is consistent with the Laplace distribution and maximisation of log-likelihood of the
Laplace density function results in the WLAV formulation. Hence, depending on the
distribution of the errors, the corresponding statistical criterion discussed in Section
4.2.2 can be modified in order to identify the consistent solver for that distribution.

In reality, different probabilistic load distributions exist in the distribution net-
works and no standard distribution can fit all of them. Furthermore, the large size
of the distribution network having various probability distributions at different buses
makes accommodating them in a single state estimator impractical. A more practi-
cal approach is to model the actual probability distributions as a mixture of several
Gaussian distributions (Figure 4.13) and apply the WLS state estimator which is con-
sistent with the normal distribution. This requires the modelling of the distribution of
errors through Gaussian mixture model (GMM) [22–24]. As shown in Figure 4.13,
the GMM represents an arbitrary distribution as a weighted combination of several
Gaussian components. Mathematically, a GMM having Mc mixture components with
mean and variance of kth component as μk and σ 2

k can be written as:

f (x) =
Mc∑

k=1

wkN
(

μk , σ 2
k

)

(x) and
Mc∑

k=1

wk = 1 (4.20)

The Expectation Maximisation algorithm [22–24] is used to obtain the parame-
ters

(

wk , μk , σ 2
k

)

of the GMM.
In transmission systems, all the estimators work well because of very high redun-

dancy and thus the statistical measures to evaluate the performance are not required.
For example, a highly erroneous measurement is treated as a bad data by the WLAV
estimator and a redundant measurement is always available to replace this. But in
distribution systems, the measurements are mainly the pseudo measurements with
very limited redundancy. Since pseudo measurements are derived from the historical
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load profiles and customer demand pattern, they are highly erroneous. This is why
the statistical framework is required to identify the suitable solver for the DSSE.

4.5 Conclusion

The performance evaluation of SE techniques shows that the existing solution method-
ology of WLAV and SHGM cannot be applied to the distribution systems. In order
to obtain the consistent and good quality estimate, significant modifications are
required in these algorithms. WLS gives consistent and better quality performance
when applied to distribution systems. Hence, WLS is found to be a suitable solver for
the DSSE problem.

The WLS works well if the noise characteristics are known. In the absence of this
knowledge, either the WLS needs to be modified or a new class of algorithms needs
to be introduced. Furthermore, with growing interest in the distribution automation,
new DSSE techniques are expected to be introduced in the future. However, any modi-
fication in existing techniques or introduction of new algorithms should qualify some
statistical criteria due to limited number of measurements. This chapter highlights
some important statistical criteria against which a SE algorithm should be tested to
assess its suitability to DSSE.
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4.6 Appendix

4.6.1 Computation of α for various estimators

The fact that normalised measurement residual r is normally distributed with zero
mean and unit variance can be used to compute the α for the state estimators discussed
in Section 4.3.

4.6.1.1 Weighted least squares

ψ(r) = r, ψ ′(r) = 1 (4.21)

E
[

ψ2(r)
] = 1√

2π

∫ ∞

−∞
r2e− 1

2 r2
dr = Var(r) = 1 (4.22)

E
[

ψ ′(r)
] = 1√

2π

∫ ∞

−∞
e− 1

2 r2
dr = 1 (4.23)

α = E
[

ψ2(r)
]

(E [ψ ′(r)])2 = 1 (4.24)
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4.6.1.2 Weighted least absolute value

ψ(r) = sgn(r), ψ ′(r) = 2δ(r) (4.25)

E[ψ2(r)] = 1√
2π

∫ ∞

−∞
(sgn(r))2e− 1

2 r2
dr = 1 (4.26)

We use the fact that
∫ ∞

−∞ δ(t − t0) f (t) dt = f (t0) in the following expressions:

E[ψ ′(r)] = 1√
2π

∫ ∞

−∞
2δ(r)e− 1

2 r2
dr =

√

2

π
(4.27)

α = E[ψ2(r)]

(E[ψ ′(r)])2
= π

2
(4.28)

4.6.1.3 Schweppe Huber generalized M

ψ(r) =
{

r if |r| ≤ aω

aω sgn(r) otherwise
(4.29)

ψ ′(r) =
{

1 if |r| ≤ aω

2aω δ(r) = 0 otherwise
(4.30)

E[ψ2(r)] = 1√
2π

∫ −aω

−∞
(aω sgn(r))2e− 1

2 r2
dr

+ 1√
2π

∫ aω

−aω

r2e− 1
2 r2

dr

+ 1√
2π

∫ ∞

aω

(aω sgn(r))2e− 1
2 r2

dr

(4.31)

By symmetry of the distribution the above equation can be expressed as:

E[ψ2(r)] = 2√
2π

∫ −aω

−∞
(aω sgn(r))2e− 1

2 r2
dr + 2√

2π

∫ aω

0
r2e− 1

2 r2
dr (4.32)

=
(

2a2ω2�(−aω) + 2√
2π

∫ aω

0
r2e− 1

2 r2
dr

)

(4.33)

where � is the cumulative probability function. The integral term in the above equation
is given by:

2√
2π

∫ aω

0
r2e− 1

2 r2
dr = −

√

2

π
aωe− a2ω2

2 + (2�(aω) − 1) (4.34)
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Using the relation �(−aω) = 1 − �(aω) and substituting (4.34) in (4.33), we get:

E[ψ2(r)] = 1 −
√

2

π
aωe− a2ω2

2 + 2
(

a2ω2 − 1
)

(1 − �(aω)) (4.35)

E[ψ ′(r)] = 1√
2π

∫ aω

−aω

e− 1
2 r2

dr = 2�(aω) − 1 (4.36)

In this case, α depends on parameters ‘a’ and ‘ω’, i.e. if a = 1.5 and ω = 1, the value
of α is:

α = E[ψ2(r)]

(E[ψ ′(r)])2
= 0.7785

(0.8664)2
= 1.0371 (4.37)
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Chapter 5

Feeder reconfiguration for loss reduction

Debapriya Das1

5.1 Introduction

Distribution networks are generally built as meshed networks, while they are operated
radially. Their configurations may be varied with manual or automatic switching
operations so that all of the loads are supplied and reduce power loss, increase system
security, and enhance power quality. Reconfiguration also relieves the overloading
of the network components. The change in network configuration is performed by
opening sectionalizing (normally closed) and closing tie (normally open) switches of
the network. These switching are performed in such a way that the radiality of the
network is maintained and all of the loads are energized. Obviously, the greater
the number of switches is, the greater the possibilities are for reconfiguration and
the better the effects are. In recent years, considerable attention has been conducted
for loss minimization in the area of network reconfiguration of distribution systems
[1–19] using heuristics as well as artificial intelligence techniques. In this chapter,
the author has considered multiple objectives and reduction of real power loss is one
of the objectives. Hence, the work formulates the network reconfiguration problem
as a multiple objective problem subject to operational and electric constraints.

5.2 Definitions of different indices and objective function

The problem formulation considers four objectives related to:

● minimization of the system power loss
● minimization of the deviations of the nodes voltage
● minimization of branch current constraint violation
● minimization of feeders currents imbalance

Multiobjective optimization problems have many objectives [20–23] and a trade-
off between the objectives exist, and we never have a situation in which all the

1 Department of Electrical Engineering, Indian Institute of Technology, Kharagpur, India
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objectives can be in the best possible way be satisfied simultaneously. The four
objectives, described as follows, are integrated into an objective function J through
appropriate weighting factors.

Real power loss reduction index (Xi) may defined as:

Xi = Ploss(i)

Ploss0
∀ i = 1, 2, . . . , Nk (5.1)

where Ploss(i) = total real power loss when ith branch in the loop is opened,
Ploss0 = total real power loss in the network before network reconfiguration, and
Nk = total number of branches in the loop including tie branch, when kth tie switch
is closed.

Equation (5.1) indicates that if Xi is low, then power loss reduction is high. For
better results, the value of Xi should be less than unity. During iterative process, if Xi

is greater than unity, value of objective function is set to very high value.
Maximum voltage deviation index (Yi) may be defined as:

Yi = max
∣
∣Vs − Vi,j

∣
∣ ∀i = 1, 2, . . . , Nk

∀j = 1, 2, . . . , NB
(5.2)

where, Vs = voltage at the substation (in p.u.), Vi,j = voltage of node j corresponding
to the opening of the ith branch in the loop (in p.u.), and NB = total number of nodes
in the system.

In this case, if the value of Yi is less, the system has better voltage profile. For
example, if the substation voltage is 1.0 p.u. and system minimum voltage constraint
is set to V s

min = 0.9 p.u., then Yi = Ymax = 0.10. Therefore, it is desirable that for better
reconfiguration result, Yi must be less than 0.10. If the value of Yi is greater than 0.10,
the objective function value is set to very high value.

Maximum branch current loading index (Zi) is defined as:

Zi = max
( |I (i, m)|

Ic(m)

)

∀i = 1, 2, . . . , Nk

∀m = 1, 2, . . . , NB − 1

(5.3)

where, |I (i, m)| = magnitude of current of branch m when the ith branch in the loop
is opened and Ic(m) = maximum current carrying capacity of branch m.

It is desirable that the branch currents of the system are less than or equal to their
respective rated capacity. However, a 15% overloading [21, 22] is allowed for each
branch. During iterative process, if any branch is overloaded more than 15%, i.e., if
Zi is greater than 1.15, the objective function value is set to very high value.

Feeder load balancing index (Ui) is defined as:

Ui = max
(

IFFmax
i − IFi,j

IFFmax
i

)

∀i = 1, 2, . . . , Nk

∀j = 1, 2, . . . , NF
(5.4)
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where, NF = total number of feeders, IFi,j = current of feeder j corresponding to
opening of the ith branch in the loop, and IFFmax

i = maximum of all the feeder
currents corresponding to opening of the ith branch in the loop = max(IFi,j), for
j = 1, 2, . . . , NF .

Equation (5.4) indicates that a better feeder load balancing can be achieved if the
value of Ui is low. In this case a limit [21] is imposed on Ui, i.e., Ui = Umax = 0.25.
Umax = 0.25 indicates that the maximum deviation of feeder currents will be 25%
with respect to the maximum value of feeder current. During iterative process, if Ui

is greater than 0.25, the objective function value is set to very high value.
The four different indices described above are combined through appropriate

weighting factors to form the objective function as follows:

Min Ji = w1Xi + w2Yi + w3Zi + w4Ui ∀i = 1, 2, . . . , Nk (5.5)

The reconfiguration depends on the proper selection of weighting factors. One
has to select proper values of weighting factors such that each objective may be given
preference as desired by the operator. Three cases for different weighting factors are
considered.

5.3 Explanation of the reconfiguration technique

Here, all the tie switches are considered and a heuristic rule is incorporated for
selecting the tie switch one at a time. This heuristic rule is explained below:

In the first iteration, compute the voltage difference across all the open tie
switches by running a load flow and detect the open tie switch across which the
voltage difference is maximum and consider this tie switch first for closing, as it is
expected that this switching will cause maximum loss reduction, minimum nodes
voltage deviation, minimum branch current constraint violation, and better feeder
load balancing. The reason for using this heuristic is that a good portion of the load
will be transferred from lower voltage side to higher voltage side. In the next iteration,
the same procedure is repeated for the remaining tie switches and so on.

For the purpose of explanation of the proposed algorithm, consider the sample
radial distribution system as shown in Figure 5.1. It is assumed that every branch has
a sectionalizing switch. This system has three feeders, four tie branches, and hence
four tie switches.

Initially, run the load flow program. Now compute the voltage difference across
all the open tie switches and detect the open tie switch across which the voltage
difference is maximum. Say the voltage difference across the open tie switch, tie-4
(Figure 5.1) is maximum, then this tie switch (tie-4) will be considered first.

Now if tie-4 is closed, a loop will be formed (Figure 5.2) and the total number
of branches including tie branch (24–13) in this loop will be 10. These branches are
13–12, 12–11, 11–10, 10–26, 27–18, 18–19, 19–22, 22–23, 23–24, and 24–13.

Opening of each branch in this loop is an option. For each option considered,
value of objective function is evaluated. Say in this loop, first open sectionalizing
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Figure 5.1 Sample distribution network with four tie branches
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Figure 5.2 Distribution system with tie switch tie-4 closed

switch of branch 13–12 (radial structure is retained) and run the load flow program.
Now compute X1, Y1, Z1, and U1 using (5.1)–(5.4) and then the objective function
value J1 is evaluated using (5.5), i.e.:

J1 = w1X1 + w2Y1 + w3Z1 + w4U1 (5.6)

Similarly, now close the sectionalizing switch of branch 13–12 and open the
sectionalizing switch of branch 12–11 (radial structure is retained) and run the load
flow program. Now the objective function value J2 for this option is computed as:

J2 = w1X2 + w2Y2 + w3Z2 + w4U2 (5.7)
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Figure 5.3 Radial configuration after the first switching operation

Similarly, J3, J4, …, J10 have to be computed. The optimal solution OS1 for this
tie switch (tie-4) operation is the minimum of all such values of Ji. Thus, the optimal
solution for this tie switch (tie-4) operation can be obtained as:

OS1 = min{J1, J2, . . . , J10} (5.8)

Suppose OS1 = J2, which means that optimal solution for this tie switch operation
(tie-4) can be obtained by opening the sectionalizing switch of branch 12–11 and
closing the open tie switch, tie-4 of the branch 24–13 and the radial structure of the
network is retained. Figure 5.3 shows the radial configuration of the network after
the first switching operation.

Again, run the load flow program, voltage difference across the remaining open
tie switches (tie-1, tie-2, and tie-3) are computed, and say the voltage difference
across tie switch, tie-1 is maximum. Now, this tie switch (tie-1) is closed, and a loop
will be formed as shown in Figure 5.4.

The total branches in this loop including tie branch (6–14) is 14. These branches
are 25–1, 1–2, 2–3, 3–4, 4–5, 5–6, 6–14, 14–13, 13–24, 24–23, 23–22, 22–19, 19–18,
and 18–27.

Again by opening sectionalizing switches one by one, objective function values
J1, J2, J3, …, J14 are evaluated. Now the optimal solution for the tie switch operation
(tie-1) can be obtained as:

OS2 = min{J1, J2, . . . , J14} (5.9)

Say OS2 = J8, then, the optimal solution for tie switch (tie-1) can be obtained
by opening sectionalizing switch of branch 14–13 and closing this tie switch (tie-1)
of the branch 6–14. Figure 5.5 shows the radial configuration of the network after the
second switching operation. The same procedure is repeated till all tie switches are
considered.

A complete algorithm for the network reconfiguration technique is given below.
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Figure 5.4 Distribution system with tie switch tie-1 closed
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Figure 5.5 Radial configuration after the second switching operation

5.4 Algorithm

STEP-1: Read system data.
STEP-2: Run the load flow program for radial distribution network [24].
STEP-3: Compute the voltage difference across the open tie switches, i.e., �Vtie(i),
for i = 1, 2, . . . , Ntie, where Ntie is the total number of tie switches in the system.
STEP-4: Identify the open tie switch across which the voltage difference is maximum
and its code k , i.e., �Vtie,max = �Vtie(k).
STEP-5: Select the tie switch “k” and identify the total number of loop branches (Nk )
including the tie branch when the tie switch “k” is closed.
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STEP-6: Open one branch at a time in the loop and run the load flow program [24]
and evaluate the value for each objective, i.e., for i = 1 to Nk , compute Xi, Yi, Zi, and
Ui using (5.1)–(5.4), respectively, and then compute Ji using (5.5).
STEP-7: Obtain the optimal solution for the operation of tie switch “k ,” i.e.,
OSk = min{Ji}, for i = 1, 2, . . . , Nk , and open the branch corresponding to min{Ji}.
Note that if the value of OSk and OSk−1 are the same (i.e., for kth tie switch operation,
there is no improvement of result), the same kth tie switch is made open again (i.e.,
the operation of the kth tie switch is not carried out).
STEP-8: Ntie = Ntie − 1.
STEP-9: Check whether Ntie = 0. If Yes, go to STEP-11 Otherwise, go to
STEP-10.
STEP-10: Rearrange the coding of the rest of the tie switches, i.e., renumber the
remaining tie switches and go to STEP-2.
STEP-11: Print output results and stop.

5.5 Example 5.1

The reconfiguration algorithm is tested with an 11 kV radial distribution system
having 2 substations, 4 feeders, 70 nodes, and 79 branches including tie branches
as shown in Figure 5.6. This network has 11 tie switches, and these tie switches are
open under normal operating condition. Data for this system are given in Appendix 1.
Results of load flow before reconfiguration are given in Table 5.1.

Table 5.2 shows the results for various cases after reconfiguration. For Case 1,
all the objectives as given in (5.1)–(5.4) are considered. From Table 5.2, it is seen
that power loss is 210.79 kW. This means reduction of power loss is 16.74 kW, i.e.,
7.35%. Minimum system voltage is Vmin =V51 = 0.91841 p.u., i.e., minimum system
voltage has improved from 0.90518 p.u. to 0.91841 p.u. It can be seen that the mini-
mum voltage before reconfiguration occurs at node 69, and that after reconfiguration
occurs at node 51. Feeder currents are more balanced as compared to that obtained
before reconfiguration (comparing the results for Case 1 of Table 5.2 with Table 5.1).
In this case, only four tie switch operations were required to get the optimum
results.

Figure 5.7 shows the plot of optimum objective function value (OSi) versus order
of tie switch operations. In the very first iteration, proposed algorithm considers the
tie switch, tie-4, next, it considers tie-1. After that, it considers tie-2 but in this
case, closing branch and opening branch is the same (i.e., tie branch 9–40, tie-2).
So, there is no improvement of optimum objective function value for this tie switch
operation. Next, it considers tie-9, and there was some improvement in the value of
OSi. After that, it considers tie-3, tie-10, tie-6, tie-5, tie-11, and tie-8, but there was
no improvement of the value of OSi. But for tie-7, there was very small change in
the value OSi. In Table 5.2, the last two columns show the branches out and branches
in. Change of branches is also in bold in Table 5.2. Final configuration for Case 1 is
given in Figure 5.8.
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Figure 5.6 Distribution system with 11 tie switches before reconfiguration

Table 5.1 Load flow results before reconfiguration

Power loss Minimum system voltage Feeder current
(kW) V min (p.u.) (A)

227.53 Vmin =V69 = 0.90518 IF1−2 = IF1 = 99.92
IF1−18 = IF2 = 109.02
IF70−32 = IF3 = 162.30
IF70−53 = IF4 = 148.86
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Table 5.2 Power loss, minimum voltage, and configuration changes for different
weighting factors

Different
cases

Weighting
factors

Ploss
(kW)

V min (p.u.) Feeder
current (A)

Changes in configuration

Branches
out

Branches
in

Case 1 w1 = 2
w2 = 10
w3 = 1
w4 = 1

210.79 Vmin = V51 =
0.91841

IF1 = 129.89
IF2 = 131.52
IF3 = 132.59
IF4 = 124.29

67–68
50–51

9–40
28–29
15–48

9–15
47–62
31–66
15–69
41–61
44–45

24–69
9–52
9–40

23–29
15–48

9–15
47–62
31–66
15–69
41–61
40–45

Case 2 w1 = 1
w2 = 0
w3 = 0
w4 = 0

203.84 Vmin = V31 =
0.92730

IF1 = 112.08
IF2 = 131.52
IF3 = 138.69
IF4 = 135.11

67–68
51–52
28–29
46–47
14–15
15–69

9–15
9–40

31–66
40–45
41–61

24–69
9–52

23–29
47–62
15–48
15–69

9–15
9–40

31–66
40–45
41–61

Case 3 w1 = 2
w2 = 10
w3 = 0
w4 = 0

204.79 Vmin = V31 =
0.92831

IF1 = 112.08
IF2 = 131.03
IF3 = 138.98
IF4 = 135.11

67–68
51–52
23–29
15–69
46–47
14–15

9–15
9–40

40–45
31–66
41–61

24–69
9–52

23–29
15–69
47–62
15–48

9–15
9–40

40–45
31–66
41–61

For Case 2, only power loss reduction index is considered in the objective func-
tion, i.e., w1 = 1 and w2 = w3 = w4 = 0. From Table 5.2, it can be seen that power
loss is 203.84 kW. This means power loss reduction is 23.7 kW, i.e., 10.41% loss
reduction. The minimum system voltage has improved from 0.90518 p.u. to 0.92730
p.u. In this case, minimum voltage occurs at node 31. However, the feeder currents
are not that balanced as compared to Case 1. Moreover, in this case five tie switch
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Figure 5.7 Plot of optimum objective function value Vs tie switch operation
(Case 1)

operations are required, i.e., tie-4, tie-1, tie-9, tie-6, and tie-3. Figure 5.9 shows the
plot of optimum objective function value versus order of tie switch operations. The
final configuration is given in Figure 5.10.

For Case 3, two objectives are considered, i.e., power loss reduction and mini-
mization of maximum voltage deviation; and other two objectives are not considered
in the objective function. From Table 5.2, it is seen that the power loss is 204.79 kW.
This means power loss reduction is 22.74 kW, i.e., 9.99 % loss reduction. Minimum
system voltage has improved from 0.90518 p.u. to 0.92831 p.u. In this case, min-
imum voltage occurs at node 31. However, feeder currents are not that balanced
as compared to Case 1. Also note that, in this case, feeder currents IF1 and IF4

are the same as those in Case 2, but IF2 and IF3 are slightly different because in
this case, four tie switch operations were required for optimal solution, i.e., tie-4,
tie-1, tie-6, and tie-3. Figure 5.11 shows the plot of optimum objective function
value versus order of tie switch operations. The final configuration is given in
Figure 5.12.

From the above discussions, it is clear that each objective has some influence
on the tie switch operations and combination of different objectives gives different
results.
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Figure 5.8 Distribution system after reconfiguration (Case 1)

5.6 Reconfiguration using fuzzy multiobjective approach

Here, network reconfiguration problem is considered as a multiple objectives problem
subject to operational and electric constraints. The problem formulation considers two
different objectives related to:

● minimization of the system’s power loss
● minimization of the deviation of nodes voltage.

At the same time, a radial network structure must remain after network reconfig-
uration in which all loads must be energized. These two objectives are modeled with
fuzzy sets to evaluate their imprecise nature. Heuristic rules are also incorporated
in the algorithm for minimizing the number of tie switch operations. In Section 5.2,
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different objectives are combined through weighting factors. It is difficult to select
best value of the weighting factors. But in the case of fuzzy multiobjective approach,
no such weighting factors are involved.

5.7 Membership functions of different objectives

In the fuzzy domain, each objective is associated with a membership function. The
membership function indicates the degree of satisfaction of the objective. In the crisp
domain, either the objective is satisfied or it is violated, implying membership values
of unity and zero, respectively. On the contrary, fuzzy sets entertain varying degrees of
membership function values from zero to unity. Thus, fuzzy set theory is an extension
of standard set theory [25].

5.7.1 Membership function for real power loss reduction (μLi)

The basic purpose for this membership function is to reduce the real power loss of
the system. Let us define

xi = PLOSS(i)

PLOSS0
, for i = 1, 2, . . . , Nk (5.10)
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Figure 5.10 Distribution system after reconfiguration (Case 2)

Equation (5.10) indicates that if xi is high, power loss reduction is low, and hence,
a lower membership value is assigned, and if xi is low, the power loss reduction is
high and a higher membership value is assigned. The membership function for real
power loss reduction is given in Figure 5.13.

From Figure 5.13, μLi can be written as

μLi = (xmax − xi)

(xmax − xmin)
for xmin < xi < xmax

μLi = 1 for xi ≤ xmin

μLi = 0 for xi ≥ xmax (5.11)
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Here, it has been assumed that xmin = 0.5 and xmax = 1.0, this means if the loss
is 50% or less of the PLOSS0, the unity membership value is assigned and if the loss
is 100% or more of PLOSS0, the zero membership value is assigned.

5.7.2 Membership function for maximum node voltage deviation
(μVi)

The basic purpose for this membership function is that the deviation of nodes voltage
should be less. Let us define

yi = max
∣
∣Vi,j − Vs

∣
∣, for i = 1, 2, . . . , Nk ; j = 1, 2, . . . , NB (5.12)

If maximum value of nodes voltage deviation is less, then a higher membership
value is assigned, and if deviation is more, then a lower membership value is assigned.
Figure 5.14 shows the membership function for maximum node voltage deviation.
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Figure 5.12 Distribution system after reconfiguration (Case 3)
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Figure 5.13 Membership function for power loss reduction
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From Figure 5.14, we can write

μVi = (ymax − yi)

(ymax − ymin)
for ymin < yi < ymax

μVi = 1 for yi ≤ ymin

μVi = 0 for yi ≥ ymax (5.13)

Here, it has been assumed that ymin = 0.05 and ymax = 0.10. ymin = 0.05 means if
the substation voltage is 1.0 p.u., then the minimum system voltage will be 0.95 p.u.,
and if the minimum system voltage is greater than or equal to 0.95 p.u., the unity
membership value is assigned. Similarly, if ymax = 0.10, the minimum system voltage
will be 0.90 p.u., and if the minimum system voltage is less than or equal to 0.90 p.u.,
the zero membership value is assigned.

5.7.3 Optimization in fuzzy environment

When there are multiple objectives to be satisfied simultaneously, a compromise has
to be made to obtain the best solution. One solution methodology for multiobjective
optimization in fuzzy framework is based on max–min principle [21, 23, 25], which
is described as follows:

STEP-1: For each option considered, the membership values of all the different
objectives are evaluated.

For example, when kth tie switch of a distribution system is closed, a loop is
formed with Nk number of branches in the loop. Now opening of each branch in
this loop is an option. After opening the ith branch in this loop (radial structure is
retained), load flow run was carried out to compute μLi and μVi for i = 1, 2, . . . , Nk .
STEP-2: In this step, the fuzzy decision corresponding to opening of ith branch in
the loop is computed. This decision may be defined as the choice that satisfies both
the objectives and if we interpret this as a logical “and,” we can model it with the
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intersection of the fuzzy sets. Here, classical fuzzy set intersection is used, and the
fuzzy decision corresponding to opening of ith branch in the loop is then given by:

Dk ,i = min{μLi, μVi}, for i = 1, 2, . . . , Nk (5.14)

STEP-3: In this step, the overall fuzzy decision corresponding to the closing of kth
tie switch is computed. This overall fuzzy decision may be defined as the choice that
maximizes over all the fuzzy decisions corresponding to opening of ith branch in the
loop, for i = 1, 2, . . . , Nk . If we interpret this as a logical “or,” we can model it with
the union of fuzzy sets. Here, classical fuzzy set union is used, and the fuzzy decision
for optimal solution is then given by:

OSk = max{Dk ,i} for i = 1, 2, . . . , Nk (5.15)

5.7.4 Heuristic rules to minimize the number of tie switch operations
and algorithm

Heuristic rules [21] are considered which minimize the number of tie switch
operations. These heuristic rules are explained below.

In the first iteration, compute the voltage difference across all the open tie
switches and detect the open tie switch across which the voltage difference is max-
imum. If this maximum voltage difference is greater than some specified value (ε),
then this tie switch is considered first. It is expected that because of the largest volt-
age difference, this switching will cause maximum loss reduction, improvement of
minimum system voltage, and will give better load balancing. In the next iteration,
same procedure is repeated for remaining tie switches and so on.

If, in any iteration, this maximum voltage difference is less than the specified
value (ε), then this tie switch operation is discarded and automatically other tie switch
operations are discarded because voltage difference across all other open tie switches
are less than ε.

Actually, number of tie switch operations depends on the value of ε. If ε is large,
the number of tie switch operations may be small, but solution may not be satisfactory
and if ε is too small, the solution is good but it may consider large number of tie switch
operations and computational effort will be more for very small gain. Therefore, by
some trial and error, one can select the value of ε to reduce the number of tie switch
operations. It was found that ε = 0.01 gives acceptable results.

A complete algorithm for the above network reconfiguration process is given
below:

STEP-1: Read system data.
STEP-2: Run the load flow program for radial distribution networks [24].
STEP-3: Compute the voltage difference across the open tie switches, i.e., �Vtie(i),
for i = 1, 2, . . . , Ntie.
STEP-4: Identify the open tie switch across which the voltage difference is maximum
and its code k , i.e., �Vtie,max = �Vtie(k)
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Figure 5.15 Seventy node radial distribution network before reconfiguration

STEP-5: If �Vtie,max > ε, go to STEP-6; otherwise, go to STEP-10.
STEP-6: Select the tie switch “k” and identify the total number of loop branches (Nk )
including the tie-branch when the tie switch “k” is closed.
STEP-7: Open one branch at a time in the loop and run the load flow [24] and
evaluate the membership value for each objective and also evaluate overall degree of
satisfaction, i.e., for i = 1 . . . Nk , compute μLi and is μVi using (5.11) and (5.13),
respectively, and evaluate: Dk ,i = min(μLi, μVi).
STEP-8: Obtain the optimal solution corresponding to the operation of tie switch
“k ,” i.e., OSk = max{Dk ,i}, for i = 1, 2, . . . , Nk .
STEP-9: Ntie = Ntie − 1 and rearrange the coding of the rest of the tie switches and
go to STEP-2.
STEP-10: Print output results and stop.
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Table 5.3 Power loss and minimum voltage before and
after reconfiguration

Status Power loss (kW) Minimum voltage (pu)

Before 341.4 V67 = 0.8839
After 304.9 V29 = 0.9124

Table 5.4 Optimal solution for tie switch operation

Tie switch operation Opening branches Closing branches Optimal solution
(tie-k) (OSk)

tie-1 65–66 22–67 0.1617
tie-4 49–50 9–50 0.1917
tie-3 26–27 21–27 0.2020
tie-7 44–45 45–60 0.2139

5.8 Example 5.2

The tested system is an 11 kV radial distribution system having 2 substations,
4 feeders, 70 nodes, and 76 branches (including tie branches) as shown in Figure 5.15.
Tie switches of this system are open in normal conditions. Load and tie-branch data
for this system are given in Appendix 2. Line resistance and reactance are the same
as Example 5.1 as given in Appendix 1.

Power loss of the system and minimum voltage are given in Table 5.3 before and
after network reconfiguration. From Table 5.3, it is seen that the loss has decreased
and minimum voltage profile has improved.

Table 5.4 shows the optimal solution after each tie switch operation. From
Table 5.4, it is noticed that the solution has improved after each tie switch opera-
tion, and during the iterative process, the algorithm has considered only four out of
eight tie switches and the remaining tie switches have been discarded. Figure 5.16
shows the final radial configuration after network reconfiguration.

In the second example, less number of tie-branches is used to reduce the com-
putational burden. For the second example, line parameters are same but load power
are more than the first example to make the network more lossy and without recon-
figuration, minimum voltage was 0.8839 p.u. and loss was much higher. But after
reconfiguration using fuzzy multiobjective approach minimum voltage is 0.9124 pu.
Note that for the first example four objectives are considered and for the second
example two objectives are considered. Therefore, no attempt is made to compare the
results. But the author feels that these two examples will help the reader to understand
the main purpose of reconfiguration problem considering different objectives.
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Figure 5.16 Network topology after reconfiguration
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Appendix 1

Table A1 Line and load data of example 5.1

Branch Sending Receiving R (�) X (�) PL (kW) QL (kVar)
number end node end node

1 1 2 1.097 1.074 100.0 90.0
2 2 3 1.463 1.432 60.0 40.0
3 3 4 0.731 0.716 150.0 130.0
4 4 5 0.366 0.358 75.0 50.0
5 5 6 1.828 1.790 15.0 9.0
6 6 7 1.097 1.074 18.0 14.0
7 7 8 0.731 0.716 13.00 10.00
8 8 9 0.731 0.716 16.00 11.00
9 4 10 1.080 0.734 20.00 10.00

10 10 11 1.620 1.101 16.00 9.00
11 11 12 1.080 0.734 50.00 40.00
12 12 13 1.350 .9170 105.00 90.00
13 13 14 0.810 0.550 25.00 15.0
14 14 15 1.944 1.321 40.0 25.0
15 7 16 1.080 0.734 100.00 60.00
16 16 17 1.620 1.101 40.00 30.00
17 1 18 1.097 1.074 60.00 30.00
18 18 19 0.366 0.358 40.0 25.0
19 19 20 1.463 1.432 15.00 9.0
20 20 21 0.914 0.895 13.00 7.00
21 21 22 0.804 0.787 30.00 20.00
22 22 23 1.133 1.110 90.0 50.0
23 23 24 0.475 0.465 50.0 30.0
24 19 25 2.214 1.505 60.0 40.0
25 25 26 1.620 1.110 100.0 80.0
26 26 27 1.080 0.734 80.0 65.0
27 27 28 0.540 0.367 100.0 60.0
28 28 29 0.540 0.367 100.0 55.0
29 29 30 1.080 0.734 120.0 70.0
30 30 31 1.080 0.734 105.0 70.0
31 70 32 0.366 0.358 80.0 50.0
32 32 33 0.731 0.716 60.00 40.00
33 33 34 0.731 0.716 13.00 8.00
34 34 35 0.804 0.787 16.0 9.0
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Table A1 Line and load data of example 5.1 (continued)

Branch Sending Receiving R (�) X (�) PL (kW) QL (kVar)
number end node end node

35 35 36 1.170 1.145 50.0 30.0
36 36 37 0.768 0.752 40.0 28.0
37 37 38 0.731 0.716 60.00 40.00
38 38 39 1.097 1.074 40.00 30.00
39 39 40 1.463 1.432 30.00 25.0
40 34 41 1.080 0.734 150.0 100.0
41 41 42 0.540 0.367 60.0 35.0
42 42 43 1.080 0.734 120.0 70.0
43 43 44 1.836 1.248 90.0 60.0
44 44 45 1.296 0.881 18.0 10.0
45 42 46 1.188 0.807 16.0 10.0
46 46 47 0.540 0.367 100.0 50.0
47 44 48 1.080 0.734 60.0 40.0
48 37 49 0.540 0.367 90.0 70.0
49 49 50 1.080 0.734 85.0 55.0
50 50 51 1.080 0.734 100.0 70.0
51 51 52 1.080 0.734 140.0 90.0
52 70 53 0.366 0.358 60.0 40.0
53 53 54 1.463 1.432 20.00 11.0
54 54 55 1.463 1.432 40.00 30.0
55 55 56 0.914 0.895 36.0 24.0
56 56 57 1.097 1.074 30.00 20.00
57 57 58 1.097 1.074 43.00 30.00
58 54 59 0.270 0.183 80.0 50.0
59 59 60 0.270 0.183 240.0 120.0
60 60 61 0.810 0.550 125.0 110.0
61 61 62 1.296 0.881 25.0 10.0
62 57 63 1.188 0.807 10.0 5.0
63 63 64 1.188 0.807 150.0 130.0
64 64 65 0.810 0.550 50.0 30.0
65 65 66 1.620 1.101 30.0 20.0
66 64 67 1.080 0.734 130.0 120.0
67 67 68 0.540 0.367 150.0 130.0
68 68 69 1.080 0.734 25.0 15.0

69 9 52 0.908 0.726
70 9 40 0.381 0.244
71 15 48 0.681 0.544
72 24 69 0.254 0.203
73 31 66 0.254 0.203

T
ie

br
an

ch
es

74 47 62 0.254 0.203
75 40 45 0.454 0.363
76 41 61 0.454 0.363
77 23 29 0.454 0.363
78 9 15 0.681 0.544
79 15 69 0.454 0.363

Other Data: Current carrying capacity of all tie branches are 234.0 A. The current carrying capacity of
branches 1–8, 17–23, 31–39, and 52–57 is 270 A. For branches 9–16, 24–30, 40–51, and 58–68, it is
208A. Voltage magnitude of both the substations = 1.0 p.u. Loads are at the receiving end nodes.
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Appendix 2

Table A2 Load data of example 5.2

Nodes PL (kW) QL (kVAr) Nodes PL (kW) QL (kVAr)

2 120.0 108.0 36 72.0 48.0
3 72.0 48.0 37 48.0 36.0
4 180.0 156.0 38 36.0 30.0
5 90.0 60.0 39 180.0 120.0
6 21.60 13.0 40 72.0 42.0
7 21.60 17.0 41 144.0 84.0
8 15.60 12.0 42 108.0 72.0
9 19.0 13.0 43 21.60 12.0

10 24.0 12.0 44 19.20 12.0
11 19.20 11.0 45 120.0 60.0
12 60.0 48.0 46 72.0 48.0
13 126.0 108.0 47 108.0 84.0
14 30.0 18.0 48 122.40 79.20
15 48.0 30.0 49 120.0 84.0
16 72.0 36.0 50 168.0 108.0
17 48.0 30.0 51 72.0 48.0
18 18.0 11.0 52 24.0 13.20
19 15.6 8.4 53 48.0 36.0
20 36.0 24.0 54 43.20 28.80
21 108.0 60.0 55 36.0 24.0
22 60.0 36.0 56 51.60 36.0
23 72.0 48.0 57 96.0 60.0
24 120.0 96.0 58 288.0 144.0
25 96.0 78.0 59 150.0 132.0
26 120.0 72.0 60 30.0 12.0
27 120.0 66.0 61 12.0 6.0
28 144.0 84.0 62 180.0 156.0
29 126.0 84.0 63 60.0 36.0
30 96.0 60.0 64 36.0 24.0
31 72.0 48.0 65 156.0 144.0
32 15.60 9.6 66 180.0 156.0
33 19.20 11.8 67 30.0 18.0
34 60.0 36.0 68 120.0 72.0
35 48.0 33.60 69 48.0 36.0
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Table A3 Tie branch resistance and reactance of example 5.2

Tie-branches Resistance (�) Reactance (�)

22–67 0.381 0.2445
67–15 0.454 0.3630
21–27 0.254 0.2030
9–50 0.681 0.5445
29–64 0.681 0.5445
45–60 0.254 0.2030
43–38 0.254 0.2030
9–15 0.454 0.3630
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Chapter 6

Service restoration in distribution system

Biswarup Das1

When a fault occurs in a feeder of a distribution system, usually the circuit breaker
located at the substation end of the feeder operates to trip the faulty feeder. As a result,
electricity supply to a large number of loads gets interrupted. Under this condition,
the task of the system dispatch centre is to locate and isolate the fault and subsequently
restore supply to as large an out-of-service area as possible by appropriate switching
actions. Theoretically, all the lost loads should be re-connected to alternative feeders
to restore supply to them. However, this operation often leads to infeasible operation
of the distribution system in terms of low bus voltages and line overloads. A simple
example described below illustrates this issue.

6.1 Basic aspect of service restoration

Consider a sample distribution system shown in Figure 6.1. In this figure, bus 1
is the substation bus2. There are three main feeder sections, namely (i) feeder 1
(1-2-3-4-5-6), (ii) feeder 2 (1-26-27-28-29-30-31-32-33-34-35) and (iii) feeder 3
(1-36-37-38-39-40). In between these three feeders, there are ten lateral feeders.
These are: (a) lateral 1 (2-7-8-9-26), (b) lateral 2 (3-10-11-12-13-28), (c) lateral 3
(4-14-15-16-17-30), (d) lateral 4 (5-18-19-20-21-32), (e) lateral 5 (6-22-23-24-25-
34), (f) lateral 6 (27-41-42-43-44-36), (g) lateral 7 (29-45-46-47-48-37), (h) lateral 8
(31-49-50-51-52-38), (i) lateral 9 (33-53-54-55-56-39) and (j) lateral 10 (35-57-58-
59-60-40). Each section of any lateral feeder is equipped with a switch. For example,
the section between bus 2 and bus 7 contains switch number 13. As can be seen from
Figure 6.1, there are totally 49 switches in the system. However, as the distribution
system usually operates in radial topology, some of these switches are open. The
initial configuration of the system is shown in Figure 6.2. As can be seen from this
figure, the load points 7, 10, 11, 14, 18, 19, 20 22, 23 are supplied by feeder 1, feeder
2 supplies the load points 8, 9, 12, 13, 15, 16, 17, 21, 24, 25, 41, 45, 49, 53, 57 and

1Department of Electrical Engineering, Indian Institute of Technology Roorkee, Roorkee 247 667,
Uttarakhand, India, email: biswafee@iitr.ac.in
2 Buses are numbered with numerical values without any parentheses.
3 The switches are shown with the symbol × and are numbered with numerical values within a parentheses.
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Figure 6.1 A sample distribution system

the load points 42, 43, 44, 46, 47, 48, 50 51, 52, 54, 55, 56, 58, 59, 60 are supplied
by feeder 3. It is to be noted that all these three feeders are operated radially. The
relevant data of this system are given in Table 6.1. In this system, the total real and
reactive power load are 15,042 kW and 4997 kVAR, respectively.

Now let us assume that a fault occurs on feeder 1 and as a result, feeder 1 is
tripped by the circuit breaker 1 (CB1). As a consequence, the load points supplied
by feeder 1 loose supply. To restore supply to these load points, the most obvious
way is to make the switches (2), (7), (11), (18) and (22) ‘ON’ such that these load
points are now supplied by feeder 2. However, while transferring these load points
to feeder 2, the switches (1), (5), (10), (15) and (20) are to be made ‘OFF’ so that
when the fault on feeder 1 is repaired and feeder 1 is energised, feeder 2 and feeder 3
still operate in a radial fashion. When all loads of feeder 1 are shifted to feeder 2, the
total real and reactive power load on feeder 2 becomes 11,106 kW and 3685 kVAR,
respectively. Further, the total real and reactive power load on feeder 3 are 3936 kW
and 1312 kVAR, respectively. Because of this heavy loading on feeder 2, the bus
voltages in feeder 2 become quite low. The lowest voltage is 0.8898 p.u (at bus 22)
which is lower than the lowest permissible limit (0.9 p.u). In fact, both at buses 22 and
23, the voltage magnitude becomes less than 0.9 p.u. Therefore, it is not feasible to
shift all the loads to feeder 2 and operate the system within permissible voltage limits.
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Figure 6.2 Initial configuration of the distribution system

Now, from Figure 6.2, it is observed that as there is no direct path between feeder 1 and
feeder 3, it is also not possible to shift some of the lost loads (of feeder 1) to feeder 3.
Therefore, the only alternative is to shift some of the original loads of feeder 2 to feeder
3 and subsequently shift all the lost loads of feeder 1 to feeder 2 by proper switching
arrangement such that both the feeders operate in a radial fashion while maintaining
all the node voltages within the prescribed limits. Now, as there are 44 switches
which can be operated (switches (1), (5), (10), (15) and (20) are to be maintained
in ‘OFF’ position), total number of possible combinations of switching operation is
244 = 17, 592.2 billions (approximately). As it is computationally infeasible to check
all of these combinations, some other method needs to be adopted to reduce the search
space.

From the above discussion, it is observed that the objective of service restora-
tion procedure is essentially the restoration of disconnected loads while maintaining
the voltage constraints4. This objective can be translated into two objective func-
tions, which should be satisfied simultaneously: (i) f1: minimisation of unsupplied

4 Other constraints are also considered; however, here only this constraint is considered for the sake of
simplicity.
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Table 6.1 System data for the three-feeder distribution system

Line data Load at bus j Line data Load at bus j

Bus Bus R X PL QL Bus Bus R X PL QL
i j (�) (�) (kW) (kVAR) i j (�) (�) (kW) (kVAR)

1 2 0.1833 0.194 0 0 2 3 0.0851 0.1487 0 0
3 4 0.3212 0.3693 0 0 4 5 0.3039 0.3451 0 0
5 6 0.176 0.1863 0 0 1 26 0.077 0.0815 0 0

26 27 0.055 0.0582 0 0 27 28 0.077 0.0815 0 0
28 29 0.1283 0.1358 0 0 29 30 0.2236 0.2367 0 0
30 31 0.11 0.1164 0 0 31 32 0.1833 0.194 0 0
32 33 0.154 0.163 0 0 33 34 0.3666 0.3881 0 0
34 35 0.1283 0.1358 0 0 1 36 0.11 0.1164 0 0
36 37 0.1833 0.194 0 0 37 38 0.154 0.163 0 0
38 39 0.3666 0.3881 0 0 39 40 0.1283 0.1358 0 0

2 7 0.022 0.0233 572 174 7 8 0.088 0.0931 936 312
8 9 0.2933 0.3105 189 63 9 26 0.2053 0.2173 0 0
3 10 0.2053 0.2173 336 112 10 11 0.1466 0.1552 657 219

11 12 0.8212 0.8693 783 261 12 13 0.3483 0.3686 729 243
13 28 0.1466 0.1552 0 0 4 14 0.1466 0.1552 477 159
14 15 0.1833 0.194 549 183 15 16 1.0851 1.1487 477 159
16 17 0.8505 0.9003 432 144 17 30 0.3519 0.3725 0 0

5 18 0.3519 0.3725 432 144 18 19 0.3813 0.4036 672 224
19 20 0.176 0.1863 495 165 20 21 0.0367 0.0388 207 69
21 32 0.088 0.0931 0 0 6 22 0.088 0.0931 522 174
22 23 0.2949 0.4293 391 131 23 24 0.7845 0.8305 312 104
24 25 0.6965 0.7373 549 183 25 34 0.2236 0.2367 0 0
27 41 0.0953 0.1009 386 129 41 42 0.6965 0.7373 146 49
42 43 0.154 0.163 103 34 43 44 0.1833 0.194 100 33
44 36 0.011 0.0116 0 0 29 45 0.011 0.0116 246 82
45 46 0.2053 0.2173 572 191 46 47 0.3666 0.3881 249 83
47 48 0.0073 0.0078 165 55 48 37 0.3666 0.3881 0 0
31 49 1.2831 1.3582 100 33 49 50 2.3462 2.4836 182 61
50 51 0.0367 0.0388 100 33 51 52 0.1466 0.1552 497 166
52 38 1.2611 1.3349 0 0 33 53 0.5866 0.6209 154 51
53 54 0.1833 0.194 199 66 54 55 0.5646 0.5976 507 169
55 56 0.6232 0.6597 150 50 56 39 0.7332 0.7761 0 0
35 57 0.6232 0.6597 503 167 57 58 0.7332 0.7761 351 117
58 59 0.4766 0.5045 484 161 59 60 0.6599 0.6985 131 44
60 40 0.8432 0.8926 0 0

loads and (ii) f2: minimisation of voltage deviation from the nominal voltage (1 p.u).
Clearly, these two objective functions are contradictory to each other in the sense
that when the amount of unsupplied load reduces (i.e. load connected to the system
increases), the system voltages reduce (i.e. voltage deviation from the nominal voltage
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increases) and vice versa. Therefore, it is not possible to simultaneously minimise both
these objective functions. As a result, the service restoration problem is essentially a
multiobjective optimisation problem (MOOP).

To solve this MOOP while reducing the search space, several approaches have
been developed in the literature. As the objective functions and constraints in a service
restoration problem are generally non-differentiable, almost all of the reported meth-
ods are based on various types of non-mathematical optimisation techniques. These
include heuristic methods [1–3], heuristic fuzzy reasoning technique [4], tree network-
based approach [5, 6], artificial neural network and pattern recognition approach [7],
ranking-based search technique [8], fuzzy evaluation of multi-criteria [9], combined
fuzzy-genetic algorithm method [10], coloured Petri net [11], fuzzy cause-effect
networks [12], G-net inference mechanism [13], expert system [14], quantitative
evaluation model [15], meta-heuristic algorithms such as genetic algorithm [16], tabu
search [16], reactive tabu search [16], simulated annealing [16], discrete differential
mutation operator [17], evolutionary algorithm [18, 19], etc. Usually, the MOOP is
converted to a single-objective optimisation problem (SOOP) by utilising suitable
weighting factors as f = αf1 + βf2, where α and β are the weighting factors [12, 16].
Subsequently, this SOOP is solved by using any suitable technique. However, in this
method, the final solution depends on the choice of the weighting factors.As the choice
of the weighting factors is quite subjective, the final solution obtained in this method
can vary significantly depending on the choice of the weighting factors. Therefore, in
the literature, methods for solving a MOOP without using any weighting factors have
been developed. One of the most popular methods in this category is non-dominated
sorting genetic algorithm II (NSGA-II) [20]. The application of NSGA-II for ser-
vice restoration problem has been described in References 21 and 22. As NSGA-II
does not require any weighting factors, the subjectivity of the obtained solutions is
removed to a large extent. The basic steps of NSGA-II for service restoration are as
follows [21, 22]:

Step 1: Create the initial population (P0) of size N (i.e. the number of strings in a
population) randomly. For the service restoration problem considered here, the length
of each string (the number of bits in a string) is 49 (equal to the number of switches
in this system). Here, the binary coding scheme is used and therefore, bit ‘1’ and bit
‘0’ represent the ‘closed (ON)’ and ‘open (OFF)’ switches, respectively. Also, while
initialising the population, it is ensured that the faulty feeder is always isolated. For
example, in Figure 6.2, if the fault occurs on feeder 1, the bit values corresponding to
switches (1), (5), (10), (15) and (20) are always set to ‘0’ before proceeding further.
Also, if any string creates a loop in the system, a switch is randomly selected in
the loop-forming path and made ‘OFF’ to maintain the radiality of the system. For
example, in Figure 6.2, if the switches (30), (31), (32), (33) and (34) are all made
‘ON’ in a string, then any of these five switches is randomly selected and made ‘OFF’
before proceeding further. Also, set count k = 0.
Step 2: In this step, the population Pk is evaluated as follows. For each of the N gener-
ated strings in the population Pk , the amount of unsupplied load is calculated. Further,
for each of these generated strings, AC load-flow study (by using backward/forward
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sweep method) of the corresponding network is carried out and subsequently, the
maximum deviation of the bus voltages (from the nominal voltage) is calculated.
Step 3:The strings in the population Pk is sorted based on the level of non-domination.
Each solution is assigned a rank based on its level of non-domination by other solu-
tions, i.e. the solution(s) which is(are) not dominated by any other solution is(are)
assigned a rank of 1, the solution(s) at the next level of non-domination is(are) assigned
a rank of 2 and so on.
Step 4: In this step, an offspring population (Qk ) of size N is created by applying
crowded tournament selection operator (CTSO), crossover and mutation operator on
Pk as follows. Initially, two strings of Pk are chosen randomly and the string having
better rank5 is declared winner (winner 1). If both these two solutions have same rank,
then the solution having higher crowding distance [20] is declared winner (winner 1).
In the most rare case, if the crowding distances of both these chosen strings are also
same, then the first chosen string is taken as the winner (winner 1). Further, two more
strings of Pk are again chosen randomly (ensuring that any of the earlier two chosen
strings are not repeated again) and from these two chosen strings, the second winner
(winner 2) is selected following the same procedure as described above. Subsequently,
single-point crossover operation is applied on these two winner strings to create two
offspring strings and finally, mutation operator on these offspring strings is applied
to enhance the diversity of the generated stings. Finally, necessary precautions (as
described in Step 1) for isolating the faulty feeder and preventing the formation of
any loop are undertaken before proceeding further.

By applying the above procedure repeatedly, finally the offspring population (Qk )
of size N is created.
Step 5: The offspring population Qk is evaluated following the procedure described
in Step 2. Subsequently, a combined population Rk = Pk

⋃
Qk is formed. Thus, the

size of Rk is 2N .
Step 6: In this step, non-dominated sorting is performed on Rk , by which Rk is divided
into different fronts. The first front or best front (denoted as F1) contains the strings
of Rk which do not constraint dominate each other but constraint dominate all the
other solutions of Rk . Among the remaining solutions (i.e. which are not in F1), the
solutions which do not constraint dominate each other but constraint dominate other
solutions are kept in the second front (denoted as F2). Similarly, among the strings
which are not in the combined front F = F1

⋃
F2, those strings are kept in the third

front (denoted as F3) which do not constraint dominate each other but constraint
dominate other strings. This process is repeated till all the strings in Rk are assigned
a front.
Step 7: In this step, the parent population Pk+1 is created as follows. Initially, the
solutions belonging to the set F1 are considered. If size of F1 is smaller than N , then
all the solutions in F1 are included in Pk+1. If after including all the solutions in F1,
the size of Pk+1 is less than N , the solutions belonging to F2 are included in Pk+1. If
the size of Pk+1 is still less than N , the solutions belonging to F3 are included in Pk+1.

5 Rank 1 is the best rank, followed by rank 2, rank 3, etc.
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This process is repeated till the total number of solutions in Pk+1 (let it be denoted
as n) is greater than N . To make the size of Pk+1 exactly equal to N , (n − N ) solutions
from the last-included non-dominated front are discarded from Pk+1. To choose the
solutions to be discarded, initially the solutions of the last-included non-dominated
front are sorted according to their crowding distances and subsequently, the solutions
having least (n − N ) crowding distances are discarded from Pk+1.
Step 8: If Pk+1 comprises of strings only from the front F1, the algorithm is considered
to have converged and proceeds to Step 9. Otherwise, set k = k + 1 and go back to
Step 2.
Step 9: In this step, the final solution from Pk+1 is selected. Different approaches
can be followed to select the final solution from Pk+1. One such approach is the
use of ‘max–min’ method [23]. Another approach could be to consider the solution
corresponding to least amount of unsupplied load. If the maximum voltage deviation
(MVD) corresponding to this solution is within the acceptable limits, then this solution
is finally chosen. Otherwise, from among the remaining solutions, choose the solution
that restores maximum amount of load and simultaneously satisfies the voltage limit
constraint.

The above procedure is illustrated with an example as described below. In this
example, it is assumed that the population size (N ) is 10.

Let us assume that a fault occurs on feeder 1. As a result, the circuit breaker ‘CB1’
trips to isolate feeder 1. To find a restoration schedule through NSGA-II, initially the
population P0 is created with size N = 10. To ensure that feeder 1 is always isolated
in all the generated switch patterns, switches (1), (5), (10), (15) and (20) are always
made ‘OFF’ as discussed in Step 1 above. In the next step, the 10 generated bit strings
are evaluated by computing load-flow solution for each network corresponding to the
strings and subsequently, the values of shedded load (SL) and the MVD are calculated
for each of these strings. These results are shown in Table 6.2.

From the above results, the domination (DOM) matrix [24] is constructed which
is shown in (6.1). The size of this matrix is (N × N ) (in this case 10 × 10). For
constructing this matrix, initially all the elements of this matrix are initialised to zero.
Subsequently, if the ith bit string dominates the jth bit string, then the element (i, j)
is set to unity. For example, from Table 6.2, it can be seen that both the LS and MVD
values of string 2 are less than the LS and MVD values of string 5 and thus, string 2

Table 6.2 Results of evaluation of initial population

String no. SL (kW) MVD (p.u) String no. SL (kW) MVD (p.u)

1 10,980 0.0322 2 11,906 0.0122
3 10,933 0.0526 4 9944 0.0400
5 12,374 0.0182 6 10,911 0.0439
7 12,503 0.0183 8 10,105 0.0358
9 10,249 0.0549 10 10,330 0.0638
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dominates string 5. As a result, the element (2, 5) of the DOM matrix is set to unity.
Similarly, all the other non-zero elements are set.

DOM =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 1 0 0 1 1
0 0 0 0 0 0 1 0 0 0
0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 1 0 0 1 1
0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(6.1)

From the entries of the domination matrix, the domination inter-relationship
among the strings can be determined. The domination matrix has a property that the
kth column indicates by which strings the kth string is dominated while the jth row
indicates the strings which are dominated by the jth string [24]. For example, the third
column of the DOM matrix indicates that the third string is dominated by strings 4, 6
and 8, which is also evident in Table 6.2. Similarly, second row of this matrix shows
that the second string dominates strings 5 and 7, which is again confirmed by the
entries of Table 6.2.

Now, from (6.1), it is observed that the strings 1, 2, 4 and 8 are not domi-
nated by any other strings and therefore, these strings are assigned rank 1. Further,
string 5 is dominated by only one string and therefore, this string is assigned rank 2.
Similarly, each of the strings 6, 7 and 9 is dominated by two other strings and there-
fore, these strings are assigned a rank 3. Finally, strings 3 and 10 are dominated by
three other strings and therefore, these two strings are assigned a rank 4. Further,
for all the strings, the crowding distances corresponding to each objective function
are calculated following the procedure given in Reference 20. In this procedure, for
each objective function, the strings are initially sorted in an ascending order. Subse-
quently, the strings corresponding to the lowest and highest objective function value
are assigned a high value of crowding distance in an increasing order. In this chap-
ter, this high value has been chosen as 10. It is to be noted that this value is not at
all related to the number of population, N . Instead of 10, any other value such as
50, 100, 1000, etc. can also be chosen. Subsequently, for each string i in the sorted

list, the crowding distance is calculated as cwd(i) = fi+1 − fi−1

f max − f min
, where fi+1 and fi−1

denotes the objective function value of the (i + 1)th and (i − 1)th string (in the sorted
list), respectively, while f max and f min denote the maximum and minimum value of the
objective function, respectively. After calculating the crowding distance of each string
corresponding to each objective function value, the final crowding distance value (for
each string) is computed as the sum of the crowding distances corresponding to both
these objective functions. The rank, crowding distance for shedded load (CWSL),
crowding distance for MVD (CWVD) and the final crowding distance (FCWD) for
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Table 6.3 Ranks and crowding distances of initial population

String Rank CWSL CWVD FCWD String Rank CWSL CWVD FCWD
no. no.

1 1 10.0 0.193 10.193 2 3 0.0388 0.4520 0.4908
3 1 0.1226 0.2503 0.3729 4 1 10.0 10.0 20.0
5 4 0.0119 10.0 10.0119 6 2 0.0241 0.1498 0.1738
7 2 0.3243 0.1269 0.4512 8 1 0.4207 0.2488 0.6695
9 4 0.3666 0.4156 0.7821 10 4 0.2304 0.0251 0.2555

Table 6.4 Results of evaluation of the combined population

String no. SL (kW) MVD (p.u) String no. SL (kW) MVD (p.u)

1 10,980 0.0322 2 11,906 0.0122
3 10,933 0.0526 4 9944 0.0400
5 12,374 0.0182 6 10,911 0.0439
7 12,503 0.0183 8 10,105 0.0358
9 10,249 0.0549 10 10,330 0.0638

11 10,980 0.0322 12 13,414 0.0098
13 12,874 0.0114 14 9137 0.0355
15 13,138 0.0183 16 10,911 0.0439
17 9944 0.0400 18 12,374 0.0182
19 13,428 0.0084 20 11,838 0.0152

each string are shown inTable 6.3. Further details of calculating the crowding distance
can be found in Reference 20.

After the rank and crowding distances of the parent population are calculated,
the offspring population is created as described in Step 4 above. Subsequently, the
offspring population is evaluated and the values of SL and MVD are calculated for
each of these strings in the offspring population. The values of SL and MVD for the
combined population (formed by following the procedure described in Step 5) are
shown in Table 6.4.

From the results of Table 6.4, the rank and crowding distances (CWSL, CWVD
and FCWD) of all the strings belonging to the combined population are calculated
and are shown in Table 6.5.

Following Step 7, the parent population for the next generation is subsequently
created. From Table 6.5, it is observed that strings 2, 12, 13, 14, 19 and 20 have rank
1. As the total number of strings having rank 1 is 6, these strings are included in the
parent population of the next generation. Further, Table 6.5 also shows that strings
1, 8 and 11 have rank 2. As the total number of strings having either rank 1 or rank
2 is (6 + 3 = 9), these three strings (having rank 2) are also included in the parent
population of the next generation. As one more string still needs to be chosen, the
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Table 6.5 Ranks and crowding distances of combined population

String Rank CWSL CWVD FCWD String Rank CWSL CWVD FCWD
no. no.

1 2 0.0110 0.2501 0.2610 2 1 0.1249 0.0692 0.1941
3 7 0.0161 0.1994 0.2155 4 3 0.1881 0.0752 0.2632
5 4 0.1091 0.0549 0.1639 6 6 0.1354 0.0711 0.2065
7 5 0.1165 0.0018 0.1183 8 2 0.0711 0.0799 0.1510
9 5 0.0524 0.2016 0.2540 10 6 0.1543 10.0 10.1543

11 2 0.2000 0.0602 0.2602 12 1 0.0676 0.0537 0.1212
13 1 0.1480 0.0425 0.1905 14 1 10.0 0.0649 10.0649
15 7 0.1258 0.2501 0.3759 16 6 0.0051 0.1577 0.1628
17 3 0.0375 0.0711 0.1086 18 4 0.0301 0.0018 0.0319
19 1 10.0 10.0 20.0 20 1 0.2158 0.1099 0.3257

strings having rank 3 in Table 6.5 are considered. As can be seen from this table, both
strings 4 and 17 have rank 3. As the total number of strings having either rank 1, 2
or 3 is (6 + 3 + 2 = 11), out of strings 4 and 17, only one string needs to be chosen.
Now, from Table 6.5, it is seen that string 4 has a higher value of FCWD as compared
to that of string 17. As a result, string 4 is finally included in the parent population
of the next generation. Thus, the strings which are finally selected for inclusion into
the parent population of the next generation are: strings 2, 12, 13, 14, 19, 20, 1, 8, 11
and 4. As the parent population contains strings having different ranks, the algorithm
proceeds further and goes back to Step 2.

For finding acceptable results with this method, the algorithm must be run sev-
eral times with varying number of N . In this study, for a fault in feeder 1, one such
acceptable result has been found for N = 30. With this choice of N , the final con-
figuration suggested by the algorithm is shown in Figure 6.3. From this figure, it is
observed that feeder 1 is isolated completely. Further, to maintain the system volt-
ages within the permissible limit, the algorithm suggests the load points 10, 14, 18,
22, 23, 42, 43, 44, 55 and 57 to be cut-off, thereby making the total amount of
load unsupplied to be equal to 3517 kW. The minimum voltage under this condition
is 0.9345 p.u. Note that when feeder 1 is isolated by opening CB1, load points 7,
10, 11, 14, 18, 19, 20, 22 and 23 get de-energised resulting in a total of 4554 kW
of load to remain unsupplied. Therefore, the suggested solution restores more than
1 MW of load.

It is to be noted that, by no means, the above solution suggested by the algorithm
can be considered to be the most optimum one. It is quite possible that better solutions
(as compared to the solution discussed above) may indeed exist. However, in order
to ensure that the most optimum solution and/or the other better solutions are always
obtained, all the 17,592.2 billion possible switch combinations need to be investigated.
Even if it is assumed that investigation of one switch combination takes just 1 s
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Figure 6.3 Final configuration of the distribution system

(on the currently available desktop or laptop computers), the total time required for
investigating all these 17,592.2 billion combinations would be more than 5.5 Lakh
years!! Therefore, when the service restoration schedule needs to be determined within
next few hours, clearly the option of investigating all the possible options is infeasible.
Under this circumstances, the only feasible option is to execute the above algorithm
(or any other suitable meta-heuristic algorithm) several times with varying parameters
and choose the best solution out of all the solutions obtained in different runs. Also,
if access to any high-performance computing (HPC) platform is available, then the
HPC platform can be utilised either for investigating all the possible combinations or
for generating a large number of feasible solutions by executing the meta-heuristic
algorithm many more number of times before selecting the final solution.

Now, in this chapter, for the purpose of illustration, only two objective functions
have been considered. However, for realistic solution of service restoration problem,
apart from the above two objective functions, several other aspects should also be
considered. These are [21, 22]: (a) The required number of switching for restoring
the loads should be as minimum as possible. This is due to the fact that increased
number of switching operations reduces the life expectancy of the switches. Further,
as the number of switching increases, the total time required by the field personnel
to complete the switching actions also increases, which in turn, increases the time
required for restoring the supply to the out-of-service loads. (b) No component (feed-
ers, transformers, etc.) should be overloaded. (c) The radial structure of the network
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should be maintained. (d) The power losses in the system should be as minimum as
possible. (e) Priority of the loads should be taken into account while finalising the
service restoration schedule, i.e. high-priority loads should be given electricity supply
before any other lower priority loads. Further application of NSGA-II for solving the
restoration problem with all these objective functions and constraints is described in
References 21 and 22.

6.2 Conclusion

In this chapter, the basic aspects of service restoration in a distribution system are
discussed. The procedure for the application of a meta-heuristic algorithm (NSGA-II)
for solving the service restoration problem is also discussed in detail with an
illustrative example.
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Chapter 7

Feeder reconfiguration for load balancing

Adisa A. Jimoh1

7.1 Introduction

The electrical network system has a mandate to ensure that an adequate supply is
available to meet the estimated load of the consumers in both the near and more
distant future. With the increase in electric power consumption and the advancement
in the distribution system technology, the future challenge is to further decrease the
system technical loss, and improve the performance. In order to avoid excessive volt-
age drop and minimize loss, it may be economical to install apparatus to balance or
partially balance the loads, even within the context of smart grid system in addition
to employing demand response, demand side management, distribution generation,
decentralized renewable energy, and micro grids. To meet this challenge, automa-
tion of the power distribution system needs to be widely adopted. The distribution
automation can be defined as an integrated system concept [1, 2]. It includes control,
monitoring, and decision to alter any kind of loads. The automatic distribution system
provides directions for automatic reclosing of the switches and remote monitoring of
the loads contributing towards phase balancing.

It is believed that the technology to achieve an automatic load balancing lends
itself readily for the implementation of different types of algorithms for automatically
rearranging the connection of consumers on the low-voltage end of a feeder for optimal
performance [2]. All switches and circuit breakers involved in the controlled networks
are equipped with facilities for remote operation. The control interface equipment
must withstand extreme climatic conditions. Also, control equipment at each location
must have a dependable power source. To cope with the complexity of the electricity
distribution system, the latest information technology, communication, and power
electronics equipment in distribution technologies are needed to be employed.

This chapter looks at automatic reconfiguration of a distribution low-voltage
feeder by rearranging the load distribution such that the phase imbalance is always
zero, or at the barest minimum achievable, but not more than the level allowed by
regulation. The system is easily expandable to incorporate other distribution networks
and feeder reconfigurations, including those through feeder bifurcation and the tie

1 Department of Electrical Engineering, Tshwane University of Technology, Pretoria, South Africa
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and sectionalizing switches controls. Problem formulation and solutions, and the
methodology to realize this will be discussed. The chapter will conclude with a brief
note on the practical feasibility and economic considerations of the system.

The phase voltage and current unbalances are major factors leading to extra
losses, communication interference, equipment overloading, and malfunctioning of
the protective relay which consequently results into degradation of service quality
and operation efficiency [3]. Phase unbalance is also manifested in increased com-
plex power unbalance, increased power loss, enhanced voltage drop, and increased
neutral current.

In most of the cases, the phase voltage and current unbalances can be greatly
improved by suitably arranging the connection phases between the distribution trans-
formers and a primary feeder. It is also possible to reduce the phase current unbalances
in every feeder segment by means of changing the connection phases [4]. The phase
voltage unbalances along a primary feeder can also be improved in common cases
by system reconfiguration, which involves the rearrangement of loads or transfer of
load from heavily loaded area to the less loaded area.

7.2 Structure of the automated low-voltage distributed system

The low-voltage distribution system is formed from feeders that usually are three-
phase, four-wire system with a radial or open-loop structure. To improve the system
phase voltage and current unbalances, the connection between the specific feeder
and the distribution transformer should be suitably arranged. The domestic loads
are connected, as in most cases, in a single-phase. Figure 7.1(a) shows a typical
radial distribution system with l primary feeders Fp1, Fp2, …, Fpl . From each primary
feeder, n secondary feeders are emanated to which consumer loads are connected [2].
Each secondary feeder, Fs1, Fs2, …, Fsk , is three-phase, four-wire system that
accommodates three-phase and single-phase consumer loads. The central computing
unit (CCU) receives information from the loads connected to the secondary feeders
under surveillance about their phase connection, consumption, and other pertinent
required data, processes this information through the algorithm resident in it, and
finally transmits control signal to the load selector switches (LSSs). Let us assume
each feeder contains n × m domestic loads.

As shown in Figure 7.1(b) supposing each of the n secondary feeders has m
number of loads connected to it and each load can be connected through the switch
selector to only one of the three phases. The status of each of the loads connected
to an unbalanced feeder is sent through a communication interface to a load re-
arrangement/balancing algorithm in the CCU. In turn the algorithm returns, after
processing, a re-arrangement status, through the same communication interface, that
should be implemented by the LSS to yield a balanced feeder arrangement.

The transfer of the load from one phase to another is done via the three bilateral
thyristors/TRIACs, Figure 7.2, such that at any moment in time only one switch is
ON to prevent phase short-circuit. This is the main set of constrains of the system:

swkj1 + swkj2 + swkj3 − 1 = 0 (7.1)
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Figure 7.1 General representation of automated distributed system. © Elsevier
2011, Reprinted, with permission, from Reference 2

where swkj1, swkj2, and swkj3 are switches that can only be 1 or 0 (conducting or not).
The status of the gate matrix is provided from the main controller.Actual transition

from one phase to another is done at zero-crossing to avoid voltage spikes. This in
return will introduce a dip of maximum 17 ms (see Figure 7.3) which is acceptable
by the power quality standards.
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For example, the decision to reconfigure is taken at moment A in Figure 7.3. The
zero-crossing switches OFF the load current (iload) from phase 1 at moment B and
switches ON again on phase 2 at moment C.

7.3 Problem formulation

The problem to be solved is formulated and solution is structured into an algorithm in
the CCU. In formulating this problem, the redistribution of loads among the phases
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must be such that certain predefined objectives are satisfied. The objective functions
that can be considered could be:

● Total complex power unbalanced

In a three-phase load system, the complex powers for a typical feeder i are expressed
as s̄j

i ( j = 1, 2, 3 or a, b, c) for the loading of each phase [5]. The unbalance of these
three complex powers sul

i can be evaluated as follows:

sul
i =

√
√
√
√(1/3)

c
∑

j=a

∣
∣
∣s̄

j
i − s̄id

i

∣
∣
∣

2
(7.2)

where s̄id
i represents the ideal per phase loading and:

s̄id
i = (1/3)

c
∑

j=a

s̄j
i (7.3)

Thus an evaluation of s̄ul
i = 0 indicates that the complex power of ith feeder is

balanced. The total complex power unbalance can be evaluated from:

sul
T =

n
∑

i=1

s̄ul
i (7.4)

where n is the number of feeders in the system under study. The term sul
T is used to

evaluate the complex power unbalance of a feeder and the value of this describes the
load unbalance situation at every feeder.

Equation (7.2) can be simplified, for the real power only, to obtain the following
as the main objective function considered:

AU/ph = (∣
∣Pph1 − Pph2

∣
∣+ ∣

∣Pph2 − Pph3

∣
∣+ ∣

∣Pph3 − Pph1

∣
∣
)

/3 (7.5)

where Pph1, Pph2, and Pph3 are the loads (power) drawn from the phases 1, 2, and 3,
respectively. AU is the average power unbalance to be minimized.

● Phasor current unbalance relationship

In a three-phase unbalanced system, the objective could be to minimize the difference
of the amplitude of the phase currents (Îphik ):

Minimize J =

∣
∣
∣
∣
∣
∣
∣

IPh1k − IPh2k

IPh1k − IPh3k

IPh2k − IPh3k

∣
∣
∣
∣
∣
∣
∣

= √ ((

Iph1k − Iph2k

)2 + (

Iph1k − Iph3k

)2 + (

Iph2k − Iph3k

)2
)

(7.6)
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where Iph1k , Iph2k , and Iph3k represent the currents (phasors) for each of the phases
(1, 2, and 3) at an arbitrary point of connection k .

● Neutral current of an unbalanced circuit

The current at the neutral point of a balanced three-phase system should be 0. There-
fore, the objective in balancing an unbalanced system is to minimize the neutral
current as follows:

Minimize Jn =
[

I 2
N −

((

Iph1k − Iph2k

)2 + (

Iph1k − Iph3k

)2 + (

Iph2k − Iph3k

)2
)]2

(7.7)

where IN is the neutral current.

● Zero and negative sequence currents of an unbalanced circuit

For a balanced three-phase circuit, the zero and negative sequence components are
zero. Therefore, the objective is to minimize the negative and zero sequence currents:

Minimize J0n = λÎ 0
phs + λÎ−

phs (7.8)

For the real implementation of a control system, the following elements are necessary:

● A measurement system for measuring the loads.
● A communication system for sending the load data from each node to the control

center.
● A communication system for sending the control signals to the switch breaker.
● The control cannot start if the above-described components and system are not

properly installed and operating in healthy condition.

● Minimization of power loss

The minimization of the total real power losses arising from feeders can be calculated
as follows [6]:

Min f1

(

X
) =

Nl∑

i=1

ri
p2

i + q2
i

v2
i

(7.9)

where ri, pi, and qi represent the resistance, real power, and reactive power of branch
i, respectively, and vi is the voltage on bus i. Nl is the total number of branches; X
denotes the switch state vector, and f1(X ) denotes the power lost from the system in
state X . A low value of f1(X ) indicates economic operation of network.

● Ensuring reliability of service

From the operator’s perspective, service reliability in distribution systems refers to
the ability to support unexpected increasing loads and to supply loads following faults
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(restoration). A simple index to assess the service reliability is the capacity margin of
a feeder and a transformer [6].

(a) Capacity margin of feeders: The capacity margin of feeders is calculated as
follows [6]:

Min f2

(

X
) = 1 − min

i

{
IiRate − IiLoad

IiRate

}

, i = 1, 2, . . . , Nl (7.10)

where Nl is the total number of branches; and IiLoad and IiRate are the actual
loading current and the rated current of branch i, respectively. The function
f2(X ) represents the relative value of the margin between the rated and the actual
current among the feeders. A lower f2(X ) indicates a greater current reserve in
the feeders, implying that the considered system is more secure.

(b) Capacity margin of transformers: The capacity margin of transformers is
calculated as follows [6]:

Min f3(X ) = 1 − min
i

{
SiRate − SiLoad

SiRate

}

, i = 1, 2, . . . , Nl (7.11)

where Nl is the total number of the transformers, and SiLoad and SiRate are the actual and
rated megavolt amperes (MVA) loadings of transformer i, respectively. The function
f3(X ) specifies the relative value of the margin between rated and the actual MVA
loading of the supply transformers. Lower f3(X ) values indicate a larger reserve capac-
ity in the supply transformers, implying that the operating state has higher service
reliability.

Selecting a specific index for ensuring reliability of service is utility-dependent
and would not alter the basic formulation presented in Reference 6. The above simple
form of reliability is selected just for purposes of illustration.

● Minimizing the deviation of bus voltage [6]

Bus voltage is one of the most significant security and service quality indices, which
can be described as follows:

Min f4

(

X
) = max|Vi − VRate|, i = 1, 2, . . . , Nb (7.12)

where Nb is the total number of buses; Vi and VRate are the actual and rated voltage
on bus i and f4(X ) represents the maximal deviation of the bus voltage in the system
of interest. Lower f4(X ) values indicate a higher quality voltage profile and better
security of the considered system.

● Minimizing switching operations [6]

Minimizing the number of switching operations can be denoted as follows:

Min f5

(

X
) =

NS∑

i=1

|Si − S0i| (7.13)
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Figure 7.4 Example of automated distribution feeder

where Ns represents the total number of switches; Si and S0i are the new and original
states of switch i, respectively; and f5(X ) represents the number of switching opera-
tions under state X . A lower f5(X ) value implies that less time is needed during the
network reconfiguration process.

7.4 Solution

The solution objective for a feeder is to obtain a set of rearrangement of the connected
loads at each node (or consumer point) such that the objective function is minimized.
This is an optimization problem, which depending on the goal of the exercise could
be formulated as either a single or multi-objective optimization problem [6–8]. While
a single-objective optimization problem minimizes one of the objective functions
in Section 7.3, subject to certain specified constraints, in the multi-objective opti-
mization the goal is to obtain a pareto-optimal solution for optimizing a weighted
combination of more than one objective function in Section 7.3, subject to certain
specified constraints.

A number of solutions have been presented in the literature.

7.4.1 Heuristic method

Heuristic methods refer to experience-based techniques for problem solving, learning,
and discovery that find a solution which is not guaranteed to be optimal, but good
enough for a given set of goals [9]. Where the exhaustive search is impractical,
heuristic methods are used to speed up the process of finding a satisfactory solution
via appropriate shortcuts to ease the cognitive load of making a decision. Examples of
this method include using a rule of thumb, an educated guess, an intuitive judgment,
stereotyping, profiling, or common sense [9].

7.4.1.1 Description
For the phase and load balancing, a heuristic method was proposed in References
10, 11 on the sample distribution system shown in Figure 7.4 which consists of n
loads, each having three switches to the three phases. Following from (7.1), the logic
of load connection should be that: for each load, only one switch should be closed,
other two should remain open, i.e., each load should be connected to only one of the
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three phases. The load currents are referred here by the term “load”. The following
initial assumptions are considered for the proposed method:

(i) n/3 is an integer.
(ii) The loads should be considered equally distributed per phase, i.e., an integer

n/3 loads to be connected per phase.

The problem, therefore, is to find the optimum three sets of n/3 loads, with
minimum differences among the individual sums of loads of the three sets. To achieve
this, first we calculate the ideal phase balance current value Iideal , which is equal to
the one-third of the sum of the all n load currents:

Iideal = 1

3

n
∑

j=1

ILj (7.14)

In (7.14), ILj denotes the current of jth load. In the second step, optimally select
three sets of currents for the three-phase currents Iph, each set comprising of n/3 load
currents {Ij, j = 1, . . . , n/3}

ILoad = {ILj , j = 1, . . . ., n} (7.15)

Iph = {Ij, j = 1, . . . ., n/3} where Ij ∈ ILoad (7.16)

Difference between the individual sum of these sets and the Iideal should be
minimum, ideally 0 for the perfect phase balance. So, three sets of {Ij, j = 1, . . . , n/3}
have to be found, subject to the constraint:

min

∣
∣
∣
∣
∣
∣

n/3
∑

j=1

Ij − Iideal

∣
∣
∣
∣
∣
∣

, where Ij ∈ ILoad (7.17)

This heuristic method can be implemented by structuring it to an algorithm and
a subroutine as follows. The implementation takes as input the sequence of n load
currents. It returns as output the sequence of the switch closing for each load, i.e.,
integer 1, 2, or 3 for each load, where 1, 2, 3 represent the switches for the respective
phases as shown in Figure 7.4. Using the output switch-closing sequence and the
load currents, we can calculate the three-phase currents and the differences between
them, which indicate the quality of the phase balance. The implementation steps are
depicted in the flow chart shown in Figure 7.5, where the left chart shows the main
algorithm, and right chart shows a subroutine.

7.4.1.2 Main algorithm
Here as follows is the main algorithm for the implementation of the heuristic method:

● The n load currents are considered as vector.
● The output vector of the switching sequences is initialized for each load, which

is also a vector of n elements.
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● Then the quantity Iideal is computed using (7.14).
● Check all the n loads to find the first set of n/3 load currents, to be connected

to phase 1 such that phase 1 current (Iph1) is closest to Iideal . This is done by the
subroutine “Calculate set of n/3”.

● The switches used for Iph1 are updated by marking these switches as “1”.
● Then remaining loads are checked to find the second set of n/3 load currents, to

be connected to phase 2 such that phase 2 current (Iph2) is closest to Iideal . This is
also done by the subroutine “Calculate set of n/3”.

● The switches used for Iph2 are updated by marking these switches as 2.
● After finding the sequences for Iph1 and Iph2, the rest of the load currents will be

allocated to Iph3.
● The switches used for Iph3 will be updated by marking these switches as 3.
● Using the output switching sequences of 1, 2, 3 for Iph1, Iph2, and Iph3 and the

input load currents, the phase currents Iph1, Iph2, and Iph3 are computed. For
example, Iph1 is calculated by adding all the n/3 load currents corresponding to
the switches marked 1.

● Then the differences between Iph1, Iph2, and Iph3 are calculated which ideally
should be zero. It indicates the quality of the outcome of the phase balancing
procedure.

● The program returns:
(i) the switches used for each phase;

(ii) the phase currents Iph1, Iph2, and Iph3;
(iii) the differences between the phase currents.

7.4.1.3 Subroutine
The subroutine “Calculate set of n/3” used to choose the output sequences for Iph1 and
Iph2 is presented; the sequential steps are:

● For Iph1, we start with the n load currents.
● Mark the first element as 1.
● Assuming n is reasonably finite, iterate over n – 1 load currents for every pos-

sible combinations of the set of (n/3 − 1) load currents. The elements in the
sets are placed position independently, i.e., {1, 2, 3, …, (n/3 − 1)} is same as
{2, 1, …, (n/3 − 1), 3}.

● For each possible set, the difference parameter (ε) is calculated:

ε = Iideal −
∑

set of (n/3 − 1) currents – first current (7.18)

● Choose the set with the minimum value of ε as the optimum balance set.
● We return the set for the Iph1.
● For Iph2, start with the (n − n/3) load currents.
● We mark the first element as 2.
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Input: Vector with 
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Mark the rest of 
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Calculate phase currents
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Return: Output sequence
phase currents differences

Calculate set of n/3

Figure 7.5 Flow chart of the implementation of the heuristic method for load
balancing

● Iterate over (n − n/3 − 1) load currents for every possible combinations of the
set of (n/3 − 1) load currents. The elements in the sets are placed position
independently, i.e., {1, 2, 3, …, (n/3 − 1)} is same as {2, 1, …., (n/3 − 1), 3}.

● For each possible set, the difference parameter (ε) is calculated with (7.18).
● Choose the set with the minimum value of ε as the optimum balance set.
● Return the set for the Iph2.

This method is demonstrated through a good example in Reference 10.

7.4.2 Newton–Raphson-based solution method

In this optimization process, the neutral current gives immediate information about
unbalancing of the phase currents/powers. Hence, the neutral currents will be used
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into the Newton–Raphson optimization process.An example of the Newton–Raphson-
based method can be found in Reference 12.

Given a distribution system as shown in Figure 7.4, for a feeder j in a network
with three phases with a known structure, the problem consists of finding a condition
of balancing. In any connecting point, the mathematical model can be expressed as:

Iph1k =
3
∑

i=1

swkjiIk + Iph1(k+1) (7.19)

Iph2k =
3
∑

i=1

swkjiIk + Iph2(k+1) (7.20)

Iph3k =
3
∑

i=1

swkjiIk + Iph3(k+1) (7.21)

where Iph1k , Iph2k , and Iph3k represent the currents (phasors) per phase (1, 2, and 3) after
the k – an arbitrary point of connection; swkj1, . . . , swkj3 are different switches (the
value of “1” means the switch is ON and “0” means it is OFF). Iph1(k+1), Iph2(k+1), and
Iph3(k+1) represent the currents (phasors) per phase (1, 2, and 3) at point “k + 1”, which
is situated immediately after the point “k” (conventionally, the first point is at the
starting of the feeder). Balancing the phase current of any feeder, the neutral current
should be minimized and consequently the power losses associated is diminished.
Therefore, with the phase current/power unbalance being the primary objective the
second objective is as in (7.6), which minimize the difference of the amplitude of
the phase currents (Îphik ), and the third objective function is to minimize the neutral
current, equation (7.7).

The fourth objective functions will be to minimize the negative and zero sequence
currents. According to Fortescque [13–14] the three unbalanced phasors of a three-
phase system can be resolved into three balanced systems phasors known as positive,
negative, and zero sequence components. The relation between the symmetrical
components and the phase current is:

Iphs = A−1Iphk (7.22)

where A represents the main matrix and the symmetrical component operator is given
by a = 1/60◦. Then (7.22) becomes:

⎡

⎣

I 0
Phs

I+
phs

I−
phs

⎤

⎦ = 1

3

⎡

⎣

1 1 1
1 a a2

1 a2 a

⎤

⎦

⎡

⎣

Iph1k

Iph2k

Iph3k

⎤

⎦ (7.23)

Writing as three separate equations, where I 0
phs, I+

phs, I−
phs are, respectively, the zero

sequence current, the positive sequence current, and the negative sequence currents.

I 0
phs = (Iph1k + Iph2k + Iph3k )/3 (7.24)

I+
phs = (Iph1k + aIph2k + a2Iph3k )/3 (7.25)

I−
phs = (Iph1k + a2Iph2k + aIph3k )/3 (7.26)
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Applying the Lagrange multiplier for the constraint to balance the three-phase system
results in:

λI 0
phs = λ(Iph1k + Iph2k + Iph3k )/3 (7.27)

λI+
phs = λ(Iph1k + aIph2k + a2Iph3k )/3 (7.28)

λI−
phs = λ

(

Iph1k + a2Iph2k + aIph3k

)

/3 (7.29)

To have a balanced distribution feeder, the equations presented as constraints
(7.27) and (7.29) will be equal to zero. The combination of (7.6), (7.7), (7.27), and
(7.29) can be integrated as a multi-objective optimization problem as follows:

Minimize: Joj = J + Jn + λI 0
phs + λI−

phs (7.30)

To solve the minimization problem, the gradient of the least square objective
function Joj as defined in (7.30) can be expressed in terms of x and set equal to zero:

Jx =
[

∂Joj

∂swk1i
,

∂Joj

∂swk2i
,

∂Joj

∂swk3i

]

= 0 (7.31)

where x = [swki, swki, swki] is the vector of the switching matrix.
Equation (7.31) is a system of non-linear equations. To solve the system of non-

linear equations, these equations are linearized around the current solution xk by using
a truncated Taylor series expansion:

Jxx(xk )�xk + Jx(xk ) = 0 (7.32)

where Jxx(xk ) is the 3 × 3 Hessian matrix, containing the second-order derivatives of
the objective function Joj evaluated at point xk , and Jx(xk ) is the gradient of J evaluated
at point xk . The correction vector �xk can then be calculated by solving the following
system of linear equations:

Jxx(xk )�xk = −Jx(xk ) (7.33)

Initially, an arbitrary value is given to the parameter vector xk and then an iterative
procedure is used to obtain a better value of the parameter vector:

xk+1 = xk + �xk (7.34)

7.4.3 Fuzzy logic-based load balancing

This section describes the application of fuzzy logic (FL) to the solution of this
problem. This has been presented in Reference 2. Here, the objective functions are
formulated as fuzzy sets since they are imprecise. FL has two different meanings. In
a narrow sense, FL is a logical system, which is an extension of multi-valued logic
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Figure 7.6 Architecture for the combined FL and Newton–Raphson load-balancing
system

[15–17]. However, in a wider sense FL is almost synonymous with the theory of fuzzy
sets, a theory which relates to classes of objects with imprecise boundaries in which
membership is a matter of degree. Even in its more narrow definition, FL differs both
in concept and substance from traditional multi-valued logical systems.

A FL-based load-balancing technique can be used along with the Newton–
Raphson method to solve the objective function as a combinatorial problem. The
architecture of the algorithm is as shown in Figure 7.6. The input is the total phase
load (for each of the three phases). The average unbalance (AU) per phase, calculated
according to (7.5), is checked against a specified threshold of say 10 kW. If the AU
per phase is below 10 kW, it can be assumed that the system is more or less balanced
and discard any further load balancing. Otherwise, it goes for the FL-based load bal-
ancing. This 10 kW threshold is arbitrarily/conveniently chosen in order to reduce the
rate of system reconfiguration.

The output from the fuzzy-based load-balancing step is the load-change values
for each phase. A negative value indicates that the specific phase has surplus load and
should release that amount of load, while a positive value indicates that the specific
phase is less loaded and should receive that amount of load.

www.ebook3000.com

http://www.ebook3000.org


Feeder reconfiguration for load balancing 181

1
VLL LL MLL PL SOL

Membership function plots

MOL OL HOL

0.5

0

0 50 100 150 200 250 300
Input variable “Load (kW)”

Figure 7.7 Fuzzy membership functions for the input variable

This load-change configuration obtained here is the starting point for a more
refining method (in this case Newton–Raphson; in some other cases this could be
any of the expert system or evolutionary mathematical-based methods), which tries
to optimally shift the specific number of load points. However, sometimes the expert
system may not be able to execute the exact amount of load change as directed by the
fuzzy step. This is because the actual load points for any phase might not result in
an optimum combination which sums up to the exact change value indicated by the
fuzzy step. So, the best possible change from the expert system is implemented, and
iteratively check the system unbalance until the AU below 10 kW is achieved.

7.4.3.1 Fuzzy controller: input and output
To design the fuzzy controller, first there are specified the input and the output vari-
ables. For the load-balancing purpose, which is to obtain a set of rearrangement of the
connected loads at each node (or consumer point) such that the objective function is
minimized, it is chosen the input as “Load”, i.e., the total phase load (kW) for each of
the three phases, and the output as “Change”, i.e., the change of load (kW, positive or
negative) to be made for each phase. For the input variable, Figure 7.7 and Table 7.1
show the fuzzy nomenclature and the respective triangular fuzzy membership func-
tions [15]. And for the output variable, Table 7.2 shows the fuzzy nomenclature and
Figure 7.8 shows the corresponding triangular fuzzy membership functions [15, 16].

7.4.3.2 Fuzzy rules and surface
Next, the IF-THEN fuzzy rule set [15, 16] governing the input and the output variables
is described in Table 7.3.
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Table 7.1 Fuzzy nomenclature for the input variable

S. no. Input (load) Fuzzy kW
description nomenclature range

1 Very less loaded VLL 0–50
2 Less loaded LL 35–85
3 Medium less loaded MLL 65–115
4 Perfectly loaded PL 100–150
5 Slightly overloaded SOL 125–175
6 Medium overloaded MOL 165–215
7 Overloaded OL 200–250
8 Heavily overloaded HOL 235–300

Table 7.2 Fuzzy nomenclature for the output variable

S. no. Output (change) Fuzzy kW
description nomenclature range

1 High subtraction HS −150 to −85
2 Subtraction S −100 to −50
3 Medium subtraction MS −65 to −15
4 Slight subtraction SS −50 −25
5 Perfect addition PA 0–50
6 Medium addition MA 35–85
7 Large addition LA 65–115
8 Very large addition VLA 100–150

Corresponding to the fuzzy input, output variables and the associated rule set,
the fuzzy surface [15] is shown in Figure 7.9, depicting the non-linear relationship
between the input and the output variables. A detailed description of an application
of this method can be found in Reference 2.

7.4.4 Neural network-based method

Neural network is applied to solve the network and feeder reconfiguration problem.
This has already been well documented by Salazar et al. [18] as well as by Kim et al.
in Reference 19.

The method uses the neural network to control the switch-closing sequence of
each load for the minimum power loss which will lead to the optimal phase balance.
The inputs to the neural network are the unbalanced load currents and the outputs are
the switch-closing sequences for each load.

The input layer of the network has N input neurons, N being the number of
unbalanced load currents to be controlled.
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Figure 7.8 Fuzzy membership functions for the output variable

Table 7.3 Fuzzy rules for the input and the
output variables

Rule no. Rule description

1 If load is VLL then change is VLA
2 If load is LL then change is LA
3 If load is MLL then change is MA
4 If load is PL then change is PA
5 If load is SOL then change is SS
6 If load is MOL then change is MS
7 If load is OL then change is S
8 If load is HOL then change is HS

For a particular feeder, the following column vector has been assumed as the
input:

C = [IL1, . . . , ILN ]T (7.35)

The output of the network is in the range {1, 2, 3} for each load, i.e., which switch
(to the specific phase) should be ON for that specific load and moment in time.

7.4.4.1 Neural network structure
The radial basis network [20] has been used for this application. Experimentations
with the back propagation and the radial basis network indicated faster training and
better convergence for the latter. Radial basis networks may require more neurons than
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Figure 7.9 Non-linear relationship between the input and the output variables

the standard feed-forward back propagation networks, but often they can be designed
in a fraction of the time needed to train the standard feed-forward networks. They
work best when many training vectors are available [21]. MATLAB® neural network
toolbox [22] has been used for the implementation. As a result of repeated simulations
studies with different kinds of radial basis networks, the generalized regression neural
network (GRNN) [22] has been found to produce the best result; a GRNN is often
used for function approximation. It has a radial basis layer and a special linear layer.

7.4.4.2 Network training
The neural network was trained using a set of 500 real historical data for 15 randomly
selected houses in a South African city. The real data set consisted of unbalanced load
data that include average load current values per house in a specific locality of the
city for the different times of each day in a month.

For illustration purpose, we will assume that there are two loads (L1 and L2)
connected per phase, and these loads are equally distributed per phase, the problem
then is to find the optimum three sets of two loads, with minimum differences among
the individual sums of the three sets. To achieve this, the ideal phase balance current
value Iideal is first calculated, which is equal to the one-third of the sum of the all 15
load currents IL:

Iideal = 1

3

N
∑

j=1

ILj (7.36)
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In the second step, we optimally select our three sets of currents for the three-
phase currents Iph, each set comprising

(
N
3

)

load currents {Ij, j = 1, 2, . . . ,
(

N
3

)}.

ILoad = {ILj , j = 1, . . . , N } (7.37)

Iph = {Ij, j = 1, . . . , n/3} where Ij ∈ ILoad (7.38)

The difference between the individual sum of these sets and the Iideal should be
minimum, ideally 0 for the perfect phase balance. So, it is needed to find three sets
of {Ij, j = 1, . . . , n/3}, subject to the constraint:

min

∣
∣
∣
∣
∣
∣

⎛

⎝

n/3
∑

j=1

Ij

⎞

⎠− Iideal

∣
∣
∣
∣
∣
∣

, where Ij ∈ ILoad (7.39)

Following this, the output switching sequences are obtained as the target data
set for training the networks. The balanced phase currents Iph1, Iph2, and Iph3 have
been computed using the output switching sequences and the input load currents.
For example, Iph1 is calculated by adding the two load currents corresponding to
the switches marked “1”. Then the differences between Iph1, Iph2, and Iph3 have been
computed, which ideally should be zero. The differences indicate the quality of the
phase balance [23].

The above-mentioned neural network is then trained using the real and simulated
unbalanced load as the input vector, and the output switching sequences as the target
vector. Then, the network is tested with different unbalanced load data set. The output
was the optimal switching sequences of {1, 2, 3} for the three phases as explained
above. Using the similar procedure as explained above, the balanced phase currents
have been computed and the differences between the phase currents (�I ) and the
results indicate the quality of the balance.

� Imax = max{||Iph1| − |Iph2||, ||Iph2| − |Iph3||, ||Iph3| − |Iph1||} (7.40)

7.4.5 Adding decaying self-feedback continuous Hopfield neural
network method

Fei et al. [24] developed an improvement over the traditional continuous Hopfield
neural network (CHNN) by adding an extra self-feedback to every neuron of CHNN,
thus the energy of CHNN will not always decrease, but can increase or be maintained.
The energy increasing may lead to avoiding the local optimal values. This improve-
ment, which then results in adding decaying self-feedback continuous Hopfield neural
network (ADSCHNN), becomes useful for solving a class of combinatorial optimiza-
tion problems (COPs) of which the load balancing problem belongs. Most COPs are
nondeterministic polynomial-hard and difficult to solve [25]. The neural networks
have become powerful tools to solve the COP [26].
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7.5 Application to load-balancing problem

7.5.1 Problem analysis and energy function construction

From the description in Section 7.3, it is expressed that the load-balancing problem
is solved in terms of minimum real power loss. In a three-phase, four-wire system, a
branch of a feeder (7.9) becomes:

3
∑

i=1

ri
P2

i + Q2
i

|Vi|2 =
3
∑

i=1

ri
|Vi|2|Ii|2 cos2 ϕ + |Vi|2|Ii|2 sin2 ϕ

|Vi|2

=
3
∑

i=1

ri|Ii|2 = r1|I1|2 + r2|I2|2 + r3|I3|2 (7.41)

In general, each phase has the same internal resistance r which is constant. Therefore,
we have:

3
∑

i=1

ri
P2

i + Q2
i

|Vi|2 = r
(|I1|2 + |I2|2 + |I3|2

)

(7.42)

constraining to |I1| + |I2| + |I3| = C, where C can be complex or real constant
depending on the load. To minimize the total real power losses means:

min (|I1|2 + |I2|2 + |I3|2)

subject to |I1| + |I2| + |I3| = C (7.43)

We will use the method of Lagrange multipliers to solve (7.43). Create the non-
constrained function as:

L(|I1|, |I2|, |I3|, λ) = |I1|2 + |I2|2 + |I3|2
+ λ(|I1| + |I2| + |I3| − C) (7.44)

The gradient for this new function is:

∂L

∂|I1| = 2|I1| + λ1 = 0

∂L

∂|I2| = 2|I2| + λ1 = 0

∂L

∂|I3| = 2|I3| + λ1 = 0

∂L

∂λ1
= |I1| + |I2| + |I3| − C = 0 (7.45)
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From (7.45), we have |I1| = |I2| = |I3| = 1
3 C. Therefore, when |I1| = |I2| = |I3| =

1
3 C, the total real power losses are minimal. If the loads are pure resistive, the minimum
power losses are achieved when P1 = P2 = P3 = P

3 , where Pi (i = 1, 2, 3) is the real
power per phase and P is the sum of three-phase real powers. So, we can solve the
load-balancing problem by distributing equally the load current or power to three
phases, according to the load property.

7.5.2 Energy function construction for the ADSCHNN

From the above analysis, we know that the load-balancing problem means all the
loads are distributed to three phases equally, with minimum differences among the
individual sums of three phases. For this purpose, either load power or load current
can be used. So, there is an ideal phase balance of load Loadideal , which is equal to
the one-third of the sum of all the loads:

Loadideal = 1

3

n
∑

j=1

Load(j) (7.46)

where n is the number of all the loads. The load balancing is complete, if the sum of
every phase loads satisfies:

m
∑

i=1

Loadphase(i) = Loadideal (7.47)

where m is the number of load points which are connected to one phase. Therefore,
in a three-phase four-wire system, we have load balancing when:

Loadphase1 = Loadphase2 = Loadphase3 (7.48)

In order to solve the load-balancing problem, the solution of load-balancing problem
is mapped to the ADSCHNN. So, a transposition matrix with size (3 × n) is needed
to show the configuration of all the loads. The component of the transposition matrix
is either 1 or 0. The transposition matrix also indicates the neuron output. At the same
time, the energy function for load-balancing problem is constructed considering under
restrictions:

(1) The transposition matrix has only one “1” component in the one column.
(2) The sum of the all elements of transposition matrix is n.
(3) The difference among the individual sums of all the loads in three phases is

minimum, which is the total line losses are minimum.

(1) Point (1) above means each load is connected to only one feeder. (2) Point (2)
above indicates the number of closed switches equals the number of loads connected.
(3) Point (3) above is the objective function. From (1), (2), and (3), we construct the
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energy function as (7.49), where Load is a matrix with size (1 × n) containing all the
loads. A, B, C are the coupling parameters corresponding to the constraints and the
objective function.

E = A

2

n∑

j=1

3∑

i=1

3∑

l �= i
l = 1

xijxlj + B

2

(
3∑

i=1

n∑

j=1
xij − n

)

2

+ C

2

3∑

i=1

(
n∑

j=1
xijLoad(j) − Loadideal

)

2

(7.49)

The first two terms in (7.49) correspond to (1) and (2). It is, if (1) and (2) are satisfied
at the same time, that the first two terms of (7.49) are equal to zero, otherwise they are
not zero. So the two terms are the constrained terms. When the constrained terms are
equal to zero, every one load only belongs to one phase. The third term is objective
function. xij = 1 denotes that load j is connected to Phi, while xij = 0 denotes that load
j is not connected to Phi. If the difference among the individual sums of all the loads
current in three phases is the smallest, the objective function is minimum.

From (7.49), we have:

∂E

∂xij
= A

3∑

l �= i
l = 1

xlj + B

(
3∑

i=1

n∑

j=1
xij − n

)

+ C

(
n∑

j=1
xijLoad( j) − Loadideal

) (7.50)

Putting (7.50) into the following equations:
⎧

⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

yi(k + 1) = αyi(k) + λ

(

−∂E′

∂xi

)

+ zi(k)xi(k)

xi(k) = 1

1 + e−yi(k)/ε

zi(k + 1) = (1 − β)zi(k)

(7.51)

we get the discrete dynamics of the ADSCHNN for the load-balancing problem as
follows:

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

yij(k + 1) = ayij(k) + λ

⎡

⎣−A
3∑

l �= i
l = 1

xlj − B

(
3∑

i=1

n∑

j=1
xij − n

)

− C

(
n∑

j=1
xijLoad(j) − Loadideal

)]

+ zij (k) xij (k)

xij (k) = 1

1 + e−yij(k)/ε

zij (k + 1) = (1 − β)zij (k)

(7.52)
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For an example, the ADSCHNN is used to optimize the practical field data used
in Reference 10, where the loads were addressed in terms of currents. The parameters
for the ADSCHNN are set as:

α = 1, λ = 0.25, A = 0.1, B = 0.1,
C = 0.35, zij(0) = 0.13, β = 0.001

(7.53)

Initial conditions of the ADSCHNN are yij = 1 (i = 1, 2, 3; j = 1, 2, . . . , n). The
results are shown in Table 7.4, where “1” means the respective load is connected
to ph1, “2” to ph2, “3” to ph3, �Iph−max is the maximum difference of the phase
currents, which ideally should be zero if there is totally balanced.

7.5.3 Particle swarm optimization

Particle swarm optimization (PSO) is an intelligent algorithm developed by Kennedy
and Eberhart in 1995. The motivation of the PSO algorithm was social and has been
applied to optimal flow and power loss minimization [27–29].

The position (which is the current in this particular case) of the jth particle at
time t is a D-dimensional will be denoted as follows:

Ij(t) = (Ij,1Ij2, . . . , Ij,D) ∈ S (7.54)

where S is a feature space.
The velocity of this particle at time t is also a D-dimensional vector denoted by:

Vj(t) = (Vj,1, Vj,2, . . . , Vj,D) ∈ S (7.55)

The best previous position of the jth particle at time t is a point in S, which is
denoted by:

Ib,j = (Ib,j,1, Ib,j,2, . . . , Ib,j,D) ∈ S (7.56)

The global best position ever attained among all particles is a point in S which is
denoted by:

Igb = (Igb,1 , Igb,2, . . . , Igb,n) ∈ S (7.57)

The new velocity and the new position (current in this case) are given, respectively,
by (7.55) and (7.57).

V t+1
j = wV t

j + C1r1(Ib,i − I t
j ) + C2r2(Igb − I t

j ) (7.58)

I t+1
j = I t

j + I t+1
j (7.59)

where w is the inertia weight; C1 and C2 are acceleration coefficients; r1 and r2 are
two separately generated uniformly distributed random numbers in the range [0, 1]
added in the model to introduce stochastic nature.

The solution objective for a feeder is to obtain a set of rearrangement of the
connected loads at each node (or consumer point) such that the objective function is
minimized. This is a non-linear problem that will involve a number of trial and errors.



Table 7.4 Results for neural network, heuristic, and ADSCHN methods

Current Unbalanced Balanced

Switch Neural Heuristic ADSCHNN
network

I1 (A) 40.16 1 1 1 1
I2 (A) 92.61 2 2 1 2
I3 (A) 90.77 3 3 2 3
I4 (A) 40.61 1 1 3 1
I5 (A) 88.47 2 3 3 1
I6 (A) 5.73 3 1 1 3
I7 (A) 34.93 1 3 3 2
I8 (A) 80.50 2 1 2 3
I9 (A) 0.97 3 2 2 2
I10 (A) 13.75 1 1 1 2
I11 (A) 20.07 2 3 2 2
I12 (A) 19.67 3 2 2 1
I13 (A) 59.77 1 3 1 2
I14 (A) 26.94 2 2 3 1
I15 (A) 19.68 3 2 3 3
I16 (A) 1.51 1 1 1 3
I17 (A) 73.93 2 2 2 3
I18 (A) 44.06 3 3 3 1
I19 (A) 92.24 1 1 2 2
I20 (A) 46.13 2 1 1 1
I21 (A) 41.44 3 2 2 3
I22 (A) 83.77 1 3 3 1
I23 (A) 51.99 2 1 1 3
I24 (A) 20.06 3 3 2 2
I25 (A) 66.54 1 2 3 2
I26 (A) 82.97 2 2 1 3
I27 (A) 1.94 3 3 3 1
I28 (A) 67.44 1 1 3 1
I29 (A) 37.56 2 1 2 2
I30 (A) 82.34 3 1 1 2
I31 (A) 94.06 1 1 1 3
I32 (A) 22.88 2 2 2 1
I33 (A) 60.07 3 1 1 1
I34 (A) 48.11 1 3 3 2
I35 (A) 88.23 2 1 3 1
I36 (A) 75.44 3 1 3 3
I37 (A) 45.19 1 2 2 2
I38 (A) 1.83 2 3 3 2
I39 (A) 81.31 3 2 3 2
I40 (A) 60.92 1 1 1 3
I41 (A) 78.40 2 3 2 1
I42 (A) 91.25 3 2 1 3
I43 (A) 73.08 1 2 2 2
I44 (A) 17.45 2 2 2 1
I45 (A) 44.02 3 1 1 1
Iph1 (A) 822.1 – 746.1 761.4 770.24
Iph2 (A) 809.9 – 778.5 786.1 770.36
Iph3 (A) 678.8 – 788.1 771.4 770.19
Iph-max (A) 143.3 – 42 24.7 0.17
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A method is used to sense the relative loading of the phases, and another method is
used to edge towards the minimized objective

Jn =
⎛

⎝

N
∑

l1=1

Iph1 −
N
∑

l2

Iph2

⎞

⎠

2

+
⎛

⎝

N
∑

l1

Iph1 −
N
∑

l3

Iph3

⎞

⎠

2

+
⎛

⎝

N
∑

l2

IPh2 −
N
∑

l3

Iph3

⎞

⎠

2

(7.60)

The conditions taken into consideration are:

(1) the system loss must be minimized;
(2) the voltage magnitude of each node must be within permissible limit |Vmin| ≤

|Vi| ≤ |Vmax|;
(3) current capacity of each branch |Ii| ≤ Ij, max.

By changing the switches on distribution feeders, some load currents can be
transferred from heavily loaded feeders or transformers to relatively less heavily
loaded feeders or transformers. In this way, the loads on transformers and feeders
will become more balanced and the risk of overloads can be reduced, which can be
represented by

|Iti| ≤ I max
t,i , i = 1, 2, . . . , Nt

where |Iti| and I max
t,i are the current amplitude and maximum current of the ith trans-

former, respectively. Nt is the number of feeders connected to the given transformer.
For algorithms and further understanding, refer References 30, 31.

7.6 Practical feasibility and economic considerations

The technologies for the implementation of the scheme in Section 7.1 are already
in existence. They comprise, basically, the following, which nowadays are common
feature in telecontrol and smart grid systems:

● metering sensors
● wireless data communication, such as Wi-Fi
● programmable single-chip microcomputer or microcontroller
● actuators
● static power electronics switches with soft switching.

These technologies are well proven for applicability within the described scheme pro-
posed here; even though they are continuously being further developed for ruggedness,
robustness, and reliability, which are considered the major challenges of the practical
implementation of the idea.

Several literatures [2–5,10,11] have elucidated the technical and economic
consequences of phase unbalance in the low-voltage side of the distribution networks:

● real power loss
● voltage drop
● communication interference
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● equipment overloading and malfunctioning
● malfunction of the protective relay
● overstressing cables and transformers
● poor service quality and operation.

All these are undesirable as they lower the overall energy and service efficiency, and
have serious economic and financial consequences to the utility.

Currently, most utilities minimize this problem of unbalance in the low-voltage
feeders by changing the connection phase of some feeders manually after some field
measurement and analysis. This manual correction normally will require the use of
additional manpower, service interruption, and ensuring additional safety measures.
Although in some cases this process can improve the phase current balance, this
strategy is more time consuming, requires supply interruption, unsafe and only last
for a while before the process is repeated again [32].

The schemes described in this chapter eliminate manual correction of phase
unbalance, thus eliminating their limitations, including additional cost overheads and
technical shortcomings. Furthermore, the technical problems listed above and their
economic and financial consequences are addressed as well. Since these schemes do
not entail any running costs, the capital cost of putting these schemes in place is easily
paid off within short period of time by the savings in the correction of the technical
consequences and overhead costs involved with the manual solution.

7.7 Conclusions

Automatic reconfiguration of a distribution low-voltage feeder by rearranging the load
distribution such that the phase imbalance is always zero, or at the barest minimum
achievable, but not more than the level allowed by regulation has been discussed in this
chapter. The system is easily expandable to incorporate other distribution networks
and feeder reconfigurations, including those through feeder bifurcation and the tie
and sectionalizing switches controls.

The formulation of the optimization problem has been presented and possible
solution methods have also been discussed. A brief insight into the practical feasibility
and economic considerations of the system concludes the presentation.
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Chapter 8

Volt/VAR control in distribution systems

Ilya Roytelman1 and Jose Medina Palomo1

8.1 Voltage standards

The main objective of the electrical distribution system is to provide reliable high-
quality power supply. Voltage is the key parameter defining the quality of electrical
service. The majority of customers (small and medium size residential, commercial,
and agricultural) do not have means to regulate voltages. The customer voltage is reg-
ulated by distribution utilities. The customer voltage changes during the day, staying
within the limits defined by standards. An example of the typical 24-hour voltage at
the customer service delivery point is shown in Figure 8.1.

Voltage standards are different from country to country. Voltage limits are defined
for normal conditions and non-normal conditions (emergency, after outage). Under
normal condition, the voltage is allowed to deviate ±5% from nominal voltage. Under
non-normal conditions, the minimum voltage limit decreases by an additional 3–5%
and maximum voltage limit stays at the same or is increased by 1%. Non-normal
voltages are allowed only for a period of time specified in the standards.

The American National Standard Institute (ANSI) standard C84.1 1995 [1]
defines two customer voltages: Service Voltage (supplier connection to consumer)
and Utilization Voltage (equipment connection point–customer outlet). The standard
defines normal conditions as Range A and non-normal conditions as Range B. Volt-
ages in Range B are below and above range A. The duration of Range B limits is not
defined directly, but corrective measures should be undertaken within a reasonable
time after they occur.

AllANSI values are defined not in percentage, but in per unit values on a base volt-
age of 120V. For both Range A and Range B the nominal utilization voltage is 115V.
Range A voltage limits:

● Maximum utilization and service voltage: 126 V
● Minimum service voltage: 114 V
● Minimum utilization voltage: 110 V

1 Open Access Technology International, Inc., Minneapolis, MN, USA
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Figure 8.1 Typical customer voltage during 24 hours

Range B voltage limits:

a) Maximum utilization and service voltage: 127 V
b) Minimum service voltage: 110 V
c) Minimum utilization voltage: 107 V

Comparing voltage magnitudes for normal and non-normal conditions, it can be
observed that high non-normal voltage limit is only slightly above the high normal
limit (1V), but non-normal minimum voltage limit is 4V below the low normal
limit. The standard reflects the fact that voltage above limit may damage utilization
equipment or trigger over voltage protection equipments. Low voltage, up to a certain
limit, affects only the performance of the equipment.

In addition to the voltage magnitude range, the ANSI standard provides recom-
mendations on voltage unbalance at three phase buses measured at the customer ser-
vice point under no-load conditions (limited to 3%). Voltage unbalance is defined as:

Voltage unbalance = (maximum deviation from average voltage)/

(average voltage) × 100% (8.1)

The standard on voltage unbalance exists only for American distribution sys-
tems which are structurally asymmetrical with unbalance loading both at the primary
and secondary distribution sides. European distribution systems are symmetrical and
balanced at the medium voltage level, but asymmetrical and unbalanced at the low
voltage distribution level. The fact that the Voltage Standards for American and Euro-
pean systems are different also indicates that these systems have different means
(equipment) for voltage control.

8.2 Volt/VAR control methods

Standards require that voltages at the customer buses (service delivery points and
utilization points) are maintained inside the required limits. This is accomplished
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Figure 8.2 Voltage profile along the feeder

first of all through the proper design of the distribution systems. Wires, transformers,
and other equipment are selected based on the maximum allowed voltage drops.
For an American system, the peak loading voltage drop in the secondary distri-
bution is limited to 2V, service voltage drop to 1V, and distribution transformer
voltage drop to 3V. Therefore, under ANSI range A for a minimum service voltage
of 114V, the voltage at the primary of the distribution transformer cannot be lower
than 120V. The highest feeder voltage in range A is limited to 126V for two rea-
sons. The first one is that a customer could be connected directly to this point. And
the second one is that the primary voltage of a distribution transformer is limited
by the excitation of the transformer, which limits the voltage at the primary to a
value of nominal voltage plus 5%. Therefore, the voltage along the primary distri-
bution feeder under normal conditions (Range A) should be between 126 and 120V
(Figure 8.2).

In traditional distribution systems, there are two types of equipment that affect
voltages: transformers (autotransformers), and capacitors. For an ideal two-winding
transformer (zero resistance, no magnetic flux leakage), the ratio of the primary
(P) to the secondary (S) voltage is equal to the ratio of the number of turns in the
primary (Wp) winding to the number of turns in secondary winding (Ws). Distribution
system consumers are typically connected to the secondary winding of a distribution
transformer and current flows from the primary side to the secondary side. Therefore,
secondary voltage (Vs) may be presented as below:

Vs = VP
Ws

WP
(8.2)
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(a) (b)

Figure 8.3 Substation transformer with LTC (a) and feeder step voltage
regulator (b)

As it follows from (8.2), for a given primary voltage (VP), it is possible to get
desired secondary voltage Vs by changing the ratio of number of turns. For example,
in order to increase the secondary voltage, the number of turns in the secondary
winding should be increased or the number of turns in the primary winding should
be decreased.

Almost all power system transformers and autotransformers have changeable
turns ratio implemented through tap changing mechanism. There are two types of tap
changing mechanisms:

● Load Tap Changer (LTC): This allows switching under transformer normal
working conditions;

● De-energized (No-Load) Tap Changer: In this case, switching can be done only
for de-energized equipment (the transformer should be fully disconnected from
the grid).

LTC mechanism is much more complicated and expensive than No-LTC. In the
distribution systems, LTCs are installed on substation transformers and on step voltage
regulators (SVRs), which are autotransformers (Figure 8.3). Substation transformer
LTC regulates the voltage at the feeder head busbar which can have several feeders
connected. The substation transformer is core type three phase with gang-operated
LTC (all three phases have the same tap positions).

SVR [2,3] typically regulates the voltage on a single feeder or part of the feeder.
The SVR may be single phase or three phases. Single-phase SVR regulates the voltage
per phase. Single-phase SVRs are often installed at the feeder heads and are connected
externally to form a three-phase regulator. Typical connections of single-phase SVRs
are three regulators in grounded wye or closed delta, or two regulators in an open wye
or open delta.
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Three-phase SVR is gang operated so that the taps on all windings are changed
simultaneously. They can be connected in a three-phase wye or closed delta.

LTCs on transformer or SVR have the typically same regulation range and number
of steps: ±10% with 16 steps up and 16 steps down. It makes step size equal to 0.625%
or 0.75V on 120-V base.

The main advantage of LTC is flexibility of voltage regulation: taps can be
changed at any moment when adjusting voltage is needed in response to variable
loading. LTC mechanisms are equipped with local automatic controllers which con-
tinuously monitor (measure) electrical parameters (voltage, current, and phase angle)
at the LTC location and correspondingly adjust the tap positions.

Voltage can only be regulated downstream (as judged by the current (I )) the
transformer/autotransformer. Because of this, the local controller has a functional-
ity which automatically determines the direction of the flow (typically using active
power direction, Pflow), i.e., forward or reverse. In case of reverse flow the LTC is
automatically blocked or switched to regulate voltage on the opposite bus.

The simplest local controller can be set to maintain a constant voltage, which is
independent of the loading condition and voltage at the primary side:

|Vmeas − Vsetting| < δ (8.3)

where δ is the accuracy of the voltage regulator (half a bandwidth is the allowed
deviation from the set point in either direction).

The accuracy cannot be bigger than the tap changer step size (0.75V). Modern
voltage regulators operate with a bandwidth defined by the user. Typical bandwidth
is 2–3V, which makes the accuracy equal to 1–1.5V (Figure 8.4).

Figure 8.5 shows the daily voltages per phase on the SVRs regulated three-phase
bus where the controller voltage setting for each phase is 125V and bandwidth is 2V.

As it can be seen from Figure 8.5, phase voltages change between 126V (set-
ting plus half bandwidth, 125V + 1V) and 124V (setting minus half bandwidth,
125V − 1V). They are close to the voltage setting but not necessarily close to
each other.
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Rc + jXc
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ILoad

Ic

Figure 8.6 Step voltage regulator line drop compensator circuit

A general approach to voltage regulation is to keep LTC transformer/SVR output
terminal voltage (target bus) higher when loading is higher and lower when loading is
lower. The simplest local controller that achieves this goal sets the voltages depending
on the time of day. Modern controllers keep voltage constant not at the output terminal
but at the target point located downstream somewhere on the feeder (typically load
center). It is accomplished through the line drop compensator which is part of the
local controller (Figure 8.6).
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Figure 8.7 Feeder voltage profiles for maximum/minimum loading under regulator
with line drop compensation—target bus voltage is constant

The line drop compensator simulates the voltage drop of the distribution line
from the voltage regulator till the point where it is desired to maintain the voltage
constant (Figure 8.7). In order to accomplish this, the controller changes the output
voltage taking into account this voltage drop:

Vset = Vbase + (Rc + j × Xc) × (ICact + j × ICreact ) (8.4)

where, Vset is the voltage setting; Vbase is the no load voltage setting; Rc and Xc are the
compensator resistance and reactance; and ICact and ICreact are the active and reactive
component of the current through the compensator.

The voltage increase due to compensator circuit is equal (in per unit) to the
voltage drop from the regulator output terminal through the distribution line to the
target point where load is connected:

(Rc + j × Xc) × (Iact + j × Ireact) = (Rline + j × Xline) × (Iact + j × Ireact) (8.5)

where Rline and Xline are the resistance and reactance of the line; Iact and Ireact are the
active and reactive component of the load current.

If the compensator circuit impedance is zero, the target point is the output at
the regulator terminal. It should be pointed out that the value of the compensator
impedance in per unit is equal to the actual impedance of the line between the regula-
tor and the target point only if there are no loads/laterals in between. The presence of
loads/laterals makes the accurate calculation of compensator impedance both labo-
rious and complicated. It requires knowledge of the feeder topology, the electrical
parameters, the typical peak, average and minimal loading, and it leads to multiple
power flow calculations. To simplify this calculation process, manufacture companies
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Figure 8.8 Voltage profiles along the feeder and at the distribution transformer
secondary

usually provide a simplified guide on how to determine an approximate value of the
compensator impedance. This compensation impedance in the local controller is not
set in ohms, but in volts.

Regulator voltage settings are subject to high and low limits (typically 126 and
120V). These limits are enforced by local controllers. The local controllers prevent
LTCs from making voltages too high or too low.

Distribution transformers (240/120V for American systems and 380/220V for
European systems) are typically equipped with No-LTCs (4 steps, 2.5% each or
2 steps, 5% each). No-LTCs are used to compensate the static part of the primary
feeder voltage drop and the drop through the distribution transformer itself. The dia-
gram shown in Figure 8.8 illustrates how tap positions are set to steps 1–4 depending
on the voltage drop. It makes transformer secondary voltages practically the same
(changing in 2.5% steps) independently from electrical distance to supply bus.

No LTCs are traditionally used in European distribution systems with big size
distribution transformers (250–1000 kVA), where the primary grid topology does not
change frequently. The tap positions are calculated offline as part of seasonal planning
based on the primary grid topology and on the substation bus voltage regulation rules.
No-LTCs are used to compensate voltage drops with the condition that under minimum
loading the transformer secondary voltage should not violate the high voltage limit.

In American systems, distribution transformers are typically smaller (10–
150 KVA) and do not always have No-Load Tap Changers and even if they have,
they are mainly kept in the neutral position. Only a few transformers per feeder may
have a different tap position usually to respond to customer complains. In general,
there is a lack of flexibility in using No-Load Tap Changers (taps cannot be adjusted
to changing load conditions easily) which significantly limits their application. Feed-
ers where service restoration can be accomplished through backfeed reconfiguration
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Figure 8.9 Voltage profiles along the feeder with capacitor ON and OFF

(reconnecting the end of the feeder to a different feeder) practically always keep
No-Load Tap Changers in neutral positions.

Another type of equipment widely used for voltage control in the distribution
grid is shunt capacitors. Under stable voltage, these capacitors generate a predictable
amount of reactive power which is consumed by medium- and small-size customers
who do not have their own means to generate reactive power. Bigger commercial and
industrial customers are required to keep power factor close to unity using their own
compensation (reactive power generating) devices, so utility shunt capacitors are not
needed. Shunt capacitors are used in overhead lines where reactive power losses can
reach 20% of consumed reactive power, not in underground cables which generate
reactive power.

Shunt capacitors do not directly change voltage but can decrease voltage drop
by compensating reactive power and reducing the total current from the substation
to the capacitor location. A reduced current leads to a smaller voltage drop and
therefore increases the voltage along the feeder (Figure 8.9). Smaller shunt capacitors
are usually connected to the feeder at all times and may either be three-phase or
single-phase capacitors. Bigger capacitors are switchable and typically are three-phase
capacitors. They are connected in either wye or delta.

Switchable shunt capacitors are equipped with local controllers which are differ-
ent from LTC controllers. They do not consider accuracy: control actions are limited
to switching on/off the capacitors based on a minimum/maximum value of a given
parameter. For example, shunt capacitors operated on a time trigger are switched ON
at a certain time and switched OFF at a different time later in the day. Shunt capacitors
triggered on voltage are switched ON when the voltage is below a minimum value
and switched OFF if the voltage is above a maximum value. Furthermore, the current
status of these capacitors depends on their recent history. For instance, if they reach
a certain voltage moving from a lower value, they will be kept ON, whereas at the
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same voltage, they will be kept OFF if they reach the value moving from a higher
value. As an example, let us assume that the minimum voltage setting is 112V and
the maximum voltage setting is 126V. During the normal daily operations the voltage
drops to 112V and the capacitor is switched ON. The voltage now rises to 126V later
in the day. At this point the capacitor is switched OFF. Looking now at a voltage
between 126V and 112V, e.g., 120V, when this value of 120 V is reached from 112V,
the capacitor is switched ON. However, if the same value of 120V is reached from
126V, the capacitor will be switched OFF.

Switched capacitors in the same operational area are typically de-energized dur-
ing the minimum consumption time period (from midnight till early morning) as they
are not needed. This daily de-energization also serves a dual purpose: it resets all
capacitors to the same status simplifying the control strategies.

Modern capacitor controllers support the following triggering signals for their
operation: time, temperature, voltage, reactive power, and current. Typically a few
triggering signals are used simultaneously with a priority order. For example, tem-
perature and voltage may be used together, where voltage has the override capability.

8.3 Volt/VAR regulation by local controllers

Local automatic controllers are an integral part of modern distribution systems ensur-
ing voltage quality under changing power demand and network topology. They control
the tap positions of the LTC transformers and SVRs and the statuses of switched
shunt capacitors. LTC local controllers change the tap positions in such a way that the
measured voltage remains within a half bandwidth of the voltage setting. For shunt
capacitors the capacitors are switched ON/OFF if some parameter is above or below
a certain value. For example, a capacitor will be switched ON if the voltage is below
a lower limit and it will be switched OFF if the voltage is above a higher limit.

The simplest local controllers operate on nonelectrical measurements, which are
correlated with the level of electrical consumption: time of the day and air temperature
(heat index).

The presence of a variety of local controllers, connected to the same grid and
responding to the same voltages and currents according to their own internal logic,
results not simply in a set of automatic devices but also in a locally distributed non-
centralized voltage and reactive power control system. The key feature of this control
system is an obvious need for coordination between different electrically connected
controlling devices to prevent them from oscillating and blocking each other. For
example, without coordination the upstream and downstream voltage regulators can
respond to the same signal for voltage change, but the downstream device can move
tap positions in the opposite direction later responding to upstream regulator change.

In more detail, let us consider a feeder with two SVRs: substation regulator at
the feeder head and line regulator in the middle of the feeder (Figure 8.10).

Under the condition that feeder is mainly supplied from substation (no distributed
energy resource/distributed generation (DG) creating reverse flow), each voltage reg-
ulator controls the voltages downstream from the regulated bus up to the next regulator
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Figure 8.10 Feeder with two step voltage regulators and two voltage regulation
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or the end of the feeder. From this observation comes the term voltage regulation zone
(VRZ)—the part of the radially connected distribution grid, located downstream from
the voltage regulator up to another voltage regulator or the end of the feeder, where
this regulator sets voltages practically independent from any other voltage setting
device.

In the absence of centralized Volt/VAR control (VVC), voltage regulators of the
adjacent VRZs are coordinated by introducing time delays in the controllers. The
objective of this delay is to prevent oscillation of the control actions (line regulator
moves taps in one direction and immediately after in the opposite direction). The
most common logic used for assigning delays to the controllers is that the shortest
time delay (quick response) should be set on controllers that are closest to the supply
substations.

Typically, substation regulators have the shortest time delay, whereas line regula-
tors have longer delays. The response time of a substation regulator (controller time
setting + time delay of the executable mechanism) should be smaller than the time
delay setting of a line regulator.

In case of switched capacitors, coordination is not needed if capacitor controllers
are responding to non-electrical parameters such as time or temperature. In any other
case, the capacitor controllers are coordinated with LTC controllers, they have the
longest time delay. Capacitors connected to the same feeders are mutually coordinated
too (the downstream capacitor has a shorter time delay than the upstream capacitor).

8.4 Centralized VVC

The complexity of voltage and reactive power control in modern distribution systems
limits the capabilities of local automatic controllers explained in the earlier section.
The settings and parameters of the local controllers are calculated mainly using offline
studies. Because of the diversity of the actual operating conditions resulting from the
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changes in power demand and network configuration, it is not feasible for such an
approach to provide effective settings for all conditions.

Additionally, coordination problems exist with conventional voltage and VAR
(Volt/VAR) controls. To avoid oscillations in the VVC in the same feeder (group
of connected feeders), compromises are typically made in the choice of controller
settings, their bandwidth, and their time delays. These compromises reduce the effi-
ciency of the localized VVC functions. Also, using only local measurements without
considering the rest of the system, the global Volt/VAR optimization is unattainable.

Centralized voltage and VAR control became one of the most desirable distri-
bution automation functions starting in the 1980s [4], with varying levels of interest
through time [5]. It began as centralized capacitor control management which is still
widely used separately from voltage control function. The Cooper’s capacitor control
can serve as an example of such system that became popular in the industry [6].

One of the main reasons behind centralized capacitor control (VAR dispatch)
systems is the requirement from transmission systems to keep the power factor at the
feeder heads (the point at which the distribution feeder is connected to the transmis-
sion system) and/or substation transformers close to unity. Supervisory control and
data acquisition (SCADA) systems covering distribution systems supply substations
including feeder heads make the feeder head power factor visible to both transmis-
sion and distribution systems operators. The development of low-cost radio–based
one-way communication link to switched capacitors triggered the implementation
of centralized capacitor controlled systems. Nowadays it is not uncommon to have
two-way wireless communications to the capacitors.

In parallel, centralized voltage control, independent from capacitor control, was
being developed under SCADA operations too. The voltage control function uses
SCADA capability to control LTC taps, and communication links to measure voltage
at the feeder ends where voltage was expected to be the lowest.

The development of advanced distribution system SCADAs, which cover not
only supply substations but also remote telemetry units (RTUs)/intelligent electronic
devices along the feeders, leads to the creation of distribution management systems
(DMS), closely integrated with SCADA. One of the DMS functions is optimal VVC.
This real-time control function can be rule based, but it can be based on other DMS
network applications such as Topology Processing, Distribution State Estimator, and
Distribution Power Flow (Section 8.7).

Centralized VVC function allows the following capabilities to become
feasible [7]:

● Voltage and capacitor controllers respond in coordination to changing sys-
tem conditions (time-dependent loading and grid topology due to feeder
reconfiguration).

● VVC can have different objectives depending on requirements and conditions.
● The goal of the VVC is to be optimal at the system level not just at the local level.

The primary objective of any VVC is to keep the distribution grid voltage within
the permissible limits as prescribed in the standards and, to a lesser degree, to meet
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loading constraints. The limits of power factor at the feeder heads and/or substation
transformers are considered as additional constraints.

As long as the primary objective is satisfied, secondary objectives may be selected
(e.g., minimization of power demand or power loss). From an operational stand point,
it is desirable to attain the objective in the least possible number of control actions
(steps) starting from the current status. The simplest optimization objective is to
remove the constraint violations within the system.

All secondary objectives use the physical characteristics of the load to change the
consumed power (energy) by adjusting the voltage. Power system analysis typically
describes customer load using the ZIP model which represents every load as a com-
bination of constant power, constant impedance, and constant current. For example,
any residential load can be represented as a combination of all three components—
constant impedance (lighting), constant current (electronic devices), and constant
power (electrical motors):

P =
(

V 2

V 2
nom

ZP + V

Vnom
IP + PP

)

Pnom (8.6)

where ZP + IP + PP = 1, Pnom is active power consumption under nominal voltage
Vnom, V is actual voltage.

Reactive power consumption can be described by a similar equation as (8.6) but
with different values for ZIP factors:

Q =
(

V 2

V 2
nom

ZQ + V

Vnom
IQ + PQ

)

Qnom (8.7)

where ZQ + IQ + PQ = 1, and IQ is often negative. The reactive power load model
lacks physical meaning. Even constant P consumers such as synchronous (inductive)
motors have Q consumption dependent on voltage.

The dependences of P and Q on voltage are approximately shown in Figure 8.11:
monotonous direct line for P and parabola for Q [8,9]. The lowest point of the parabola
representing Q corresponds to voltage (0.7–0.85) per unit. If the voltage drops below
this value the load starts to increase the consumption of reactive power which can cause
voltage collapse. However, distribution systems operate in the limits defined by the
voltage standard: not more than +5% and −10%. In this range, both P and Q have
monotonous dependence on voltage with Q having a steeper dependence. This fact is
important for understanding and predicting VVC actions for different objectives.

The most typical VVC objectives are:

● Power demand minimization: The demand is measured at the feeder heads or
at the transformers in the supply substation. Actually, it is the sum of customer
demand (loads) and power losses. As it follows from (8.6) and (8.7) for loads close
to constant Z and I, this objective leads to voltage reduction. However, for loads
close to constant P, current decreases with voltage increase and demand reduction
is achieved only through power loss minimization. The objective function can
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Figure 8.11 Typical load active (P) and reactive (Q) dependence on voltage

be expressed as the sum of voltage-dependent demand and losses which are also
voltage dependent.

PDem =
∑

Pi (V ) + �P (V ) (8.8)

● Power loss minimization: sum of copper and no-load losses in lines, transformers,
and capacitors:

�P =
∑

Rij

P2
ij + Q2

ij

V 2
i

+
∑

GjV
2
j (8.9)

Loss minimization in distribution systems is usually accomplished by voltage
reduction. It is different in transmission systems where it is achieved by increasing
the voltage. The reason behind this discrepancy is the dependence on voltage of
distribution loads as opposed to transmission loads which are considered as constant
power loads.

Power loss minimization seems to be the most trivial text book objective. How-
ever, its practical implementation is very challenging. Power losses in the distribution
system are not trivial to measure as most lines do not have adequate measuring devices.
They can be calculated for some parts of the grid (using power flow) and estimated for
the rest. This calculation has never been considered reliable, and it cannot be easily
verified.

What can be verified is energy loss—difference between energy through the sup-
ply substation and the energy sold to the customers. Substation active power flow is
practically measured by the SCADA system instantaneously. Sometimes, there are
energy measurements available at the supply substations which measure the energy
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once in every few minutes. The critical item is the periodicity of the customer meter
readings of consumed energy. Advanced metering infrastructure (AMI) provides inter-
val energy measurements in intervals of minutes. This just allows the calculation of
a ratio of energy sold to energy bought over a period of time. This ratio is also used
to estimate power losses [10].

For all practical purposes, power loss minimization can be achieved through
a different objective, by ensuring unity power factor. Keeping power factor along
the whole feeder close to unity leads to the elimination of reactive power flow and
related active power losses. Switchable capacitors along the feeder can accomplish this
objective reasonably well and significantly decrease active power losses. An additional
reduction can be accomplished by adding coordinated voltage control: increasing
voltages for constant power loads or decreasing voltages for constant admittance loads.

There are other objectives used by centralized VVC in some relatively rare cases.

● Maximization of generated reactive power (transmission VAR support): In this
case, the reactive power flow from the distribution to the transmission system is
maximized by switching on distribution feeder capacitors. The reactive power at
the primary side of substation transformers is typically directly measured. The
generated reactive power comes from the capacitors which are considered to be
negative for the purpose of calculation while the consumption (loads and losses)
is considered positive as shown in (8.10):

Qgen = abs

⎡

⎣−
∑

Caps

Qj(V ) +
∑

Load

Qi(V ) + �Q

⎤

⎦ (8.10)

This objective is used when transmission system has a deficit of reactive power.
The challenge of this objective is probable voltage increase along the feeder
because of capacitors, which is eliminated by reducing the voltage by using
voltage regulators.

● Profit maximization: In this case, the difference between energy sales and pri-
mary cost of the energy (the cost of production or the price of purchased energy
from another producer) is maximized:

Profit =
∑

PLoad
i CLoad

i −
∑

Pinjected
j Cprime

j (8.11)

Where PLoad
i and CLoad

i represent load and energy price (price of energy sold) for the ith

customer; and PInjected
j and CPrime

j represent injected power and its cost at substation j.
In order to clarify the meaning of equation (8.11), let us assume that energy price

is the same for all customers, and prime cost is the same for all substations. In this
case, (8.11) can be rewritten as:

Profit = PLoad(CLoad−CPrime) − PLossCPrime (8.12)

where PLoss = Pinjected − PLoad is total power loss.
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From (8.12), it follows that profit is determined by total load power, total power
loss, customer energy price, and primary cost. Because both load and loss depend on
voltage, revenue can be optimized by the VVC.

8.5 Centralized VVC modes of operation

Centralized VVC can be implemented in two different ways:

● VVC blocks local controllers and directly changes LTC tap positions and
capacitor switch statuses.

● VVC changes settings of the local controllers, which, in turn, changes tap
positions of LTC or execute capacitor switching.

The first approach—blocking local controllers—was widely used by VVC when
local controllers did not allow changing settings remotely or were not reliable. Modern
local controllers do not have any constraints to be operated remotely and the second
approach is now widely used in the industry to control LTCs. However, capacitor
switching is still often executed by VVC directly. Capacitor local controllers operated
by time of day and temperature can easily be blocked; however, changing their local
controller settings can cause them to fall out of synchronization with the rest of
capacitors and it is not usually done.

It is always assumed that centralized VVC is running periodically responding
to the changing demand. The periodicity is typically between 5 and 15 minutes.
In addition, VVC can be executed manually or triggered automatically by an event
(circuit breaker tripping, loading above threshold, etc.).

Centralized VVC can be executed in two different modes: advisory mode and
closed loop mode. Both modes use real-time measurements, and their solutions can
be implemented in the field. However, advisory mode requires user’s review and
approval before implementation. Closed loop executes control actions automatically.
This change from advisory to closed loop should not be taken lightly. During review
in advisory mode, the user’s experience may lead to excluding low effective control
actions and changing the order of execution. Replacing an experienced operator by
an automated sequence of execution as is done in closed loop is an additional step
included in the VVC closed loop solution.

Closed loop mode of VVC execution is actually the only mode used for everyday
operations in the distribution systems. The operator may be included in VVC only
in some very rare cases. The closed loop mode should satisfy all requirements that
guarantee a reliable execution both in normal and abnormal conditions:

● No violations on the intermediate steps when a few control actions are executed
consecutively as part of the same optimal solution (e.g., when an LTC moves
voltage down, no violation should occur before a capacitor is switched ON).

● The solution is implemented only if objective function improvement is above a
certain threshold; i.e., low effective control actions are not implemented.
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● VVC reruns automatically if any control action has failed during execution (com-
munication error, local devices failure, capacitor fuse is melted) and failed
equipment is excluded from the rerun execution.

● Verification of the implemented control actions: directly through two-way
communication and indirectly through monitoring change in the real-time
measurements.

● Implementation of delay of VVC control actions in transient system conditions
(change of the measured values occurs faster than expected).

● Heartbeat functionality for local controllers included in VVC: the controller is
automatically switched to default setting if VVC does not send any command for
a time period longer than a predefined value.

It should be pointed out that modern voltage regulator controllers have heartbeat
as part of their functionality [6]. In addition, voltage regulator controllers have min-
imum and maximum voltage limits values. All these features enhance the reliability
of closed loop execution.

VVC is never solved for the whole distribution system in one single step. It is
solved per subsystem, where each subsystem is usually the electrically connected
part of the grid supplied from the transmission system through the same substation
transformer. Subsystems are typically radial but may be weakly meshed. A simplified
flowchart of closed loop VVC is shown schematically in Figure 8.12.

VVC
triggering 

Periodic time
cycling

Grid event

On demand

Select distribution grid subsystem
(based on current topology)

Read real-time
measurements

Read electrical
parameters

VVC optimization: determines the list of control
actions that improve the objective function

Dropping ineffective actions and checking
intermediate steps for violations

Dispatching list of control actions to the field
devices

Verify executed
control actions

Rerun
needed?

Exit

Figure 8.12 Closed loop Volt/VAR control simplified diagram
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List of control
actions

Figure 8.13 Rule-based VAR dispatch system—data flow

8.6 Rule-based voltage control and VAR dispatch

The most common implementations of centralized VVC systems (voltage control and
VAR dispatch) are rule based. The control actions follow a set of predefined rules
determined by engineering, planning, and analysis. The algorithms are simple and
transparent for operations personnel to follow. Rule-based VVC is a good option in
part of the distribution systems where voltages and reactive power can be measured
and monitored by operators (e.g., values at feeder heads measured by SCADA). Their
control actions are effective in extreme cases—peak and light loading.

The data flow of a VAR dispatch system, which uses SCADA measurements
on the feeder heads and wireless (radio) link to control the capacitors, is shown on
Figure 8.13. The mapping of capacitors to feeders and their sequence within the
feeder is also required. The source for these data is typically from the geographical
information system (GIS) or the feeder electrical diagrams if GIS is not available.

A typical set of control rules for VAR dispatch system may look as below:

● All capacitors are switched OFF at midnight (any time between 0 and 4 am);
● Only one capacitor per feeder is switched ON or OFF in the same set of switching

actions;
● Switching action success/failure is verified through the change in reactive power

flow at the corresponding feeder head/phase;
● Capacitor current status is monitored, and the status and switch action are stored

by the VAR dispatch system documenting the capacitor was switched ON/OFF
with a timestamp indicating the time;

● Capacitors are switched ON/OFF based on the feeder head P and Q values and
on power factor requirements.

Let us consider an example showing how capacitor switching rules can be imple-
mented for a feeder with two switch capacitors (Figure 8.14). It is obvious that both
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Figure 8.14 Feeder with two switchable capacitors

Table 8.1 Capacitor statuses depending on feeder loading

Number Feeder loading and power factor Capacitor 1 Capacitor 2

1 Peak loading, cos φ lagging < limit ON ON
2 Light loading, cos φ leading < limit,

Q flow < QC1, Q < QC2

OFF OFF

3 Medium loading, cos φ lagging < limit,
Q > QC1, Q < QC1+QC2

ON OFF

4 Medium loading, cos φ lagging < limit,
Q < QC1; Q > QC2

OFF ON

capacitors are ON during peak loading time, and both capacitors are OFF in light
loading period (cases 1 and 2, Table 8.1).

Cases 3 and 4 of medium load in the feeders are common in the real world. Both
cases require only one capacitor to be ON: capacitor 1 in case 3 and capacitor 2 in
case 4. However, transitioning the capacitor controls between these cases is not trivial.
During the capacitor transition from one state to the next, the capacitors inevitably
will be both ON or both OFF which may by itself be the cause of voltage violations.
In the case when both capacitors are ON, high-voltage violations may happen. In case
when capacitors are OFF, low voltage violations are possible.

Centralized voltage control is not as widely used as centralized capacitor control.
It is used only when the number ofVRZs is more than one (e.g., substation transformer
with LTC and SVR along the feeder), and there are communication links to the voltage
sensors monitoring the maximum and minimum voltages along the feeder.

The practical need for integrated voltage and VAR control may be illustrated by
the following example. Consider a feeder with a voltage regulator at the feeder head
and a switched capacitor in the middle of the feeder (Figure 8.15). In the medium
loading conditions, voltage along the feeder is inside the allowable limits, but the
power factor at the feeder head is not. Switching the capacitors ON corrects the
power factor issue but leads to high-voltage violation. The high-voltage violation can
be prevented if the voltage regulator decreases its voltage setting.

As it can be seen from Figure 8.15, coordinated VVC makes the voltage at the
two ends of the feeder closer to the nominal value by switching the capacitor ON and
turning the regulator down.

Integrated voltage and VAR control can be rule based. However, most integrated
VVC systems are power flow based and are integral part of SCADA-based DMS.
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Figure 8.15 Switching capacitor requires voltage regulator down

8.7 Power flow–based VVC

VVC as a single function, integrated in SCADA/DMS, provides a mathematically
accurate optimal solution. Based on Distribution System State Estimator (DSE) solu-
tion as an input and power flow as an internal tool used by the optimization engine
to evaluate possible control strategies, the VVC allows a wide choice of objectives
which can be optimized with high mathematical accuracy.

The optimal Volt/VAR solution, as any other optimization problem, may be found
as the extremum of a specially constructed analytical function. In some implemen-
tations the control actions which are inherently discrete (reactive power generated
by the capacitor bank and LTC voltage increments) are treated as continuous vari-
ables. The solution is then discretized at the optimal point after a continuous solution
is found. This process can skew the solution especially when large bank sizes
are involved and voltage constraints limit the LTC capabilities. That is why dis-
crete optimization methods suitable for nonlinear objective functions and inequality
constraints (multistep discrete programming search) are more typically used
for VVC.

An additional problem comes from solving the distribution systems power flow
(DSPF). Even when solving each subsystem independently, the DSPF deals with
an electrical grid which is structurally asymmetrical having unbalanced load (forc-
ing a three-phase power flow model) resulting in a system of a few thousand
nonlinear equations. Reliable convergence of the DSPF iterative process while deal-
ing with inaccurate actual data is accomplished by adding heuristic rules that are
incorporated into the power flow algorithm. Because of this, the power flow equa-
tions are typically not integrated in any analytical model used for practical VVC
optimization.
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VVC integration in SCADA-based DMS, running DSE, provides the VVC
following features which are difficult to achieve otherwise:

● Correct topological model based on SCADA switch statuses is verified by real-
time measurements.

● Real-time measurements are verified for consistency and feasibility through the
topological model and DSE.

● Distribution transformer loads are adjusted based on real-time measurements.
These loads serve as inputs to power flow used for VVC.

● The voltage drop in the secondary distribution can be simulated based on trans-
former loading using power flow (in case of no measurement is available in the
secondary distribution which was common before the advent of AMI).

● The global optimal solution includes both voltage and VAR controls.
● The execution of control actions can be monitored through SCADA functionality.
● VVC is triggered again if any action fails and a new solution is found excluding

devices with failures.

In a typical VVC optimization algorithm the DSE solution is used as an input.
Then, a power flow solution determines the values of all relevant variables together
with an initial objective function (IOF) value. This solution is used as a starting point
for optimization. The optimization engine determines the sets of control actions which
may improve current objective function. Power flow is used to test the effectiveness of
the control actions. When the optimization engine cannot find a better set of controls,
the IOF is compared with the optimal value of the objective function at this point.
If the difference is above a threshold, the final set of controls (list of optimal LTC
settings and capacitor bank statuses) is prepared for execution by SCADA.

The most time-consuming part of such algorithms is solving the power flow. Even
if the optimization is done per subsystem, consisting of a single feeder or a group of
electrically connected feeders, the power flow model may easily include more than a
few thousand nodes (one feeder may supply up to 500–700 distribution transformers).

The fact that helps to reduce the power flow execution time is that the network
topology remains unchanged. Both radial (forward/backward sweep technique [3])
and meshed network power flow (nodal admittance matrix [11] or loop impedance
matrix [12]) methods use preordering and matrix factorization which for an unchanged
topology can be done only once and saved and reused. The VVC actions are taken into
account by representing the effect of the control action by fictitious compensating
injection currents instead of changing the impedance or admittance which would
require refactorization of the system matrices.

In case of switched capacitors, the compensation current is directly calculated as
JC = V (�Y ) where �Y is a negative (positive) admittance of the additional capacitor
banks which were switched ON (OFF).

In the case of LTC transformers, simulating the change in the transformer tap
positions by using compensation currents are calculated as follows. Consider the
transformer, connected between buses and K and M, with an initial tap ratio t and a
physical admittance Y (Figure 8.16(a)). Admittances, which simulate no-load losses,
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Figure 8.16 Transformer with tap ratio “t”(a) and its model indirectly representing
“t” (b)
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Figure 8.17 Figure 8.17: Transformer with new ratio T (a) and its equivalent (b)
which schematically is the same as on Figure 16(b) but with fictitious
currents making (b) electrically the same as (a)

are not shown, because they do not affect the model. This transformer is described by
a � model with indirect representation of the transformer tap ratio (Figure 8.16(b))
by its series and shunt admittances.

When the transformer tap ratio is changed from t to T = t + �t (LTC moved
to new position), the transformer model changes as shown in Figure 8.17(a). In this
case, the corresponding matrix should be refactorized. Another way to simulate the tap
positions change that does not require refactorization is to modify the model shown
in Figure 8.16(b) by adding fictitious injection currents as is shown in Figure 8.17(b).

The fictitious injection currents IK and IM are determined by enforcing the con-
dition that systems 8.17(a) and 8.17(b) are equivalent. In other words, under the same
voltages VK and VM , currents in nodes K and M are equal in both systems:

VK (1 − T )Y + (VK − VM )TY = VK (1 − t)Y + (VK − VM )tY + IK (8.13)

VM (T − 1)TY + (VM − VK )TY = VM (t − 1)tY + (VM − VK )tY + IM (8.14)
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Solving (8.13) for current IK and (8.14) for current IM leads to (8.15) and (8.16),
respectively:

IK = −VM Y�t (8.15)

IM = ((2t+�t)VM −VK ) �tY (8.16)

8.8 Advanced metering infrastructure as voltage monitoring tool

AMI completely changed secondary distribution system—a part of the distribution
system which has never had real-time measurements [13]. AMI provides real-time
observability of the customer service delivery points: outage alarms, energy consump-
tion, voltage measurements, and voltage violation alarms. It fully changed the quality
of voltage control in distribution system. Until the implementation of AMI, most
real-time VVC solutions estimated or simulated the secondary distribution system.

The main goal of advanced meters was to measure and record usage data at rela-
tively short time intervals (hour or less), and to provide usage data to both consumers
and energy companies at least once every 24 hours. Advanced meters can now also
provide voltage information in the form of alarms and analog values. A voltage alarm
is a discrete message (single bit) indicating that the meter voltage is below its low
limit or above its high limit for a predefined period of time (30–120 seconds). The
actual AMI voltage limits are set as part of the meter configuration. Both voltage
limits and measurement interval values are meter configurable parameters which are
typically set to be equal for groups of meters serving the same type of customers. In
real time, only a discrete message is sent as the limits are violated.

More elaborated advanced meters can provide direct voltage measurements. Inte-
grated in AMI, these meters may provide almost real-time voltage measurements at
the expense of more bandwidth and infrastructure. Voltage measurements from AMI
meters require more communication bandwidth than voltage alarms which can be
transmitted in real time as digital signals taking up very limited bandwidth. Because
of this, the utilities use a limited number of real-time voltage AMI meters. They are
called bellwether meters. In spite of the fact that bellwether meters provide limited
observability of the secondary distribution, they are very important in determining
the trend in the voltage change.

Both bellwether AMI voltages and voltage alarms are integrated in the modern
centralized VVC systems. As a result, AMI provides observability of the voltages in
the secondary distribution system. Before AMI, secondary distribution voltages were
calculated based on measurements taken from the primary distribution system. It
should be emphasized that voltage standards are enforced at the service and utilization
voltages which lacked visibility before AMI.

8.9 Voltage control and demand response

Demand response (DR) has a long history of being used by utilities for peak-load
reduction and emergency control (overload relief through load control). Advances in
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communication (AMI), load metering and load control Home Area Network (HAN)
and Building Energy Management Systems (B-EMS) have made DR more reliable and
predictable. As a result DR is now included in the USA government energy policy: the
US Congress, as part of the Energy Independence and Security Act (EISA), required
the Federal Energy Regulatory Commission to develop a National Action Plan for
DR [14].

Practical implementation of a coordinated DR for reducing the electricity con-
sumption responding to operational requirement or market need is not a trivial
task [15]. In addition to engineering constraints, it requires customer engagement.
Among other tasks, it involves the creation of DR programs (agreement between DR
aggregator and customers). Customers need to be incentivized to enroll in these
programs, and participate in the programs when an event is called. In addition,
customers that participate in DR are paid, and these payments increase the cost
of DR.

Conservation voltage reduction (CVR, which is an established terminology but
dispatchable voltage reduction (DVR), is more correct term), which is the reduction of
power demand and energy consumption resulting from changing (typically decreas-
ing) the feeder voltage [9], is a type of DR that does not require direct customer
participation. The advantage of CVR is the possibility of a wide implementation of
DR for the whole feeder/ substation, not just for a priory selected group of consumers,
without customer involvement. CVR provides both demand (power) and energy reduc-
tion estimated to be approximately 0.5–4% of the load depending on the type of load
in a specific feeder [9]. Operations personnel uses approximate load reduction esti-
mates based on the ratio that a 1% voltage reduction produces a demand reduction of
1% and an energy reduction of 0.5%.

Dependence of consumer demand (load) on voltage has a complex characteristic
(see Section 8.4 on power to voltage dependence), but from a CVR stand point, it may
be divided into two classes: loads without a thermal cycle and loads with a thermal
cycle [9]. Loads without a thermal cycle can be described through ZIP model. Thermal
cycle loads have a varying duration of the cycle depending on the voltage value and in
a simplified manner can be described as constant energy loads: lower voltage means
less power demand but longer duration. Examples of loads with a thermal cycle are
Heating, Ventilation, and Air Conditioning (HVAC).

The fact that voltage reduction decreases both demand and energy consumption
for the majority of the loads with exception of HVAC and synchronous electrical
motors is well known in the power industry. The CVR is not a new technology and
has been effectively used since the mid-seventies.

From an algorithm stand point, CVR is similar to centralized VVC with the
objective of demand minimization, but it is much simpler. In CVR the direction of
voltage change is predefined. Preliminarily studies remove from CVR those feeders
with predominately constant power loads where voltage reduction does not lead to
demand reduction. The goal of CVR control is the biggest load reduction without
violating voltage limits.

Switchable capacitor control is typically coordinated with CVR solution by keep-
ing power factor at the feeder head and along the feeder close to unity but leading, not
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lagging. Leading power factor increases voltages at the feeder electrical ends creating
room for general voltage reduction along the feeder (Figure 8.9).

AMI revolutionized the nature of the CVR. Available in almost real-time, mea-
surements from the customer service delivery points make it possible to achieve deeper
voltage reduction and higher demand/energy saving without customer voltage viola-
tions and using much simpler algorithmic solutions. A typical AMI-based CVR has a
lot of emphasis on how to combine SCADA measurements and AMI measurements
in one solution.

The stochastic nature of the small customer consumption, the wide variety of
the distribution grid operating conditions, and the unbalanced phase loading, theo-
retically require having at least one bellwether meter at each distribution transformer,
which is practically impossible. It is also impossible to find the meter points with
the lowest voltage point under every loading/topological condition. That is why bell-
wether meters are combined with alarms from other AMI meters. The number of AMI
meters reporting voltage alarms is typically high. Bellwether meters show trends and
voltage alarms alert under voltage violations.

Bellwether and AMI Alarm meters are installed in each VRZ per phase. Voltage
alarms received during CVR allow for corrective actions preventing actual voltage
violations. The AMI meters sends an alarm signal identifying which alarm (high or
low) was violated. The voltage alarm signal does not contain the voltage value.

Voltage alarms serve as indicators of the lowest/highest voltages in the distribution
grid. The capability of the AMI communication to change the voltage alarm settings
remotely allow to identify the “worst” grid areas without actually violating customer
voltages. The electrical connection between the AMI meter and the corresponding
distribution transformers and feeders is always visible to the operational personnel
through GIS, Outage Management System (OMS), or DMS.

8.10 VVC performance

The performance of any centralized VVC system is of great practical interest for
the distribution utility company (owner of the grid). Statistical reports showing the
performance of the Volt/VAR function (referred to as VVC performance numbers) are
needed for operational control (to estimate change in loading), for economic studies
(to calculate benefits), for reducing power and energy losses among others.

The methodology for calculating the VVC effectiveness is not well established in
spite of the fact that it is based on a simple idea [16]. The value of the objective function
when VVC is running should be compared to the value of this objective function when
VVC is not running under the same loading and topological conditions. The objective
function may be measured directly or calculated based on real-time measurements.
The performance is the difference or ratio between these two values.

Real-time VVC, which controls LTC taps and capacitor statuses, affects power
system real-time conditions. Now, for a given time period, there can only be either of
the two options—(a) VVC is being executed and (b) VVC is not being executed. If
VVC is being executed (say), then we can measure the values of different parameters
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directly thereby directly calculating the value of the objective function. However, for
the same time period, it is impossible to measure the values of the same parameters
whenVVC is not running (as these two events, VVC running andVVC not running, are
mutually exclusive to each other). Therefore, for the same time period, the value of the
objective function can only be indirectly estimated or calculated (through simulation
studies) by making some assumptions on grid conditions (such as LTC tap positions
and capacitor statuses) when the VVC is not running.

There are different approaches to resolve this ambiguity of collecting two sets
of data when one set is measured and the second is simulated based on these mea-
surements. For example, it is possible to use similar load pattern days: one set of
measurements is taken on the day in which VVC is running and another set of mea-
surements is taken on a day without VVC with the same topology and approximately
the same loading condition. It is also possible to differentiate demand changes due
to VVC actions from the demand change due to the natural time dependency. This
can be achieved by using data from a subsystem where demand is well correlated
with the subsystem under consideration, but VVC is not running. For example, if the
substation has homogenous load structure, then another bus section of this substation
can be used to monitor the natural time dependent changes of load levels to compare
them to the load levels of the bus section where VVC was implemented.

Calculating the performance of CVR has its own methodology based on regular
DR event performance calculations. Voltage reduction is a type of DR, which has a
well-developed methodology for calculating performance. The reasons for this are
both technical and economical. First of all, DR events run only for a limited time,
whereas VVC can run during 24 hours, 7 days a week. Second, DR participants are
often paid based on their performance during DR events.

The DR event performance is calculated based on customer baseline (CBL). The
baseline is the amount of electricity which the customer would have consumed on this
day and time under normal conditions (including no participation in the DR event).
The actual customer demand and energy during a DR event is measured by AMI
meters. DR performance (demand and energy reduction) is the difference between
the baseline and actual consumption.

There are several common techniques for calculating CBL, e.g., day matching,
statistical regression analysis, and rule based. In day-matching approach, historical
data for the same day type but without a DR event is used to estimate consumption
without DR event.

In the statistical approach, day types based on weekdays are introduced following
the observation that power consumption has a periodicity that depends on the day of
the week. For groups of small customers (residential, small commercial, etc.) or big
consumers the consumption has a stable weekly periodicity. Baselines are calculated
per day type.

The power industry traditionally assumes that according to their consumption
pattern, the week day types may be divided into Monday, Tuesday through Thursday,
Friday, and Saturday and Sunday. Holidays are usually represented as Sunday but can
also be considered as a separate type. Each day of the week is often represented by
an individual day type.
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Figure 8.18 CVR event performance (measurements and baselines)

The statistical baseline of a specific day type is updated every time new mea-
surements are available. The most common baseline calculations are based on linear
regression (exponential smoothing):

Baseline(d,j) = Baseline(d,j) × (1 − α) + Consumption(d,j) × α (8.17)

where α is a smoothing factor in the range of 0–1; Consumption (d, j) is measured
energy consumed for day d, hour j.

Typical consumption patterns for the day (baselines) can be different from the
actual measurements taken on the day of a CVR event. As a result, before using
baselines for performance calculations the baselines are adjusted for the conditions
of the particular day of the event. The adjustment consists in determining the dif-
ference between the baseline and the actual customer load before DR event started
(morning adjustment) and adjusting (scalar or additive) the baseline values based
on this difference (Figure 8.18). The difference between adjusted baseline (green)
and actual consumption (red) is the achieved demand reduction used to calculate the
performance of the event.

When computing baselines per feeder, there is an issue with load changes due to
feeder reconfiguration. Depending on how often the topology changes, it may not be
always possible to build a baseline per feeder or group of feeders (feeder head busbar)
sharing a common voltage regulating device based on aggregating all the customer
meter baselines. To solve this issue, sometimes, feeder baselines are built for normal
topology only, where the same set of customer meters is supplied through the same
feeder.

However, for an operational zone or for the distribution area of a small/medium
utility, the supplied set of customer meters does not depend on the grid topology.
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The same set of customers simply can be supplied through different electrical paths
defined by the electrical topology, but the overall set remains constant. Because of this,
the baselines for zones or entire utilities are meaningful and their voltage reduction
performance can be calculated.

Substation transformers and feeder heads have measurements of active power
(voltage, current, and power factor) typically coming from RTU through SCADA.
Substations may have interval energy meters too. It means that the power/energy
measurements required for baseline calculations are available.

8.11 Impact of distributed energy resources

Distribution systems are designed assuming that the supply substation is the primary
source of electrical power in spite of the fact that small-capacity distributed gener-
ators have always been connected to the feeder. The recent increase in the capacity
level of DG, penetrating some distribution systems, impacts both voltage regulation
and capacitor switching. A detailed compilation of the system issues which may be
encountered as DG penetration increases in distribution system is presented in [17].
The graph shown in Figure 8.19 presents a simplified illustration on how the presence
of DG impacts the voltage profile along the feeder.

In case 1, the feeder is fully supplied from the substation and the SVR installed
at the feeder head sets the voltage along the feeder. In case 2, the feeder is sup-
plied both from the substation and from the DG. The active power flow at the
SVR location is still fed from the substation (forward flow), and the SVR con-
trols the voltage of the feeder until the flow is reversed and the loads are supplied
from the DG. Downstream from this flow division point, the DG sets the feeder
voltage.

In case 3, the DG supplies power for the whole feeder and changes flow direction
through SVR. As soon as SVR flow is reversed, the SVR cannot regulate voltage
at the same bus as before. Any transformer/autotransformer regulates voltage in the
direction of the current, which is typically the same as direction of the active power
flow. Most SVR local controllers monitor the direction of active power and automati-
cally change the mode of operation from forward to reverse when the flow direction is
changed. In the reverse mode, SVR can regulate voltage on the opposite bus (in case
shown on Figure 8.19—the substation bus bar) or be blocked. The SVR, connected
to the substation directly, should be blocked in the reverse mode because substation
voltage is regulated by transmission system. As a result, feeder voltage profile is set
by DG only.

If DG has the capability to regulate voltage and reactive power, the feeder may
have a normal voltage profile through DG VVC system. Until now, only traditional
type DG (synchronous generator) could regulate voltage and reactive power (through
the DG’s excitation system and also by generating or consuming reactive power) which
allowed them to support the feeder power factor.

Renewable generation sources—wind, solar, batteries—have limited technical
capabilities to regulate voltage and reactive power. Connection of the wind generators
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and photovoltaic (PV) panels to the AC grid, which is operated at constant frequency,
is not a trivial task. Wind generators are induction (asynchronous) machines which
consume reactive power. Capacitors are often used to compensate reactive power
consumed by wind generators. Wind generators do not have constant speed of the
turbine and therefore do not generate power at constant frequency. Typically, their
power is converted in DC and supplied through an inverter, which transforms it to the
required frequency AC. Solar PV panels produce direct current power. Any voltage
or reactive power support is accomplished through the inverter.

Both wind and PV may be integrated into big generation farms having sophis-
ticated inverter systems which can change voltage and both consume and generate
reactive power. This solves the VVC problem. However, this type of generation farms
is typically connected to the transmission network and not to the distribution systems.

Distribution systems are dealing with an increasing number of wind generators
and PV panels, owned by small consumers (residential and commercial). They typi-
cally have a capacity of single-digit kilowatt, and are connected to the customer service
delivery points (secondary distribution). These generation assets usually operate at
unity power factor to maximize revenue and do not have any Volt/VAR regulation
system. Utilities limit the percentage of solar and wind power per feeder/substation
to avoid voltage violations.

In addition, small wind and solar generation resources are nondispatchable, as
they produce electricity depending on wind and solar availability. Their peak produc-
tion usually happens when consumption is low (day time for solar and night for wind)
which may reverse the direction of the power through feeder and voltage regulators
and create problems keeping voltages inside acceptable range.
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8.12 About the Authors

The authors of this chapter are both PhD electrical engineers in power systems with
about 65 years of combined industry experience. They started their careers in the
development of SCADA based Energy Management Systems (EMS) which lead them
to the Distribution Management Systems (DMS) and later to Smart Grid.

Both authors were educated in Europe and have practiced in the United States
for more than half of their professional lives. It gives the authors a unique capability
to know both North American and European type distribution systems. The diversity
of distribution systems which does not exist in transmission can be felt across both
its design and operations including voltage control and reactive power compensation.

In this chapter on voltage and reactive power (Volt/VAR) control in distribu-
tion electrical power systems the authors tried to use their practical knowledge and
experience. They are not teaching, but discussing. At the same time, they provide pre-
cise and mathematically strict description of the VVC foundation. Their experience
allowed them to emphasize on the main solutions used in real life rather than the more
theoretical solutions with little industry application.
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Chapter 9

Fault location

Yuan Liao1

9.1 Introduction

Prompt and accurate location of faults in an electric power distribution system can help
engineers quickly identify and repair faulted components, reduce outage time, speed
up system restoration, and thus greatly improve system reliability [1–4]. Fault location
has been an important function in the distribution management system (DMS). Fault
location problem has been a long-standing research topic, and diverse methods have
been proposed in the past depending on different assumptions and simplifications.

Most of the existing methods are impedance-based methods that utilize fun-
damental frequency voltages and currents, which are usually recorded at the local
substation [4, 5]. Additional measurements obtained at other places on the distribu-
tion systems may also be harnessed. Methods may be applicable to radial networks
or applicable to both radial and nonradial networks. Traveling wave theory has also
been employed for fault location. Traveling wave method imposes higher demand on
instrument transformers and recording devices. There are also approaches that exploit
short-circuit simulation studies. In this method, a fault is imposed at a specified loca-
tion in a simulation model of the power network, and simulation study is performed to
obtain simulated quantities, which usually include voltages and currents. The simu-
lated quantities are then compared with actually recorded quantities. Based on certain
criterion, another fault location is attempted to obtain new simulated quantities. The
steps are repeated until the simulated quantities match the recorded quantities. The
quantities can be in time domain or in phasor domain depending on the accuracy of
the instrument transformers and recording devices.

The difficulties of distribution system fault location are attributed to the charac-
teristics of distribution systems including unbalances, existence of laterals, sparsity of
monitoring devices, and uncertainty of network data. Recent developments in distribu-
tion systems have introduced new challenges for this problem. An increasing number
of distributed generations (DGs) including solar and wind power sources emerge in
distribution systems to harness more renewable energy resources. Power flow is no
longer unidirectional as in traditional distribution systems, and becomes bidirectional
depending on the location and outputs of DGs. On the other hand, new opportunities
arise for solving this problem in a better way. Advanced metering infrastructure (AMI)

1Department of Electrical and Computer Engineering, University of Kentucky, Lexington, KY 40506,
Email: yliao@engr.uky.edu
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is being deployed in distribution grids, which will provide two-way communication
between customers and utilities. Consumer load data at a desired time interval, say
15 minutes, will be available to the control room for improved operation, control,
and protection purposes. More protection and monitoring devices including feeder
terminal units (FTUs), digital fault recorders (DFRs), digital relays, power quality
meters, reclosers, and phasor measurement units (PMUs) are being deployed in the
distribution networks to make the network more resilient, reliable, and smarter. As
a result, an increasing volume of data will become available for fault location appli-
cations. The data can be exploited to develop better load model and network model,
help identify faulted segment, and obtain more accurate fault location estimate.

By taking advantage of the increasingly available data, this chapter puts forward
a possible fault location solution that may solve some of the challenges.

9.2 Overall idea of the fault location system

Figure 9.1 depicts the overall structure of the fault location system. The measurement
devices represent any device that can provide analog or status data, which includes

Distribution Management System

Measurement
devices

DG

Load

Fault location system

Substation

DG

Load

…….

Collected information through SCADA, AMI,
and other monitoring systems

Power network
topology

Switching status
Voltage and current

measurements
Load data

Topology processor
State estimator

Figure 9.1 Overall structure of the fault location system
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protection and control devices (e.g., digital relays, reclosers, and intelligent switches),
FTUs, AMI, and general monitoring devices (e.g., DFRs, power quality meters, and
PMUs). The supervisory control and data acquisition (SCADA) system periodically
polls data from the power network or receives data when defined events such as
faults occur. The DMS encompasses a set of functions for operating and controlling
the system. Based on real-time network information, the topology processor/state
estimator is utilized to provide an accurate model of the distribution network for
enhanced fault location [6]. The fault location system may be integrated with a utility’s
SCADA/DMS and other monitoring systems; data exchanges and software interface
definitions, etc., will need to be considered.

The fault location system first identifies the faulted section–based graph theory
and fuzzy logic, and then pinpoints the fault location based on optimization theory
[7]. The network is described by a directed graph or digraph, including vertices and
edges with direction that connect them. The vertices represent the switching points,
and the edges with specified direction represent the feeders between vertices. When
a fault occurs, the current measurements from the vertices across the network will
be sent through the communication system to the fault location system. An efficient
graph theory–based approach is described to identify the faulted section. Once the
faulted section is determined, a general fault location method is put forth to pinpoint
the exact location of the fault. Optimization theory is used in order to make use of
the most of available data.

Distribution systems are equipped with breakers for switching on or off circuits
and breaking the fault currents, and sectionalizing switches for isolating and recon-
figuring the feeders. Feeder automation devices such as FTU controls the status of
the sectionalizing switches and detects fault current and reports the overcurrent status
and direction of the fault current to the control center. Utilization the overcurrent
status and fault current direction obtained from the power network provides a feasible
way for speedy identification of the faulted section. Matrix based on graph theory
establishes the network topology. Then the overcurrent statuses obtained by FTUs are
processed to determine the faulted section [7]. For improved performance, current
quantities instead of switching status, along with fuzzy logic, can be exploited. The
basic principle is similar to differential protection: a section is considered faulted if
the sum of all currents flowing into the section is greater than a threshold. In practice,
various factors such as loading in this area and potential measurement errors need
to be considered. Application of fuzzy logic helps to handle the uncertainties. The
incidence matrix of the network as defined in reference 7 remains the same, which
will be updated according to the real-time topology of the system obtained from
SCADA/DMS. Instead of using a discrete value of 0 or 1 to signify normal current
and overcurrent, the current quantities flowing through the monitored locations will
be utilized to generate the fault vector. In fuzzification step, the actual current value is
transformed to the fuzzy-matching degree based on defined fuzzy membership func-
tions. The matching degree will constitute the fault vector. Then, the multiplication
of the incidence matrix and fault vector is performed to generate the faulted section
identification vector. Existence of an element with a value significantly greater than
zero or a threshold will indicate a faulted section. This procedure can be applied
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to phase current or superimposed phase current of each phase. The method will be
efficient and applicable to systems having multiple sources and simultaneous faults.
Note that a membership function at each current measurement location needs to be
defined considering that the load current will be different at each location.

The basic idea for fault location is presented as follows [4, 8]. A fictitious bus
is added at the fault point. Then the transfer impedance between any bus and the
fictitious bus, and the driving point impedance at the fault point can be obtained as a
function of the fault location. Based on short-circuit analysis theory, the bus voltage
and branch current at any location across the network can be expressed in terms of
the according transfer impedance and driving point impedance. Consequently, the bus
voltage and branch current can be derived as a function of the fault location. Thus,
utilizing measured voltage and current at certain locations such as the local substation
can readily determine the fault location.

To account for the intrinsic unbalances of the distribution system, the distribution
system is represented in three-phase domain, and the phase-domain short circuit anal-
ysis technique is utilized to derive the fault location. Therefore, the presented methods
naturally accommodate any unbalance in a system. The methods are also applicable
to both radial and meshed networks with single or multiple sources including DGs.
Fault location methods for single faults are described first, followed by methods for
simultaneous multiple faults.

9.3 Fault location method that requires fault type

This section presents the fault location method, assuming that the fault type has
already been obtained by other modules [4, 9, 10]. The general idea of the method is
described as follows. Assuming that a fault occurs at a point on a feeder segment, the
transfer impedance and driving point impedance can be obtained, which is a function
of the fault location. The voltage at any bus in the system can be written in terms
of the transfer and driving point impedance, from which the fault location can be
determined.

Derivation of transfer and driving point impedance is provided as follows [8].
Figure 9.2 depicts the one-line diagram of a section of a distribution system, where a
three-phase feeder is assumed. Note that the remaining part of the distribution system
is not shown.

The following notations are adopted. Note that all the voltage and current quan-
tities are phasors. Without losing generality, the following notations assume that each

[Ep] [Er]

[ If ]

[Eq]

p
r

q

Figure 9.2 A section of a power distribution system
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bus consists of three phases; in practices, only those phases present will appear in
the vector.

[.]: designation of a matrix or vector;
n: the total number of nodes of the entire distribution system without counting

fault nodes r1, r2, and r3; each single phase of a bus is considered to be a node.
p, q: buses of the sample feeder. Bus p comprises nodes p1, p2, and p3

(corresponding to three phases), and bus q includes nodes q1, q2, and q3;
r: fault bus, containing nodes r1, r2, and r3;
Ep: node voltage vector, Ep = [Ep1 , Ep2 , Ep3 ]T , with T symbolizing vector/matrix

transpose. Ep1 , Ep2 , and Ep3 are voltages at nodes p1, p2, and p3, respectively;
Eq: node voltage vector, Eq = [Eq1 , Eq2 , Eq3 ]T . Eq1 , Eq2 , and Eq3 are voltages at

nodes q1, q2, and q3, respectively;
Er: node voltage vector, Er = [Er1 , Er2 , Er3 ]T . Er1 , Er2 and Er3 are voltages at

nodes r1, r2, and r3, respectively;
If : fault current through fault resistances, If = [If1 , If2 , If3 ]T . If1 , If2 , and If3 are

fault currents for phase 1, 2, and 3, respectively;
z: the total series impedance matrix of the feeder;
y: the total shunt admittance matrix of the feeder due to shunt capacitances;
m: per-unit fault distance from bus p to the fault point;
Z0: the bus impedance matrix of the entire prefault distribution system in phase

domain, excluding fictitious nodes r1, r2, and r3. Z0 will be of size n by n;
Z0,kl: the element in the kth row and lth column of Z0;
Z : the bus impedance matrix in phase domain of the entire distribution system

including the fictitious fault nodes. Z will be of size (n + 3) by (n + 3);
Zkl: the element in the kth row and lth column of Z ;

In implementation, the fault nodes are numbered as follows: r1 = n + 1, r2 =
n + 2, and r3 = n + 3.

Matrix Z0 can be readily developed. It can be shown that the first n rows and
n columns of Z are identical to Z0, and the other rows and columns of Z consist
of transfer and driving point impedances related to the fault nodes. The transfer and
driving point impedance of Z related to the fault nodes can be obtained as [8]

Zk1r = w−1

(
Zk1p

m
+ Zk1q

1 − m

)

(9.1)

Zrri = w−1

(
Zpri

m
+ Zqri

1 − m
+ zui

)

, i = 1, 2, or 3. (9.2)

w = zy

2
+ u

m(1 − m)
(9.3)

where, Zk1r: transfer impedance between node k1 and fault nodes; and Zrri : driving
point and transfer impedance related to fault nodes, Zrri = [Zr1ri , Zr2ri , Zr3ri ]

T .
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Varying the value of i will yield relevant driving point and transfer impedances.
For example, for i = 1, (9.2) will yield Zr1r1 , Zr2r1 , and Zr3r1 that are the driving point
impedance at node r1, transfer impedances between node r1 and r2, and r1 and r3,
respectively; u: a 3×3 identity matrix, whose ith column is denoted by ui.

It is to be noted that the above equations hold for a single-phase, two-phase, or
three-phase feeder, where applicable. The key point is that the transfer and driving
point impedances are expressed as functions of the fault locations. The fault location
algorithm is presented as follows.

The voltage change due to fault at node k1 is

�Ek1 = Ek1 − Ek10 = −Zk1r1 If1 − Zk1r2 If2 − Zk1r3 If3 (9.4)

where, �Ek1 : voltage change, or superimposed voltage, due to the fault; Ek1 : voltage
at node k1 during the fault; Ek10: prefault voltage at node k1; Ifi : fault current flowing
through the fault resistance out of the fault node ri.

Note again that in (9.4), a three-phase fault is considered. In practice, only the
terms involving relevant phases will appear in the equations. Fault location will be
derived based on (9.5). Methods for single line to ground faults (LG) and three phase
to ground faults (LLLG) will be described here, while methods for other types, line to
line faults (LL), line to line to ground faults (LLG), and three-phase faults (LLL), are
referred to [4, 8].

For an LG fault that occurs at fault node r1, the fault current through the fault
resistance is

If1 = Er10

Zr1r1 + Rf1

(9.5)

where Er10: prefault voltage at fault node r1; Rf1 : fault resistance.
Prefault voltages at fault nodes Er0 can be expressed in terms of the fault location

and the prefault node voltages at bus p and q as follows:

Er0 = w−1

(
Ep0

m
+ Eq0

1 − m

)

(9.6)

where Ep0 and Eq0 are prefault voltage vector at respective nodes, which can be
estimated utilizing prefault voltages and currents at the substation and the feeder and
load impedance.

The voltage change due to the fault at node k1 is expressed as

�Ek1 = −Zk1r1 Er10

Zr1r1 + Rf1

(9.7)

This equation contains two unknown variables, i.e., the fault location and fault
resistance. Equation (9.7) can be separated into two real equations, solution to which
results in the unknown variables. To simplify computation, Er10 may be approximated
by the prefault voltage at bus p or q or k1.
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For an LLLG fault, the fault currents through the fault resistances are given
by [4],

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Zr1r1 + Rf1 + Rg Zr1r2 + Rg Zr1r3 + Rg

Zr1r2 + Rg Zr2r2 + Rf2 + Rg Zr2r3 + Rg

Zr1r3 + Rg Zr2r3 + Rg Zr3r3 + Rf3 + Rg

⎤

⎥
⎥
⎦

−1⎡

⎢
⎢
⎣

Er10

Er20

Er30

⎤

⎥
⎥
⎦

(9.8)

where Er10, Er20, Er30: prefault voltages at fault node r1, r2, and r3, respectively;
Rf1 , Rf2 , Rf3 , Rg : corresponding fault resistances.

The voltage change at the substation nodes can be obtained as

�Ek1 = −Zk1r1 If1 − Zk1r2 If2 − Zk1r3 If3 (9.9)

�Ek2 = −Zk2r1 If1 − Zk2r2 If2 − Zk2r3 If3 (9.10)

�Ek3 = −Zk3r1 If1 − Zk3r2 If2 − Zk3r3 If3 (9.11)

The unknown variable vector is

X = [m, Rf1 , Rf2 , Rf3 , Rg]T (9.12)

Equations (9.9–9.11) can be separated into real and imaginary parts to yield six
real equations. Define F(X ) as a function vector composed of these six equations.
The unknown vector X is obtained as follows:

�X = −(H T H )−1[H T f (Xi)] (9.13)

H = ∂F(Xi)

∂X
(9.14)

Xi+1 = Xi + �X (9.15)

where, i: iteration number starting from 1; �X : variable update; Xi, Xi+1: variable
vector at and after ith iteration; H : is composed of the derivatives of the functions
with respect to the unknown variables.

The feeder shunt capacitances have been modeled based on PI circuit. When the
shunt capacitances are ignored, the computational burden will be greatly reduced and
the solution is much easier to obtain, especially for LG and LL faults [4]. Therefore,
an initial estimate may be obtained by ignoring the shunt capacitances, and then
the result can be utilized as the starting point to find out a more accurate estimate
considering the shunt capacitances.

It is noted that when measurements from multiple sites are available, an optimiza-
tion theory can be applied to improve the reliability and accuracy of fault location
estimation [11].
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When the fault type is provided, the above methods are efficient to derive the fault
location. Sometimes, it may be desirable to design fault location methods that obviate
the fault type information. One possible approach is illustrated below. Without losing
generality, a fault on a three-phase feeder is assumed. By assuming the fault type to be
a three phase to ground fault, the method for the LLLG fault can be used to calculate
the fault location and all the related fault resistances. The fault resistances should be
very large, infinity in theory, for nonfaulted phases. For example, for an AG fault,
the calculated values for the fault resistances related to phase B and phase C will be
very large. Consequently, this method will find out the fault type as a byproduct. An
example is provided below.

The sample nonradial power system shown in figure 4 of [4] is utilized here
for illustrating this concept. For example, for an AG fault with fault resistance of
1 �, fault location of 0.3 p.u. on a feeder section, the results assuming a fault type
of LLLG fault will be: 0.3 p.u. for fault location and 0.1099, 8.8264e4, 2.9349e5,
and 0.8901 � for the fault resistances. Due to the large value of the second and
third fault resistance, it shows that the fault is an AG fault and the fault resistance is
(0.1099 + 0.8901) = 1.0 �. In another example, for an AB fault with fault resistance
of 1 �, fault location of 0.3 p.u., the results assuming a fault type of LLLG fault
would be: 0.3 p.u. for fault location, and 0.9589, 0.0410, 2.0003e5, and 9.3062e4 �

for the fault resistances. This indicates that the fault is actually an AB fault. However,
this method imposes more computational burden than if the fault type is provided and
if the method specifically designed for each type of fault is utilized.

Another fault location method that does not require fault type is described in the
next section.

9.4 Fault location method without requiring fault type

This section presents the fault location algorithm that does not require the fault type
information [12]. Fault impedance is usually resistive and therefore only consumes
real power. A fault location method can be designed based on this. In the following
section, the total complex power consumed by the fault resistances is derived.

Without losing generality, a three-phase fault is assumed as illustrated in Figure
9.3, which is a ground fault. When the impedance zg is removed, it will be a non-
ground fault. In the figure, E1, E2, and E3 are the phase voltages with reference
to a specific point, and E0 is the neutral voltage with reference to the same point.
I1, I2, I3, and I0 are the currents flowing through the fault impedances z1, z2, z3, and zg ,
respectively.

For a nonground fault, the total complex power consumed by the fault impedances
is calculated as

S = (E1 − E0)I ∗
1 + (E2 − E0)I ∗

2 + (E3 − E0)I ∗
3

= E1I ∗
1 + E2I ∗

2 + E3I ∗
3 − E0(I ∗

1 + I ∗
2 + I ∗

3 )

= E1I ∗
1 + E2I ∗

2 + E3I ∗
3

(9.16)
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E1

I1

I2

E3

I3
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z2

z3

E0
E2

zg

I0

Figure 9.3 Illustration of complex power calculation

In the last step of the simplification, the equality identity I1 + I2 + I3 = 0 is used.
In (9.16), the symbol “*” denotes complex conjugate.

For a ground fault, the ground will be the voltage reference point. The total
complex power consumed by the fault impedances is calculated as

S = (E1 − E0)I ∗
1 + (E2 − E0)I ∗

2 + (E3 − E0)I ∗
3 + E0I ∗

0

= E1I ∗
1 + E2I ∗

2 + E3I ∗
3 − E0(I ∗

1 + I ∗
2 + I ∗

3 − I ∗
0 )

= E1I ∗
1 + E2I ∗

2 + E3I ∗
3

(9.17)

In the last step of the simplification, the equality identity I1 + I2 + I3 = I0 is
used.

It is thus proved that the general equation for calculating the complex power
consumed by the fault impedances for any type of fault can be written as

S = E1I ∗
1 + E2I ∗

2 + E3I ∗
3 (9.18)

The fault location algorithm that does not require fault type is derived as follows
[12]. Without losing generality, a three-phase fault is examined. Based on superim-
position theory and the meaning of the transfer impedance, the voltage change due
to the fault or superimposed voltage at any bus k can be written as

�Ek = −ZkrIf (9.19)

where,

�Ek = [�Ek1 �Ek2 �Ek3 ]T (9.20)

Zkr =
⎡

⎢
⎣

Zk1r1 Zk1r2 Zk1r3

Zk2r1 Zk2r2 Zk2r3

Zk3r1 Zk3r2 Zk3r3

⎤

⎥
⎦ (9.21)

If = [If1 If2 If3 ]T (9.22)
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�Ek: superimposed voltage at bus k , which is assumed to consist of nodes k1, k2,
and k3. In practice, only the nodes existing in the system will appear in the equation.

It follows from (9.19) that

If = −(ZT
krZkr)

−1(ZT
kr�Ek) (9.23)

Note that in obtaining (9.23), the pseudo-inverse of matrix Zkr is used because
Zkr may not always be a square matrix. For example, for a fault that occurs on a
two-phase feeder, Zkr will have a dimension of 3×2, necessitating the use of pseudo-
inverse.

The voltage at fault nodes during the fault is given by

Er = Er0 − ZrrIf (9.24)

where,

Er = [Er1 Er2 Er3 ]T (9.25)

Er0 = [Er10 Er20 Er30]T (9.26)

Zrr =
⎡

⎢
⎣

Zr1r1 Zr1r2 Zr1r3

Zr2r1 Zr2r2 Zr2r3

Zr3r1 Zr3r2 Zr3r3

⎤

⎥
⎦ (9.27)

Er , Er0: voltage at fault nodes r during the fault and preceding the fault,
respectively, and T symbolizes matrix and vector transpose.

Based on (9.18), the total complex power consumed by the fault resistances is
calculated as

S = ET
r I ∗

f (9.28)

The fault resistances only consumes real power, so the imaginary part of S is zero

Imag(S) = 0 (9.29)

where, Imag(.) yields the imaginary part of its argument.
Then, Newton–Raphson technique can be utilized to solve (9.29) to yield the

unknown fault location. An initial value of 0.5 can be used. It can be seen from the
derivation that the fault location method is applicable to multisource systems with
DGs. The method is certainly applicable to radial systems. The method requires the
source impedances to be known, which may be directly provided or can be estimated
based on the voltage and current changes due to the fault at the generation sites if
such measurements are available. Similarly, optimization theory can be applied based
on multiple measurements to improve the reliability and accuracy of fault location
estimation.
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Alternatively, if the superimposed voltage at another bus l is available, which
can be written as �El = −ZlrIf , then the fault currents can be eliminated as
(ZT

krZkr)
−1(ZT

kr�Ek) = (ZT
lr Zlr)

−1(ZT
lr �El), from which the fault location can be

determined.
When the system is radial, the following formulation can be employed to derive

the fault location without the need of source impedances. The method is also based
on bus impedance matrix. Note that the development of bus impedance matrix in this
method will exclude the source impedances.

The fault location algorithm, based on voltages and currents measured at the local
substation, is illustrated by examining a fault on a three phase feeder. The method
will be applicable to single and two phase feeder as well. No fault type information
is required. Without losing generality, the local substation is assumed to have a bus
number k , which consists of nodes k1, k2, and k3. The voltage during the fault at the
local substation can be written as

Ek = ZkkIk − ZkrIf (9.30)

where, Ik is composed of the phase current measurements at the substation.
The fault current is thus obtained as

If = (Zkr
T Zkr)−1{Zkr

T (ZkkIk − Ek)} (9.31)

The voltage at the fault nodes during the fault is given by

Er = ZT
krIk − ZrrIf (9.32)

Based on (9.32), the complex power consumed by the fault resistances is
calculated as

S = ET
r ((ZT

krZkr)
−1{ZT

kr(ZkkIk − Ek)})∗ (9.33)

where, “*” denotes complex conjugate.
Because the fault resistances only consume real power, the reactive power

consumed is zero as shown below.

Imag(S) = 0 (9.34)

Then, Newton–Raphson technique can be utilized to solve (9.29) or (9.34) to yield
the unknown fault location. In comparison with the fault location method presented in
Section 9.3, this fault-type–free method is general and applicable to any type of fault,
and dispenses with the fault-type identification step. However, for certain types of
faults such as LG faults, the method in Section 9.3 is more computationally efficient.
In practice, both methods may be adopted to corroborate each other.
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m2

s

m1

dp r q t
…

Figure 9.4 Illustration of multiple faults

9.5 Fault location method for multiple simultaneous faults

This section presents fault location methods for multiple simultaneous faults. The
described methods will be applicable to unbalanced radial or nonradial meshed net-
works with DGs and consider shunt capacitances. Figure 9.4 depicts a one-line
diagram of a network with two simultaneous faults that occur at different locations.
The two faults occur on line section pq and st, respectively. Fictitious bus r is added
on line section pq and bus d is added on line section st Suppose that the fault points
are m1 in per unit from bus p, and m2 in per unit from bus s.

9.5.1 Fault location method without requiring fault type

This method is applicable to any type of faults and does not require the fault type
information. A fault node is added for each phase of the faulted feeder section,
regardless of the fault type. In Figure 9.4, bus r or d may comprise multiple nodes
depending on the number of phases of the faulted line segment; there will be one
node added for a single-phase line, two nodes for a two-phase line, and three nodes
for a three-phase line. The fault currents at the nodes of buses r and d are denoted as
If and Ig , respectively.

Now assume that measurements from two buses k and l are available. Then the
superimposed voltage quantities for the nodes of the buses are obtained as

[

�Ek

�El

]

= −
[

Zkr Zkd

Zlr Zld

][

If

Ig

]

(9.35)

Equation (9.35) can be rewritten as

�Ekl = −ZklrdIfg (9.36-a)

Now assume that measurements from another two buses i and j are available,

�Eij = −ZijrdIfg (9.36-b)

Eliminating the fault current Ifg from (9.36-a) and (9.36-b) yields

(ZT
klrdZklrd)−1(ZT

klrd�Ekl) = (ZT
ijrdZijrd)−1(ZT

ijrd�Eij) (9.36-c)
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Then, the two unknown fault locations can be derived by separating the above
equation into real and imaginary parts and solving them.

If the measurements from only two buses k and l are available, the fault location
method is discussed below. It follows from (9.36-a) that

Ifg = −(ZT
klrdZklrd)−1(ZT

klrd�Ekl) (9.37)

The voltages at the fault nodes during the fault are

[

Er

Ed

]

=
[

Er0

Ed0

]

−
[

Zrr Zrd

Zrd Zdd

][

If

Ig

]

(9.38)

Er0 and Ed0 can be expressed as functions of the fault locations similar to (9.6).
Equation (9.38) are rewritten as

Erd = Erd0 − ZrdrdIfg (9.39)

The complex powers consumed by the fault resistances at the two fault
locations are

Sr = ET
r I ∗

f (9.40)

Sd = ET
d I ∗

g (9.41)

The imaginary part of the complex power is zero

Imag(Sr) = 0 (9.42)

Imag(Sd) = 0 (9.43)

Equations (9.42) and (9.43) are thus utilized to find the two unknown fault loca-
tions. This method needs a sufficient number of measurements. It is noted that the
voltage, current, and impedance matrix have appropriate sizes in the above equations.
For example, �Ek is a column vector consisting of voltage changes for all the nodes
of bus k . If is a column vector consisting of fault currents of all the phases through the
fault resistances at bus r; since no fault type is assumed, all the phases are included.
Zkr is a matrix consisting of transfer impedance between nodes of bus k and nodes
of bus r; The first row corresponds to the first node of bus k , the second row for the
second node of bus k , etc. The elements in Zkr and Zrr are functions of m1, and the
elements in Zkd and Zdd are functions of m2, with similar expressions to (9.1–9.3).
The elements in Zrd are functions of m1 and m2, which can be derived as

Zrd = (wst)−1

(
Zrs

m2
+ Zrt

1 − m2

)

(9.44)

where wst is similar to w in (9.3).
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It is observed from the derivation that this method obviates the need of fault type
information. This method can be easily extended to cases where there are more than
two simultaneous faults occurring in the system. After fault locations are obtained,
the fault currents through the fault resistances at the fault points can be calculated,
from which the fault type can be determined [12]. Since this method does not require
fault type, it is very well suited to evolving faults where the fault evolves from one
type to another.

9.5.2 Fault location method based on the information
of fault type

If the fault type is already obtained, an alternative method that may be more compu-
tationally efficient is presented below. Let ri represent the fault node i Fault nodes are
added only on the faulted phases according to the fault type.

Figure 9.5 illustrates several selected fault types of two simultaneous faults such
as LG-LG, LLG-LG, LL-LG, and LLLG-LLLG. LLG-LG indicates that the first fault
is an LLG fault and the second one is an LG fault. For LLLG-LLLG, both faults are
an LLLG fault, and this case will become an LLL-LLL scenario if the two grounding
resistances are removed. Fault currents are shown in the figure and are labeled for the
LL-LG case.

LG fault

r1

r1 r1

r2 r3

r4

r5 r6

r3
r2

N

r1r2
r2

r3

Rf1

If1
If3

If2Rf1 Rf3
Rf1

Rg1
Rg2

Rf2
Rf3

Rf5
Rf6

Rf4

Rf1

Rg

Rf2
Rf2

Rf3

LG fault

LLG fault

LG fault

LG-LG

LLG-LG

LL fault LG fault

LL-LG
LLLG fault LLLG fault

LLLG-LLLG

Fault current 

Figure 9.5 Illustration of fault types of multiple faults
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For an LG-LG case, where two LG faults occur at nodes r1 and r2 at different
locations, the fault currents through the fault resistances Rf1 and Rf2 are determined as

[

If1

If2

]

=
[

Zr1r1 + Rf1 Zr1r2

Zr1r2 Zr2r2 + Rf2

]−1[
Er10

Er20

]

(9.45)

The voltage change of the nodes at bus k is expressed as

�Ek = −Zkr1 If1 − Zkr2 If2 (9.46)

Similar equations can be derived based on measurements at other buses. Since the
transfer and driving-point impedance is a function of fault locations m1 and m2, these
equations can be used to derive the fault locations. For different types of faults,
the general idea for fault location is the same except that the expressions of the fault
currents differ as illustrated below.

Suppose that an LLG fault (Rf1 , Rf2 , Rg) occurs at one location and an LG fault
(Rf3 ) occurs at another location, the fault currents through the fault resistances are
obtained as follows.

On one hand, the fault voltages at the fault nodes are

⎡

⎢
⎢
⎣

Er1

Er2

Er3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Er10

Er20

Er30

⎤

⎥
⎥
⎦

−

⎡

⎢
⎢
⎣

Zr1r1 Zr1r2 Zr1r3

Zr1r2 Zr2r2 Zr2r3

Zr1r3 Zr2r3 Zr3r3

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

(9.47)

On the other hand, the fault voltages at the fault nodes can also be written as

⎡

⎢
⎢
⎣

Er1

Er2

Er3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

(Rf1 + Rg)If1 + RgIf2

RgIf1 + (Rf2 + Rg)If2

Rf3 If3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Rf1 + Rg Rg 0

Rg Rf2 + Rg 0

0 0 Rf3

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

(9.48)

It follows from (9.47) and (9.48) that

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Zr1r1 + Rf1 + Rg Zr1r2 + Rg Zr1r3

Zr1r2 + Rg Zr2r2 + Rf2 + Rg Zr2r3

Zr1r3 Zr2r3 Zr3r3 + Rf3

⎤

⎥
⎥
⎦

−1⎡

⎢
⎢
⎣

Er10

Er20

Er30

⎤

⎥
⎥
⎦

(9.49)

Suppose that an LL fault (Rf1 ) occurs at one location and an LG fault (Rf3 ) occurs
at another location, the fault currents through the fault resistances are derived as
follows.
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The fault voltages at the fault nodes are

⎡

⎢
⎢
⎣

Er1

Er2

Er3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Er10

Er20

Er30

⎤

⎥
⎥
⎦

−

⎡

⎢
⎢
⎣

Zr1r1 Zr1r2 Zr1r3

Zr2r1 Zr2r2 Zr2r3

Zr3r1 Zr3r2 Zr3r3

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

(9.50)

On the other hand, the fault voltages at the fault nodes can also be written as

⎡

⎢
⎢
⎣

Er1

Er2

Er3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Rf1 0 0

0 0 0

0 0 Rf3

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

+

⎡

⎢
⎢
⎣

EN

EN

0

⎤

⎥
⎥
⎦

(9.51)

where EN represents the voltage of node N.
Combining (9.50) and (9.51) results in

⎡

⎢
⎢
⎣

Er10

Er20

Er30

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Zr1r1 + Rf1 Zr1r2 Zr1r3

Zr2r1 Zr2r2 Zr2r3

Zr3r1 Zr3r2 Zr3r3 + Rf3

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

+

⎡

⎢
⎢
⎣

EN

EN

0

⎤

⎥
⎥
⎦

(9.52)

Subtracting the first row from the second row in (9.52) gives

[

Er20 − Er10

Er30

]

=
[

Zr2r1 − Zr1r1 − Rf1 Zr2r2 − Zr1r2 Zr2r3 − Zr1r3

Zr3r1 Zr3r2 Zr3r3 + Rf3

]

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

(9.53)

Since the first fault is an LL fault, the following equation holds

If1 + If2 = 0 (9.54)

Combining (9.53) and (9.54) leads to the following expression of the fault
currents:

⎡

⎢
⎢
⎣

If1

If2

If3

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

Zr2r1 − Zr1r1 − Rf1 Zr2r2 − Zr1r2 Zr2r3 − Zr1r3

Zr3r1 Zr3r2 Zr3r3 + Rf3

1 1 0

⎤

⎥
⎥
⎦

−1⎡

⎢
⎢
⎣

Er20 − Er10

Er30

0

⎤

⎥
⎥
⎦

(9.55)

Suppose that an LLL fault (Rf1 , Rf2 , Rf3 ) occurs at one location and an LLL fault
(Rf4 , Rf5 , Rf6 ) occurs at another location. The fault currents through the fault resistances
are obtained as
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⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

If1

If2

If3

If4

If5

If6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Zr2r1 − Zr1r1 − Rf1 Zr2r2 − Zr1r2 + Rf2 Zr2r3 − Zr1r3 Zr2r4 − Zr1r4 Zr2r5 − Zr1r5 Zr2r6 − Zr1r6

Zr3r1 − Zr1r1 − Rf1 Zr3r2 − Zr1r2 Zr3r3 − Zr1r3 + Rf3 Zr3r4 − Zr1r4 Zr3r5 − Zr1r5 Zr3r6 − Zr1r6

1 1 1 0 0 0

Zr5r1 − Zr4r1 Zr5r2 − Zr4r2 Zr5r3 − Zr4r3 Zr5r4 − Zr4r4 − Rf4 Zr5r5 − Zr4r5 + Rf5 Zr5r6 − Zr4r6

Zr6r1 − Zr4r1 Zr6r2 − Zr4r2 Zr6r3 − Zr4r3 Zr6r4 − Zr4r4 − Rf4 Zr6r5 − Zr4r5 Zr6r6 − Zr4r6 + Rf6

0 0 0 1 1 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

−1⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Er20 − Er10

Er30 − Er10

0

Er50 − Er40

Er60 − Er40

0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(9.56)

Note that the sum of If1 , If2 , and If3 is zero, and the sum of If4 , If5 , and If6 is zero for LLL-LLL fault, as seen from (9.56).
Suppose that an LLLG fault (Rf1 , Rf2 , Rf3 , Rg1 ) occurs at one location and an LLLG fault (Rf4 , Rf5 , Rf6 , Rg2 ) occurs at another location.

The fault currents through the fault resistances are given by

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

If1

If2

If3

If4

If5

If6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Zr1r1 + Rf1 + Rg1 Zr1r2 + Rg1 Zr1r3 + Rg1 Zr1r4 Zr1r5 Zr1r6

Zr2r1 + Rg1 Zr2r2 + Rf2 + Rg1 Zr2r3 + Rg1 Zr2r4 Zr2r5 Zr2r6

Zr3r1 + Rg1 Zr3r2 + Rg1 Zr3r3 + Rf3 + Rg1 Zr3r4 Zr3r5 Zr3r6

Zr4r1 Zr4r2 Zr4r3 Zr4r4 + Rf4 + Rg2 Zr4r5 + Rg2 Zr4r6 + Rg2

Zr5r1 Zr5r2 Zr5r3 Zr5r4 + Rg2 Zr5r5 + Rf5 + Rg2 Zr5r6 + Rg2

Zr6r1 Zr6r2 Zr6r3 Zr6r4 + Rg2 Zr6r5 + Rg2 Zr6r6 + Rf6 + Rg2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

−1⎡
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⎢
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⎢
⎢
⎢
⎢
⎢
⎣
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⎤
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⎥
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⎥
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⎥
⎥
⎥
⎥
⎥
⎦

(9.57)
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Fault scenarios with other fault type combinations can be dealt with similarly.
It is understood that the methods presented in Section 9.5 can be readily extended
to double-circuit lines or multiple phase lines with any number of phases without
restrictions.

9.6 Sample calculations and discussions on the presented
fault location algorithms

This section first presents sample calculations based on a three-bus system and then
presents discussions of the described fault location algorithms.

9.6.1 Sample calculations

This sample system as depicted in Figure 9.6 is used for illustrating the described
methods. The system is a 12.47 kV system consisting of a three-phase feeder between
bus 1 and 2, and a single-phase lateral between bus 2 and 3. A phase-A load of
120 kVA with a power factor 0.9 is present at bus 3. The lengths of feeders in miles
are labeled. The impedance parameters are shown as follows:

Source impedance of source 1:
Positive-sequence: 0.23 + j2.10 �, zero-sequence: 0.15 + j1.47 �.
Source impedance of source 2:
Positive-sequence: 1.26 + j12.7 �, zero-sequence: 1.15 + j11.9 �.

The feeder series impedance matrices in ohms per mile and shunt admittance
matrix in siemens per mile are given as follows [4].

For the main feeder, the impedance matrix is

[0.7982 + j0.4463 0.3192 + j0.0328 0.2849 − j0.0143

0.3192 + j0.0328 0.7891 + j0.4041 0.3192 + j0.0328

0.2849 − j0.0143 0.3192 + j0.0328 0.7982 + j0.4463]

Source 2

Load1

120 kVA

1

2.0 mi

3

23.0 mi

Source 1

Figure 9.6 A sample three-bus system for fault location illustration
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and the admittance matrix is

[j96.8897 0.0000 0.0000

0 j96.8897 0.0000

0 0 j96.8897] × 1e-6

For the single-phase lateral, the impedance matrix is [1.3425 + j0.5124] and the
admittance matrix is [j88.9912]*1e-6.

Suppose that an LG fault occurs on the lateral 2-3, with a fault distance of 0.3
p.u. from bus 2 and fault resistance of 5 �.

Bus 1 and bus 2 consist of three nodes, respectively. Bus 3 contains 1 node. The
nodes are numbered as follows: bus 1 (nodes 1, 2, 3), bus 2 (nodes 4, 5, 6), and bus 3
(node 7). The fictitious fault node is numbered as node 8. We have k = 1, p = 4, q = 7,
and r = 8. The voltage change at node 1 due to the fault, designated as �E1, is utilized
to locate the fault. Let E4,0, E7,0, and E8,0 denote the prefault voltage of nodes 4, 7, and
8, respectively. The following expressions are obtained. Note that the unit for voltage
is volt and the unit for impedance is ohm.

Z1,8 = w−1

(
Z1,4

m
+ Z1,7

1 − m

)

(9.58)

Z8,8 = w−1

(
Z4,8

m
+ Z7,8

1 − m
+ 2.6850 + j1.0248

)

(9.59)

w = −9.1198 × 10−5 + j2.3894 × 10−4 + 1

m(1 − m)
(9.60)

Z4,8 = w−1

(
Z4,4

m
+ Z4,7

1 − m

)

(9.61)

Z7,8 = w−1

(
Z4,7

m
+ Z7,7

1 − m

)

(9.62)

E8,0 = w−1

(
E4,0

m
+ E7,0

1 − m

)

(9.63)

�E1 + Z1,8E8,0

Z8,8 + Rf1

= 0 (9.64)

where,
Z1,4 = −2.4416 × 10−2 + j1.4586
Z1,7 = −2.4740 × 10−2 + j1.4491
Z4,4 = 1.6229 + j2.8012
Z4,7 = 1.6114 + j2.7835
Z7,7 = 4.2673 + j3.7850
E4,0 = 7163.28 − j33.41
E7,0 = 7116.77 − j30.83
�E1 = −484.11 − j1200.66
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Note that a comma is added between the row and column index of the bus
impedance matrix for clarity. For instance, Z1,4 signifies the first row and fourth
column of the bus impedance matrix.

Equation (9.64) is a nonlinear complex equation involving two unknown vari-
ables, the fault location m and fault resistance Rf1 . Separating it into real and imaginary
parts forms two real equations, based on which the unknowns can be obtained by
adopting the Newton–Raphson technique. In this example, the result m = 0.3 and
Rf1 = 5.0 is reached after five iterations.

It is worth noting that similar equations to those shown above will be obtained
regardless of the size of the network, and certainly the impedance constants may be
different. The key point is that the computational complexity of fault location will
not increase due to the increasing size of the network. For a large network, the main
computational requirement is the bus impedance matrix construction, which can be
readily derived by applying the well-established procedure.

9.6.2 Discussions on the presented fault location algorithms

The discussions presented in this section are applicable to fault location algorithms
that require or do not require fault-type information.

To mitigate the impacts of load variations, a method similar to that discussed in
[2, 4] can be utilized to compensate the load variations. The basic idea is to calculate the
load level based on the measured prefault voltages and currents at the substation, and
then calculate the static load impedance accordingly. In the future smart distribution
systems with more AMI deployment, the AMI data can be harnessed to derive a more
accurate real-time load model.

Moreover, current measurements, when available, can also be exploited for fault
location. For the feeder or lateral section between bus l1 and l2, its currents are

Il1l2 = z−1
l1l2

(El1 − El2 ) (9.65)

where, Il1l2 is vector of currents flowing from bus l1 to l2, zl1l2 is impedance matrix of
the considered feeder or lateral section, and El1 and El2 are bus voltage vectors.

Since bus voltages can be expressed as a function of the fault location, the currents
can be formulated as a function of the fault location. Thus, the fault location can be
solved by using currents.

In addition, the above discussions utilize the nominal PI circuit to model the
feeder shunt capacitances. If the system has longer feeders and thus requires higher
modeling accuracy, distributed parameter line model may be adopted. The overall
fault location method remains similar.

When measurements from multiple sites are available, optimal estimation theory
may be applied to obtain an optimal estimate [11, 13]. The general idea is that mul-
tiple equations will be written based on available measurements. The measurement
vector (consisting of measurements) and the function vector (consisting of equations
involving fault locations) are related by

S = F(X ) + μ (9.66)
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where, μ is characterized by:

R = E(μμT ) = diag(σ 2
1 , . . . , σ 2

N ) (9.67)

E(.) represents the expected value and diag(.) symbols a diagonal matrix with
diagonal elements reflecting the error variances of the measurement meters. N is the
total number of measurements. Elements of R can be specified according to the accu-
racy of the meters, a smaller value of which indicates a more accurate measurement.
If R is not known, the measurements can be assumed as equally accurate. The optimal
estimate of X is obtained by minimizing the cost function defined as:

J = (S − F(X ))T R−1(S − F(X )) (9.68)

The solution can be derived following an iterative procedure [11, 13]. State
estimation–based techniques that are capable of detecting and removing bad mea-
surement may be utilized to enhance fault location accuracy.

By taking advantage of optimization theory, the algorithms will be capable of
utilizing the data from the main substation, DG sites, automation equipment sites,
remote substation, etc., and at the same time picking up the bad data and thus provide
the optimal estimate of the fault location. As a byproduct, the optimal estimate of the
measurements will also be generated.

When developing the bus impedance matrix, the system models suggested in
[14, 15] will be adopted. Generally, a constant impedance model will be utilized for
the load. A voltage source in series with a subtransient impedance is commonly used
to represent a DG.

It is worth pointing out that when a meter is placed at a generator location to
measure voltages and currents, the equivalent source impedance can be accurately
estimated based on superimposed voltages and currents. The following equation holds

zs�I s = �Es (9.69)

where, zs is source impedance matrix, �I s is vector of superimposed currents at
source location, and �Es is vector of superimposed voltages at source location.

Usually a source has equal self-impedance and equal mutual impedance for three
phases. Hence [zs] contains two unknown variables, which can be readily obtained.
Estimation of source impedance using measurement data may improve fault location
accuracy.

Moreover, information such as distributed generator status, recloser status, feeder
switching status, as well as loading information from SCADA/DMS and other moni-
toring systems can be exploited to update and maintain an accurate system topology
and model. The developed methods may be integrated into a utility’s SCADA/DMS
system.

For ungrounded distribution systems, to form the bus impedance matrix, special
measures need to be taken. One possible method is to add a fictitious impedance
of known value at the measurement bus. The other method is to treat one phase at
the measurement site as the reference phase or ground phase. Details are referred to
Reference 16 and 17.
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9.7 Fault location observability analysis

When measurements are available at only a limited number of sites such as the local
substation, some points on the feeder may be unobservable in terms of fault location.
In other words, using the available voltage and/or current measurements, it may not
be possible to distinguish among some points where faults may occur. In other words,
faults occurred on these points will generate the same voltage and current measure-
ments at the recording sites. Sometimes, considering potential measurement errors
such as 0.5% or 1%, the unobservable area would be larger than the unobservable
area with exact measurements. As a result, the fault location algorithm may yield a
list of possible fault location estimates.

When unobservable areas exist, more meters can be added to certain locations
until the entire system becomes observable. An optimal meter placement scheme is
presented based on network topology and impedance parameters in [18, 19]. The
method is able to provide a set of buses where meters are installed so that each fault
that occurs in the system can be uniquely determined, while the number of meters
needed to be placed in the system is minimized.

9.8 Conclusions

This chapter discusses the challenges of distribution system fault location and presents
possible algorithms to overcome some of the challenges. One type of fault location
method assumes the fault type to be known and the other dispenses with fault type
information. Fault location methods for a single fault and methods for simultaneous
multiple faults are presented. When there are only limited measurements available,
a portion or portions of the network may be unobservable in terms of fault location.
More meters will be needed, and design of an optimal meter placement scheme is
possible based on network topology and parameters. It is noted that a great deal of
valuable literature on fault location has been published in the past. Interested readers
are suggested to read more on this intriguing topic.
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Chapter 10

Fault detection and classification in distribution
network

Zhengyou He1 and Jianwei Yang1

10.1 Introduction

Generally speaking, fault classification defines ten types of short-circuit faults: AG,
BG, CG, ABG, ACG, BCG, ABC/ABCG, AB, AC, and BC, while fault identifica-
tion is to identify the faulty feeder that should be cut off the distribution network.
Significant amount of research works have been devoted to the classification and
selection problem in transmission networks. This is because of the fact that accurate
fault classification and selection are very important for relays to operate properly in
transmission networks. As the power level of distribution networks increases grad-
ually, effective fault classification and selection become increasingly necessary to
facilitate fault location, proper operation of protection system and so forth for system
operators.

Various fault identification methods are adopted in different countries. In the
Former Soviet Union, most devices used for selecting the faulty feeder employed zero-
sequence power direction and the first half-wave principle because most distribution
networks adopted small current grounding which means that the distribution systems
are ungrounded or grounded via arc-suppression coil. In Japan, power direction and
zero-sequence overcurrent protection are major options to cut off faulty feeders in
power, steel, and chemical industries, in which ungrounded systems and resistance-
grounding systems are used in their power systems.

In Germany and France, resonant grounding is widely adopted to replace tra-
ditional grounding methods, such as the resistance neutral grounding method that
has been used for decades. Early in the 1930s, German engineers had proposed the
application of single-phase grounding protection scheme for transient faults, while
lately in France, use of Prony method and wavelet method for extracting the transient
components have also been developed for fault classification and selection.

In America, solid neutral grounding systems have been generally used (72%
adoption rate) in 22 ∼ 70 kV power systems from the middle of 1920s to the middle

1School of Electrical Engineering, Southwest Jiaotong University, Chengdu, China
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of 1940s. This technique developed rapidly and gradually replaced the ungrounded
system in the past few decades.

In China, small current grounding systems, which include ungrounded system,
neutral grounding system via arc-suppression coils and high resistance grounding
system are widely deployed. Various kinds of high-performance fault-type identifi-
cation techniques have been devised since the 1960s, aiming to solve the fault-type
identification problem. With the rapid development and the widespread application
of computer technology in recent years, some small-scale fault type identification and
protection devices came out in succession: (i) a micro device for selection of faulty
feeder which is based on the amplitude and phase angle of the fifth order harmonics
of zero-sequence current [1,2]; (ii) the fault classification device based on the S sig-
nal injection method [3,4]; (iii) the microcomputer-based identification device using
residual current increment method [5]; and (iv) the fault identification device based
on wavelet analysis [6], etc. Lately, integrated methods employing transient states,
steady states, and harmonics have been gradually applied to fault-type identification
devices.

The strict operating condition of fault identification devices makes it essential to
carry out more thorough and careful researches on the fault identification problem.
Since hardly any single method can solve the problem completely, a comprehensive
method that uses both transient and steady state information, and combines different
fault features will be the focus of future research.

10.2 Fault type classification and fault data sources
in distribution network

10.2.1 Information source of fault classification

When fault happens in a distribution network, e.g., some changes in the node voltage
or the branch current can be detected. Then, the protection equipment identifies the
faults and triggers protection actions or sends back alarm signals. Eventually, the cir-
cuit breaker will be activated to isolate the faulted branch. With the ever-developing
science and technology, many automatic measuring facilities can record the failure
information, thus providing enough data for fault classification in the distribution
network. Considering different conditions of the worksites, these facilities first send
the measured information up to the substation, then to the main station in the dispatch-
ing layer after preliminary processing of the data. The data source mainly consists of
three types: the automatic information (received from the measurement and control
substations), protection information and recorder information. The information flow
is shown in Figure 10.1 [7].

10.2.1.1 Measurement and control information
Measurement and control devices submit the measurement information and the
information regarding the status of the breaker to the integrated automation system

www.ebook3000.com

http://www.ebook3000.org


Fault detection and classification in distribution network 253

Dispatch
layer

Substation
level

Substation of fault
information

processing system

Device
layer

Digital fault
recorder

Computer
protection FTC

Substation
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fault information
processing system

SCADA/EMS

Figure 10.1 Information source for fault diagnosis of distribution systems

Subsequently the system preliminarily processes the information and submits it to the
supervisory control and data acquisition (SCADA) system in the dispatching layer.

SCADA mainly stores three kinds of information: status information, measure-
ment information and the information regarding the electrical quantities. The status
information can be used for the fault classification system, including the breaker
status, the switch status, status of the protection device and the alarm signal of feeder
terminal unit (FTU).

Out of this information, the breaker information and the alarm signal of FTU
are used for fault classification. These status variables are presented in binary format
(using 0 and 1)These status variables can be divided into three groups for representing
the facilities’ locations, the switch status and the reset actions separately. The updating
of SCADA system is processed on the second level, i.e., the substation level.

10.2.1.2 Protection information
The protection device submits the protection information to the integrated automation
system and substation of fault information processing system.

The integrated automation system filters the information and submits it to the
SCADA system in the dispatch layer. The protection and action information are sent
to the onsite relay node.

Generally, fault information substations collect event reports broadcasted by the
microprocessor-based protection devices, including protection action information,
protection reports, etc. The substations first integrate and process the information,
then submit it to the fault information main station so that fault analysis could be
conducted in the dispatching layer with the received information. The time interval
of the submission of protection information to the dispatching center is measured
in seconds.
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10.2.1.3 Recorded information
Fault recorders include concentrated recorders and distributed recorders. Concen-
trated recorders are employed where devices are mostly concentrated. On the other
hand, distributed recorders record data on each distributed device and then process all
the recorded data in a main control computer. Distributed recorders usually commu-
nicate with the main station through the recording network via RS232/485, dial-up
network or Ethernet.

Substations could work as recording substations or fault information substations
for different requirements. Whichever substation is connected, the information is
eventually submitted to the dispatching center.

The recorded data of transient signals under fault condition are used for fault
analysis and the evaluation of the behaviors of various protection systems. Thanks to
the realization of technologies such as the recorder network, distant data transportation
and integrated data processing, recorders from different manufacturers are supposed
to be compatible with the unified data format – COMTRADE – for the convenience
of analysis and processing. It is notable that the transmission delay of the recorded
information to the dispatching center is about 10 minutes.

10.2.2 Scope of fault processing

Fault processing aims to determine the fault type and the fault location (faulty feeder
identification) through collected data from measurement, control protection and
recording devices. The principle of this mechanism is illustrated in Figure 10.2.

Methods for failure 
classification

Switch information;
protection information;
recorded information;

alarm information;

Fault information

Network topology;
protection configuration;

protection and switch;
others;

Relationship of network 
structure

Categorized results

Fault type;
fault location.

Figure 10.2 Diagram of distribution network fault diagnosis
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As observed from Figure 10.2, the mechanism also determines the fault location
(identification of faulty feeder) along with fault classification.

10.2.2.1 Fault classification
The objective of fault classification is to identify the type of fault (including AG, BG,
CG, ABG, ACG, BCG, ABC/ABCG, AB, AC, and BC) as quickly as possible with
the fault information provided by SCADA, protection devices and recording devices
once fault happens. As a result, protection measures could be taken timely and the
probability of different fault types could be calculated statistically.

10.2.2.2 Faulty feeder identification
Small current grounding (ungrounded or arc-suppression coil grounding) is employed
in 6 ∼ 66 kV distribution systems in China. Most of the faults in small current ground-
ing systems are single-phase grounding faults. Generally low-impedance short circuits
do not happen. In other words, the short-circuit current is so small that the line voltage
remains symmetrical.

As a result, the electric power will continue to be delivered for 1 or 2 hours
thus the system reliability is improved. Even when instantaneous short circuit hap-
pens, the short-circuit arc can be suppressed automatically by itself and the insulation
strength is recovered. This is a valuable feature for power system safety. However,
higher requirements for system capacity, feeder and cable numbers, current increase
in cables, and prolonged operation of the system lead to higher probability of mal-
functions (such as two-phase short circuits, serious intermittent arc overvoltage or
power system damage). To avoid those damages, faulty feeders should be identified
and isolated immediately. To sum up, fault location identification means to identify
the faulty feeder as soon as possible with the collected fault data from the SCADA
system and recorders, so as to cut off the faulty feeders as soon as possible.

10.3 Methods of fault classification

10.3.1 Abstract

In the past decades, various methods have been developed for fault classification. The
determination of correct fault type is a key step in the fault analysis of distribution
network. At present, the most widely used fault classification techniques are threshold
method, inference rule method, clustering method and AI classifier method.

In the threshold method, the extracted fault characteristic is compared with a
threshold to determine the fault type. The principle of threshold method is easy and
its physical meaning is clear. Classification can be effectively achieved by setting an
appropriate threshold value, but the threshold values require careful selection.

In the inference rule method, logic reasoning, decision tree and fuzzy reasoning
are mostly used. Fault classification techniques based on clustering method (using
support vector machine) and AI classifier (using neural networks) have drawn a lot
of attention in recent years. A lot of research efforts have also been devoted to the
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improvement of support vector machine and neural network, respectively. Especially
in the study of neural network, different structures and types of neural network are
employed and well-suited for fault classification studies. Usually, a comprehensive
method combining neural network and other theories can lead to better classification
results.

Fault classification based on support vector machine and neural network have
the ability of learning and generalization, but they must be trained before classify-
ing the fault, and the classification accuracy is directly determined by the size and
completeness of the training set.

10.3.2 Methods of fault processing

Some widely used methods of fault processing in recent years are listed as follows:

10.3.2.1 Fault classification method based on ANFIS
Adaptive network-based fuzzy inference system (ANFIS) is a fuzzy reasoning system
combining fuzzy reasoning and artificial neural network. This system has the advan-
tages of both methods: the ability of learning from historical database of artificial
neural network and the ability of judgment with fuzzy reasoning [8–10]. When the
distribution network fails, the excessive transient signals will be a pattern recognition
problem for fault classification based on transient signal.

The ANFIS method begins by using wavelet transform to extract the signal infor-
mation from the fault feature band to examine the statistical properties of different
fault types and then constructs the fault classification feature vector based on the sta-
tistical properties. Finally, it realizes fault classification of small current grounding
system by integrating neural networks based on adaptive fuzzy inference system. The
input to the neural network is the fault classification vector constructed above. This
method has relatively high accuracy and good adaptability for distribution network
fault classification.

10.3.2.2 Fault classification method based on Dempster–Shafer (DS)
evidence theory

DS evidence theory provides a way to describe the function of evidence. Through
Dempster evidence theory, the reliability of compound proposition will improve if
the propositions it consists are all supported by the evidence [11–13]. DS evidence
theory could reduce the ambiguity of judgment and improve the accuracy of pat-
tern recognition. In the fault classification scheme based on DS evidence theory,
initially the amplitude and angle relationships among symmetric components of post-
fault currents and voltages are analyzed theoretically. Subsequently, characteristic
quantities for fault classification are identified and based on the characteristic quan-
tities, the basic probability assignments (BPAs) of each identifier is defined. Finally
through establishing decision tree and fusing the value of characteristic quantities by
DS evidence theory, the fault type is identified. DS evidence theory applied to fault
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classification in neutral noneffectively grounded distribution network is relatively
accurate, fast, and adaptable.

10.3.2.3 Faulty feeder identification method based on S Transform
As a time-frequency analysis method, S transform is an expanded method of wavelet
transform and the short-time Fourier transform. It has the ability of time-frequency
analysis of wavelet transform and its computation speed improves dramatically by
means of fast Fourier Transform (FFT) [3, 4, 14]. Compared with real-valued wavelet,
it can not only extract the amplitude information but also phase angle information of
the origin signal and as a result, it is quite a useful tool for identification of faulty
feeder identification.

The fault line identification approach based on S transform is described as fol-
lows: Firstly, through applying the modulus and phase information of the electrical
signals at each frequency point obtained from S transform, the characteristic frequency
points are found by modulus comparison. Secondly, the fault-line vote mechanism is
constructed by comparing the phase information. In the next stage, through utilizing
the modulus information to reflect the reliability of phase information, the vote con-
fidence degree is defined. Lastly, through multisampling point vote mechanism, the
vote statistic diagram was formed; and the fault line is identified by vote statistic dia-
gram integrated with fault line identification confidence degree, which is computed
based on the amplitude confidence. The proposed method overcomes the problem of
low accuracy when phase angle information of fault signal alone is applied to fault
line identification under high impedance fault and strong noises.

10.4 Fault classification in distribution network
based on ANFIS

10.4.1 Classification rules based on ANFIS

ANFIS can serve as a basis for constructing a set of fuzzy if–then rules with appropriate
membership functions to generate the stipulated input–output pairs [14]. The ANFIS
structure is established by embedding the fuzzy inference system into the framework
of adaptive networks. It takes advantage of the learning mechanism of neural network
and the reasoning ability of fuzzy system to m ake up for the deficiency existing in a
single method.

Fuzzy if–then rules or fuzzy conditional statements are expressions of the form
if A then B, where A and B are labels of fuzzy sets characterized by appropriate
membership functions [16,17]. Assume the system is composed of two inputs (x, y)
and one output ( f ). It has two if–then rules by adopting first order Sugeno model
which can be described as follows. The structure of ANFIS is presented below in
Figure 10.3 [18,19]:

Rule 1: if x is A1 and y is B1 then f1 = p1x + q1y + r1;
Rule 2: if x is A2 and y is B2 then f2 = p2x + q2y + r2;
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Figure 10.3 Structure frame of ANFIS

ANFIS can be divided into five layers and the specific content can be described
as follows:

Layer 1: Output corresponding membership of fuzzy set

O1i =
{

μAi (x) i = 1, 2

μBi (y) i = 1, 2
(10.1)

where O1i is the output of i node in the first layer, x and y are input, μ is the membership
functions.

Layer 2: Formation the fuzzy rules. The output signals are the product of the
corresponding input signal and it can be presented by � in the figure. wi is incentive
intensity of a rule.

Layer 3: Normalized calculation and it can be expressed by N in Figure 10.3:

w1 = w1

w1 + w2
(10.2)

w2 = w2

w1 + w2
(10.3)

Layer 4: Calculate the corresponding output signal generated by each rule, and
the output signal can be described as follows:

O4i = w̄ifi = w̄i ( pix + qiy + ri) i = 1, 2 (10.4)

where O4i is the output of i node in the fourth layer, pi, qi, ri are named posteriori
argument which will attain by training ANFIS.

Layer 5: Summing all signals to gain the system output.
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10.4.2 ANFIS classifiers

Firstly, measure the three-phase bus voltage in the substation and the three-phase cur-
rent at the secondary side of transformer. Zero-sequence voltage and fault component
of three-phase current after fault can be calculated according to (10.5) and (10.6):

u0(t) = ua(t) + ub(t) + uc(t) (10.5)

i∗p(t) = ip(t) − ip(t − T ) (10.6)

where ip(t) is the current in phase “p” in the first cycle after fault ( p = a, b, c); ua(t),
ub(t), uc(t) are bus voltages of phase a, b and c respectively; T is the fundamental
frequency time period.

Wavelet transform is carried out for ip in a power cycle after fault using spline
wavelet. Subsequently, the relative coefficients ρa,b, ρb,c, ρc,a between the phases and
the normalization standard deviation of each phase s∗

a, s∗
b, s∗

c are selected as the inputs
of ANFIS. These quantities are described in (10.7)–(10.12)

sp =
(

1

n − 1

n
∑

i=1

(i∗p(n) − E(i∗p))2

)1
2

(10.7)

smax = max (sp) p = a, b, c (10.8)

s∗
p = sp

smax
(10.9)

ρb,c =
∣
∣
∣
∣
∣

E(i∗bi∗c ) − E(i∗b)E(i∗c )
√

E(i∗b)2 − E2(i∗b)
√

E(i∗c )2 − E2(i∗c )

∣
∣
∣
∣
∣

(10.10)

ρa,b =
∣
∣
∣
∣
∣

E(i∗ai∗b) − E(i∗a)E(i∗b)
√

E(i∗a)2 − E2(i∗a)
√

E(i∗b)2 − E2(i∗b)

∣
∣
∣
∣
∣

(10.11)

ρa,c =
∣
∣
∣
∣
∣

E(i∗ai∗c ) − E(i∗a)E(i∗c )
√

E(i∗a)2 − E2(i∗a)
√

E(i∗c )2 − E2(i∗c )

∣
∣
∣
∣
∣

(10.12)

where n is the number of samples during the first fundamental frequency period after
the occurrence of the fault; E(x) is the mathematical expectation of variable x in a
period of n

FFT has been used to extract the 50 Hz component U0 of u0(t) (which is used as
the metric for deciding whether the fault involves ground or not).

Utilizing the seven calculated quantities above, we establish three input feature
vectors of ANFIS as shown in (10.13) and (10.14)

C1 = [

s∗
a s∗

b s∗
c U0

]

(10.13)
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Figure 10.4 Schematic diagram of fault classification

C2 = C3 = [

ρa,b ρa,c ρb,c s∗
a s∗

b s∗
c

]

(10.14)

There are three ANFIS classifiers of fault classification which have different
functions, shown in Figure 10.4.

In Figure 10.4, three ANFISs correspond to different functions. First, ANFIS 1
discriminates among three types of single-phase to ground fault and other types of
fault. If the system is diagnosed to have two-phase to ground fault, ANFIS 2 would
be used to further determine the faulty phases. If ANFIS 1 estimates that two-phase
short circuit or three-phase fault occurred, ANFIS 3 would be needed to make fur-
ther diagnosis. Because that outputs of ANFISs are digitized, different fault type is
represented as different number, which is shown in Figure 10.4. ANFIS 1 has four
inputs, and each input has two membership functions which are classed as Gaussian
functions. Thus, there are 24 = 16 rules in total. ANFIS 2 and ANFIS 3 both have
six inputs, and each input has two membership functions so that both of them have
26 = 64 rules. The details of these rules can be found from [20].

10.4.3 Test simulation and conclusion

The above method has been implemented in the system shown in Figure 10.5. In this
system, a total of 3600 fault samples with different fault conditions have been gener-
ated. The details of these fault samples are shown in Table 10.1 [21]. The summary
of classification results are presented in Table 10.2.

From Table 10.2, it is observed that the results of fault classification method are
quite accurate.

The accuracy of classification of fault type in distribution network based on
ANFIS can be influenced by noise, load variation and equivalent impedance. So, it is
necessary to investigate the effects of these factors on the accuracy of classification.
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Figure 10.5 Schematic diagram of the test system

Table 10.1 Test cases

Fault location Fault resistance/� Initial fault angle/(◦) Number of
samples

806, 816, 818, 830 0, 5, 10, 25, 40, 50 0, 18, 54, 72, 108, 144 1440
812 1, 50, 100, 200, 500, 1000 0, 18, 36, 90, 126, 162 360
823, 834 20, 70, 150, 300, 600 18, 54, 72, 90, 108, 144 720
848, 860, 862 20, 70, 150, 300, 1200, 1500 18, 54, 72, 90, 108, 144 1080
Summary 3600

Table 10.2 Fault classification results

Classifiers Outputs(fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 100
2 (BG) 360 100
3 (CG) 360 99.4
4 (Two-phase grounding) 1080 99.8
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 99.4
5 (ACG) 360 100
6 (BCG) 360 99.7

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100
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Table 10.3 Test results with SNR = 40 dB

Classifiers Outputs (fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 78.7
2 (BG) 360 83.6
3 (CG) 360 80.3
4 (Two-phase grounding) 1080 93.4
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 95
5 (ACG) 360 93.3
6 (BCG) 360 91.4

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100

Table 10.4 Test results with SNR = 50 dB

Classifiers Outputs (fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 98.3
2 (BG) 360 98.1
3 (CG) 360 93.1
4 (Two-phase grounding) 1080 99.7
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 99.4
5 (ACG) 360 100
6 (BCG) 360 99.7

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100

A. Noise interference

Gaussian white noise with different signal to noise ratio (SNR) was added to
the test samples of Table 10.1 to study the accuracy of classification method. The
summary of the results obtained are shown in Tables 10.3–10.5.

It can be found from the above tables that reduction of SNR results into the
reduction of accuracy rate. When SNR = 40 dB, ground fault classification accuracy
rate decreases rapidly. Therefore, in practical application, filter can be added to
improve the accuracy of classification methods.

B. Variable load

The actual level of load in the distribution system is changing constantly. The
effectiveness of the classification method is tested for two cases: (i) actual loads in
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Table 10.5 Test results with SNR = 60 dB

Classifiers Outputs (fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 100
2 (BG) 360 100
3 (CG) 360 99.4
4 (Two-phase grounding) 1080 99.9
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 99.7
5 (ACG) 360 100
6 (BCG) 360 99.7

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100

Table 10.6 Test results when loads are 50% of the normal load

Classifiers Outputs (fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 100
2 (BG) 360 100
3 (CG) 360 100
4 (Two-phase grounding) 1080 99.7
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 99.2
5 (ACG) 360 100
6 (BCG) 360 99.7

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100

the system are 50% of the normal load and (ii) actual loads in the system are twice
the normal load. The test results are shown in Tables 10.6 and 10.7.

It can be seen from Tables 10.6 and 10.7 that the accuracy of classification is
hardly affected when the loads are decreased. However, increasing load levels will
result in the reduction of the accuracy rate. Therefore, the number of training samples
needs to be increased with heavy load conditions in order to improve the accuracy of
classification methods.

C. Variance conditions of source equivalent resistance

Studies have also been made carried out to investigate the performance of the
classification algorithms under variable source equivalent impedance. The various



264 Power distribution automation

Table 10.7 Test results when loads twice the normal load

Classifiers Outputs (fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 89.2
2 (BG) 360 88.9
3 (CG) 360 83.3
4 (Two-phase grounding) 1080 99.3
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 99.7
5 (ACG) 360 100
6 (BCG) 360 99.7

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100

Table 10.8 Variance conditions of source
equivalent impedance

No Equivalent impedance of system side

1 70% reduction in amplitude
2 50% reduction in amplitude
3 Impedance angle becomes 20◦
4 Impedance angle becomes 50◦
5 Amplitude increased 100%

Table 10.9 Test results under condition number 1

Classifiers Outputs (fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 100
2 (BG) 360 100
3 (CG) 360 100
4 (Two-phase grounding) 1080 99.9
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 100
5 (ACG) 360 100
6 (BCG) 360 99.7

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100
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Table 10.10 Test results under condition number 2

Classifiers Outputs (fault type) Number of samples Accuracy rate/%

ANFIS1 1 (AG) 360 100
2 (BG) 360 100
3 (CG) 360 99.7
4 (Two-phase grounding) 1080 99.7
(no grounding) 1440 100

ANFIS2 4 (ABG) 360 100
5 (ACG) 360 100
6 (BCG) 360 99.4

ANFIS3 7 (ABC/ABCG) 360 100
8 (AB) 360 100
9 (AC) 360 100
10 (BC) 360 100

source equivalent impedances considered here are shown in Table 10.8. The results
of classification accuracy are shown in Tables 10.9 and 10.10.

It can be concluded that equivalent impedance changes in the system will not
reduce the accuracy of the classification of fault type based on ANFIS.

Due to the high flexibility of adaptive networks, the ANFIS can have a large
number of variants. The fault classification in distribution network based on ANFIS
can rapidly and accurately identify and classify different types of faults and is not sus-
ceptible to fault inception angle, fault distance and fault resistance. Furthermore, the
fault classification method based on ANFIS is nearly unaffected by noise, harmonics,
transfer characteristics of CT or sampling frequency. So it has good adaptability and
prospects for engineering application.

10.5 Fault classification using DS evidence fusion

10.5.1 DS evidence fusion

In an information processing system, fusion can take place at three levels: signal
level, feature level and decision level. Signal-level fusion is often used to reduce
the measurement uncertainty of a single sensor [10]. Feature-level fusion can effec-
tively utilize the complementary information from the signals which are extracted
by different signal processing techniques. One of the practical limitations is that the
tremendous size of the feature space results in heavy computational burden. To allevi-
ate this problem, the decisions are made individually based on different feature vectors
extracted by different methodologies and are then combined together. This approach
is known as decision-level fusion. DS evidence theory is an uncertain reasoning the-
ory which has good information fusion capabilities and can reflect the uncertainty
objectively. Therefore, DS evidence theory is mainly considered for decision-level
information fusion in the classification scheme.
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Evidence theory was proposed by Dempster in 1967, and subsequently, Shafer
had made extension and further development of this theory in 1976 [11]. Hence, it
is also called as DS theory. The theory includes two important definitions which are
described as follows [12]

Definition 10.1. Let U be the framework of discernment. ∅ expresses the set of empty
proposition A. If set function m : 2U → [0, 1] ( 2U is the power set of U ) and

m(∅) = 0 (10.15)

∑

A⊆U

m(A) = 1 (10.16)

where m is called as BPA on the discernment framework U. ∀A ⊆ U, m(A) is called
as basic probability number which reflects the credibility of A itself.

Definition 10.2. Let m1, m2, . . . , mn be the basic probability on the discernment
framework U, the orthogonal sum of the multiple distribution function m = m1 ⊕
m2 ⊕ . . . ⊕ mn is expressed in (10.17) and (10.18)

m (∅) = 0
m (A) = T

∑

∩Ai=A

∏

i≤j≤n
mj (Ai) , A �= ∅

}

(10.17)

T −1 = 1 −
∑

∩Ai=∅

∑

1≤j≥n

mj (Ai) (10.18)

Equation (10.17) is the Dempster’s rule of combination, and T is the conflict
probability. When T = 1, the contradiction of evidence will happen, and (10.17)
cannot be used correspondingly. If T → 1, a serious conflict of evidence takes place
which will cause an unfavorable result. As for multiple evidences, the combination
results can be obtained by recursion algorithm based on (10.17), and the equation
satisfies the commutative law and associative law.

10.5.2 Fault classification scheme

In this section, a Dempster–Shafer (DS evidence) fusion method based on dynamic
absolute probability (DAP) is discussed. A fusion method for selecting the faulty
feeder based on DAP is described for neutral noneffectively grounded distribution
system. This method measures the fault resistances relying on the variation of the
transient factor to assign the absolute probability of the evidences dynamically. After
the fusion of the evidences, the faulty feeder is selected [22,23].

The fault classification scheme of neutral noneffectively grounded system which
identifies ten types of short circuit fault (including AG, BG, CG, ABG, ACG, BCG,
ABC/ABCG, AB, AC, and BC) is discussed. Assume that ĪA1f , ĪA2f , and ĪA0f are
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Table 10.11 Typical value of R0f , R2f , ϕA, and ϕB

Fault types ϕA/(◦) ϕB/(◦) R0f R2f

AG 0 120 >1 1
BG 120 0 >1 1
CG 120 120 >1 1
ABG 60 60 >1 1
ACG 60 180 >1 1
BCG 180 60 >1 1
AB 60 60 0 1
AC 60 180 0 1
BC 180 60 0 1
ABC/ABCG – – 0 0

positive-, negative-, and zero-sequence fundamental fault currents relative to phase
“a” at fault point, respectively [24,25]

Define

ϕA = ∣
∣arg (ĪA2f ) − arg (ĪA1f )

∣
∣ (10.19)

where, arg(x) denotes the angle of the complex variable x.
Similarly,

ϕB = ∣
∣arg (ĪB2f ) − arg (ĪB1f ))

∣
∣ (10.20)

where, ĪB1f and ĪB2f denotes positive- and negative-sequence components of funda-
mental fault current relative to phase “b”.

Define

R2f = ∣
∣ĪA2f

/

ĪA1f

∣
∣ (10.21)

Assume that ŪS1, ŪS2, and ŪS0 are positive-, negative-, and zero-sequence
component of the bus voltage.

Define

R0f = ∣
∣Ūso/Ūs1

∣
∣ (10.22)

R0f , R2f , ϕA, and ϕB are decided as identifiers for fault classification and their
typical values for different fault types are listed in Table 10.11 [26]:

Based on Table 10.11, the decision tree of fault classification can be established
as Figure 10.6.

It can be seen from Figure 10.6, the fault classification can be seen as an inference
problem. Each identifier can be considered as a hypothesis and the D-S evidence
fusion rule is employed. Before applying D-S evidence theory, the BPA should be
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Figure 10.6 Decision tree of fault classification

assigned for each identifier. They are introduced according to the sequence in which
they appear in inference process in Figure 10.6.

A trapezoid function is defined by the points O, P, R and S as shown in Figure 10.7.
The BPA of R2f is denoted as mR2f and is defined in Table 10.12.
In Table 10.12, {Others}={non-ABC/ABCG}. The mR2F is plotted in Figure 10.8

as shown below.
The BPA of R0f is denoted as mR0f and is defined as follows.

mR0f ({Ungrounded}) =
{

−1/2 × (R0f − 2), 0 ≤ R0f ≤ 2

0, R0f > 2
and

mR0f ({Grounded}) =
{

1/2 × R0f , 0 ≤ R0f ≤ 2

1, R0f > 2
,

where, {Ungrounded} = {ABC/ABCG, AB, AC, BC}, {Grounded} = {AG, BG,
CG, ABG, ACG BCG}. The plot of mR0f is shown in Figure 10.9.

The BPAs of ϕA is denoted as mϕA and is again defined by a trapezoidal function
shown in Figure 10.10. The points O, P, R, and S corresponding to mϕA are given in
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Figure 10.7 Trapezoid function defined by the points O, P, R, and S

Table 10.12 BPA of R2f , mR2f

Fault type O P R S

{ABC/ABCG} 0 0 0.1 0.2

{Others} 0.1 0.2 1.2 1.2

0 0.2 1.2
0

1

R2f

m
R2

f

{ABC/ABCG} {Others}

Figure 10.8 mR2f , BPA of R2f
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Figure 10.9 mr0f , BPA of R0f

0 60 120 180
0

1

φA (°)

m
φA

{AG}

{ABG, ACG, AB, AC}

{BG, CG}

{BCG, BC}

Figure 10.10 mϕA, BPA of ϕA

Table 10.13. The BPAs of ϕB are denoted as mϕB and are given in Table 10.14. Its plot
is shown in Figure 10.11.

After BPA of each identifier is determined, the flowchart of fault classification
is shown in Figure 10.12.

In Figure 10.12, the operator ⊕ denotes the Dempster’s rule of combination,
and distinct bodies of evidence can be combined by means of Dempster’s rule of

www.ebook3000.com

http://www.ebook3000.org


Fault detection and classification in distribution network 271

Table 10.13 BPA of ϕA, mϕA

Fault type O P R S

{AG} 0 0 25 35
{ABG, ACG AB, AC} 25 35 85 95
{BG, CG} 85 95 145 155
{BCG, BC} 145 155 180 180

Table 10.14 BPA of ϕB, mϕB

Fault type O P R S

{BG} 0 0 25 35
{ABG, BCG AB, BC} 25 35 85 95
{AG, CG} 85 95 145 155
{ACG, AC} 145 155 180 180

0 60 120 180
0

1

φB (°)

m
φB

{BG}

{ABG, BCG, AB, BC}

{AG, CG}

{ACG, AC}

Figure 10.11 mϕB, BPA of φB

combination. With two pieces of evidence mx and my Dempster’s rule of combination
is defined as follows:

mz(A) =
∑

B,C⊂U ;B∩C=A
mx(B) × my(C)

1 − K
(10.23)
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Figure 10.12 Flowchart of fault classification

where, mx and my are two BPAs of universal set U , mz is the resulting assignment
through combining mx and my. A, B, C ⊂ U .

K =
∑

B,C⊂U ;B∩C=�

mx(B) × my(C) (10.24)

where, K represents an degree of the inconsistency which is given by mx and my.

10.5.3 Simulation test and conclusion

The above scheme is verified after establishing a noneffectively grounded distribution
network based on traditional IEEE-34 model as shown in Figure 10.13. The system
has been simulated in PSCD/EMTDC software [26].

Assume an ABG fault occurs at bus 806, with fault inception angle 18◦ and
fault resistance 0 �. Through FFT (sample frequency is 5000 Hz), one can obtain
R2f = 0.99, R0f = 1.89, ϕA = 59.9◦ and ϕB = 60.15◦. According to predefined BPAs
of each identifiers, the various probabilities can be calculated as mR2f ({Others}) = 1,
mR0f ({Ungrounded}) = 0.06, mR0f ({Grounded}) = 0.94, mφA({ABG, ACG, AB,
AC}) = 1, mφB({ABG, BCG, AB, BC}) = 1. According to the flowchart in Figure
10.13, the fusion result of each step is listed in Tables 10.15–10.17.

From Table 10.15 function {Ungrounded} is very low with respect to func-
tion {grounded}, so K1 = 0. Now, m1({AG, BG, CG, ABG, ACG, BCG}) =
mR2f ({Others})×mR0f {Grounded}); m1({AB, AC, BC}) = mR2f {Others} × mR0f
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Figure 10.13 Simulating model in PSCAD/EMTDC

Table 10.15 m1 = mR2f ⊕ mR0f in ABG fault at bus 806, FIA = 18◦, Rf = 0 �

mR2f mR0f

{Ungrounded} (0.06) {Grounded} (0.94)

{Others} (1) {AB, AC, BC} (0.06) {AG, BG, CG, ABG, ACG, BCG} (0.94)

Table 10.16 m2 = m1 ⊕ mϕA in ABG fault at bus 806, FIA = 18◦,
Rf = 0 �

m1 mϕA
{ABG, ACG, AB, AC} (1)

{AG, BG, CG, ABG, ACG, BCG} (0.94) {ABG, ACG} (0.94)
{AB, AC, BC} (0.06) {AB, AC} (0.06)

Table 10.17 m3 = m2 ⊕ mϕB in ABG fault at bus 806, FIA = 18◦,
Rf = 0 �

m2 mϕB
{ABG, BCG, AB, BC} (1)

{ABG, ACG} (0.94) {ABG} (0.94)
{AB, AC} (0.06) {AB} (0.06)
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Table 10.18 Numerical results of some representative cases

Faulted bus 806 830 812 832 848

FIA (◦) 18 90 144
Rf (�) 50 500 1200 1500

AG 1 1 1 1 1
BG 1 1 1 1 1
CG 1 1 1 1 1

Fault types ABG 0.945 1 1 1 1
ACG 0.95 1 1 1 1
BCG 0.94 1 1 1 1
ABC/ABCG 1 1 1 1 1
AB 1 1 1 1 1
AC 1 1 1 1 1
BC 1 1 1 1 1

{Ungrounded}. Hence m1({AG, BG, CG, ABG, ACG, BCG}) = 0.94, m1({AB, AC,
BC}) = 0.06.

From Table 10.16, m2({ABG, ACG}) = 0.94, m2({AB, AC}) = 0.06 and K2 = 0.
From Table 10.17, m3({ABG}) = 0.94, m3({AB}) = 0.06 and K3 = 0. So, fault

is identified as ABG type.
Using similar fusion process as above, ten types of fault under 3600 different

fault conditions have been simulated. The results show that the above scheme is
quite effective and all 3600 test cases are identified correctly. But due to the space
constraint, it is impossible to list all the results here. Hence, some representative cases
and their numerical results obtained from fusion process are given in Table 10.18.

Through theoretical analysis on amplitude and angle relationship among sequence
electric quantities of fault component, a fault classification scheme based on D-S evi-
dence theory is discussed. The described scheme is applied in a neutral noneffectively
grounded distribution network. High sampling rate is not required and the scheme
can be adopted in resonant grounded distribution network without any modification.

10.6 Faulty feeder selection in distribution network
based on S transform

10.6.1 Introduction to S transform

S transform is an extension of the idea of continuous wavelet transform (CWT) [6]
and is based on a moving and scalable localizing Gaussian window. There are several
methods of arriving at the S transform. We consider it illuminating to derive the S
transform as the “phase correction” of the CWT. The CWT W (τ , d) of a function h(t)
is defined by [2]

W (τ , d) =
∫ ∞

−∞
h(t)w(t − τ , d)dt (10.25)
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where w(t, d) is a scaled replica of the fundamental mother wavelet; τ is time. The
dilation d determines the “width” of the wavelet w(t, d) and thus controls the res-
olution. Along with (10.25), there exists an admissibility condition on the mother
wavelet w(t, d) which says that w(t, d) must have zero mean. Refer to [26] and Young
[27] for further details.

The S transform of a function h(t) is defined as a CWT with a specific mother
wavelet multiplied by the phase factor

S(τ , f ) = ei2π f τ W (τ , d) (10.26)

where the mother wavelet is defined as

w(t, f ) = |f |√
2π

e− t2 f 2
2 e−i2π ft (10.27)

Note that the dilation factor d is the inverse of the frequency f .
The wavelet in (10.27) does not satisfy the condition of zero mean for an admis-

sible wavelet; therefore, (10.26) is not strictly a CWT. Written out explicitly, the S
transform is

S(τ , f ) =
∫ ∞

−∞
h(t)

|f |√
2π

e− (τ−t)2 f 2
2 e−i2π ftdt (10.28)

If the S transform is indeed a representation of the local spectrum, one would
expect a simple operation of averaging the local spectra over time to give the Fourier
spectrum. It is easy to show that

∫ ∞

−∞
S(τ , f )dτ = H (f ) (10.29)

where H (f ) is the Fourier transform of h(t). It follows that h(t) is exactly recoverable
from S(τ , f ). Thus

h(t) =
∫ ∞

−∞

{∫ ∞

−∞
S(τ , f )dτ

}

ei2π ftdf (10.30)

This is clearly distinct from the concepts of the CWT.
The S transform provides an extension of instantaneous frequency (IF) [28] to

broadband signals. The 1-D function of the variable τ and fixed parameter f1 defined
by S(τ , f1) is called a voice (as with the CWT). The voice for a particular frequency
f1 can be written as

S(τ , f1) = A(τ , f1)ei�(τ ,f1) (10.31)

where A is the magnitude of S; and �(τ , f1) is the argument of S of the variable τ for
the frequency f1.
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Since a voice isolates a specific component, one may use the phase in (10.31) to
determine the IF as defined in [29].

IF(τ , f1) = 1

2π

∂

∂t
{2π f1τ + �(τ , f1)} (10.32)

Thus, the absolutely referenced phase information leads to a generalization of
the IF of (33) to broadband signals. The validity of (10.32) can easily be seen for the
simple case of h(t) = cos (2πwt), where the function �(τ , f ) = 2π (w − f )τ .

The S transform can be written as operations on the Fourier spectrum H (f ) of h(t)

S(τ , f ) =
∫ ∞

−∞
H (α + f )e

− 2π2α2

f 2 ei2πατ dα f �= 0 (10.33)

The discrete analog of (10.33) is used to compute the discrete S transform by
taking advantage of the efficiency of the FFT and the convolution theorem. By not
translating the cosinusoid basis functions, the S transform localizes the real and
imaginary components of the spectrum independently, localizing the phase spectrum
as well as the amplitude spectrum.

10.6.2 Faulty feeder selection method based on S transform

On the basis of the analysis in Section 10.6.1, when S transform is used to extract
the phase angle information in faulty feeder selection, amplitude information can be
used to describe the reliability of phase angle information. In addition, if the phase
angle information of multiple sample points are used, the influence of error on the
algorithm in some sample points can be avoided and thus the reliability of faulty
feeder selection method can be improved. Consider a four-feeder power distribution
system as shown in Figure 10.14 [30]:

Transformer
220kV/35kV

External voltage source

Bus

Feeder  

Feeder  

Feeder  

Feeder  

Cable Overhead line

Cable 

i0I

i0II

i0III

i0

Lg

Rg

Figure 10.14 Distribution system with 4 feeders
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Figure 10.15 Principle block diagram of faulty feeder identification approach base
on S transform

In Figure 10.14, Rg and Lg represent the resistance and reactance of the Petersen
coil, respectively, and i0I , i0II , i0III , and i0IV are zero-sequence current extracted
from the sending ends of the four feeders, respectively. Similarly, iI , iII , iIII , and
iIV are currents extracted from the sending ends of the four feeders, respectively.
The basic diagram of faulty feeder selection method is shown in Figure 10.15. As
shown in Figure 10.15, the faulty feeder selection method includes three steps: data
preprocessing, voting for feeders and line selection result.

10.6.2.1 Data preprocessing
Raw data i0I , i0II , i0III , and i0IV are calculated as follows

i0n(t) = i0n[(tf − T/2) : (tf + T/2)] − i0n[(tf − 3T/2) : (tf − T/2)] (10.34)

where n = I, II, III, and IV. tf is the fault instance T is the time period of power
frequency. “[a:b]” denotes the time interval between the instant a and the instant b.

Suppose the sampling frequency is 10 kHz and the sampled version of i0n(t) is
represented as i0n(k), in which for one power frequency cycle can be obtained as
follows

i0n(k) = [ i0n(1) i0n(2) ... i0n(200) ] (10.35)

Time-frequency matrix Si0n can be obtained by performing S transform to i0n(k),
which is described as follows

Si0n =

⎡

⎢
⎢
⎢
⎣

Si0n(1, 1) Si0n(1, 2) ... Si0n(1, 50)

Si0n(2, 1) Si0n(2, 2) ... Si0n(2, 50)

... ... ... ...

Si0n(101, 1) Si0n(101, 2) ... Si0n(101, 50)

⎤

⎥
⎥
⎥
⎦

(10.36)
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Calculate module and phase angle of each element:

ρ(Si0n(m, k)) = √

xn(m, k)2 + yn(m, k)2

θ (Si0n(m, k)) = arc tan (yn(m, k)/xn(m, k))
(10.37)

where Si0n(m, k) = xn(m, k) + jyn(m, k), in which j is the imaginary operator;
m = 1, 2, . . . , 101, k = 1, 2, . . . , 50; “·” represents a vector, so ρ(·) is the modulus
of vector “·”, while θ (·) is the phase angle of vector “·”. ρ_Si0n and θ_Si0n denote the
modulus matrix and the phase angle matrix respectively.

The elements in each column of ρ_Si0n are sorted in the order of their modulus,
and the corresponding frequency points of the first three elements are called feature
frequency points. ρ1_Si0n(k), ρ2_Si0n(k), and ρ3_Si0n(k) denote their corresponding mag-
nitudes and θ1_Si0n(k), θ2_Si0n(k), and θ3_Si0n(k) denote their phase angles, respectively,
k = 1, 2, 3, . . . 50 (“k” denotes the kth column of the matrix Si0n.

10.6.2.2 Voting mechanism
As previously described, the feature bands of different feeders may not be the same,
causing dissimilarity in the selected feature frequency points. Generally the most
reliable way to judge whether a fault exists in a feeder or not is the use of feature band
corresponding to this feeder. Based on this principle we suppose the corresponding
modules of three feature frequency points selected for feeder I are ρ1_Si0I(k0), ρ2_Si0I(k0),
and ρ3_Si0I(k0) and corresponding phase angles are θ1_Si0I(k0), θ2_Si0I(k0), and θ3_Si0I(k0).
Based on the feature points corresponding with ρ1_Si0I(k0) the mechanism for deciding
whether feeder I is fault or not is as follows:

● If conditions in (10.38) are satisfied, feeder I is considered to be faulty.
⎧

⎪⎪⎨

⎪⎪⎩

∣
∣θ1_Si0I(k0) − θ1_Si0II(k0)

∣
∣ > 90◦

∣
∣θ1_Si0I(k0) − θ1_Si0III(k0)

∣
∣ > 90◦

∣
∣θ1_Si0I(k0) − θ1_Si0IV(k0)

∣
∣ > 90◦

(10.38)

where θ1_Si0II(k0), θ1_Si0III(k0), and θ1_Si0IV(k0) denote the phase angles in feeder II, III, and
IV of the feature frequency point respectively. Considering the module of the point
reflects the accuracy of its phase angle, the voting confidence degree is defined as
follows:

λ1I(k0) = ρ1_Si0I(k0)

ρ1_Si0I(k0) + ρ2_Si0I(k0) + ρ3_Si0I(k0)
(10.39)

where the voting confidence degree increases with increasing value of λ1I(k0).

● If conditions in (10.40) are satisfied, the fault is considered to exist on the bus.

⎧

⎪⎪⎨

⎪⎪⎩

∣
∣θ1_Si0I(k0) − θ1_Si0II(k0)

∣
∣ ≤ 90◦

∣
∣θ1_Si0I(k0) − θ1_Si0III(k0)

∣
∣ ≤ 90◦

∣
∣θ1_Si0I(k0) − θ1_Si0IV(k0)

∣
∣ ≤ 90◦

(10.40)
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Figure 10.16 Sketch of vote results

where the voting confidence degree is defined the same way as in (10.39).

● If neither condition (1) nor (2) is satisfied, other feeder faults or information
errors may have happened and no vote is conducted or the vote is abstained.

The three steps above are results of voting for feeder I according to the cor-
responding feature frequency with ρ1_Si0I(k0). Votes according to the corresponding
feature frequency with ρ2_Si0I(k0) and ρ3_Si0I(k0) should also be carried out The defini-
tion of degree of voting confidence is same as that of (10.39) except that the numerator
is replaced accordingly.

The final result is showed in Figure 10.16, in which the three circles in a box
represent the votes of three feature frequency points, and the gray level denotes the
voting confidence degree where a higher level of gray manifests a higher voting
confidence degree. A hollow circle is used to denote an absence of a vote in order to
make it clear. It can be seen in Figure 10.16 that the three feature frequency points
chosen by feeder I indicate fault to feeder I, and the voting confidences are 0.6, 0.3
and 0.1; all the three feature frequency points chosen by feeder II abstain from voting.
As four feeders select 12 feature frequency points in total to vote whether the bus is
faulty or not, four groups of results are listed in the box corresponding to “bus.”

10.6.2.3 Fuse/merge the voting results
Firstly, each box with vote in Figure 10.16 are converted to fuzzy set (feeder n fault,
λn(k)) and (bus fault, λBus(k)), λn(k), and λBus(k) are defined as follows:

λn(k) = λ1n(k) + λ2n(k) + λ3n(k) (10.41)

λBus_n(k) = λ1n(k) + λ2n(k) + λ3n(k) (10.42)
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where n = I, II, III, and IV. As an example, in Figure 10.16, the voting results of box
k0 are converted to (feeder I fault, λI(k0) = λ1I(k0) + λ2I(k0) + λ3I(k0) = 0.6 + 0.3 +
0.1 = 1).

As Shannon fuzzy entropy can comprehensively depict the fuzziness and uncer-
tainty of an event, faulty feeder identification confidence degree is defined by
Shannon fuzzy entropy and the fuzzy set is handled with fusion calculation. The
Shannon fuzzy entropy is defined as follows:

S(x) = −
N

∑

n=1

[xn log2 xn + (1 − xn) log2 (1 − xn)], ∀x = [x1, x2, ..., xN ]T ∈ [0, 1]N

(10.43)

The Shannon fuzzy entropy is nonmonotonic while faulty feeder identification
confidence degree should be monotonic. So λn(k) and λBus(k) are mapped from range
[0, 1] to range [0.5, 1]:

{

λ∗
n(k) = (λn(k) + 1)/2

λ∗
Bus(k) = (λBus_n(k) + 1)/2

(10.44)

The meaning of confidence degree is opposite to Shannon fuzzy entropy. A larger
confidence degree proved the event to be more clear and the corresponding fuzzy
entropy is supposed to be smaller and vice versa. Moreover, the confidence degree
should range in [0, 1]. In view of the above, faulty feeder identification confidence
degree αn and αBus are defined in (10.45) and (10.47) below.

αn = 1 − S(λ∗
n)/50, n = I,II,III,IV (10.45)

where,

S(λ∗
n)= −

50
∑

k=1

{λ∗
n(k) log2 λ∗

n(k) + [1 − λ∗
n(k)] log2 (1 − λ∗

n(k))} (10.46)

αBus = 1 − S(λ∗
Bus)/(50 × 4) (10.47)

In (10.47),

S(λ∗
Bus) =

IV
∑

n=1

50
∑

k=1

{λ∗
Bus_n(k) log2 λ∗

Bus_n(k) + [1 − λ∗
Bus_n(k)] log2 (1 − λ∗

Bus_n(k))}

(10.48)

The faulty feeder identification confidence degree is obtained by calculation of
the vote results in Figure 10.16 through (10.45) and (10.47). The final faulty feeder
selection result is shown in the form of the faulty feeder number and the faulty feeder
identification confidence degree.
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Figure 10.17 Voting results at the first three sampling points when a fault on feeder
I occurs

10.6.3 Simulation test and conclusion

The four-feeder power distribution system shown in Figure 10.14 has been modeled
in PSCAD/EMTDC. In the system, feeder I and feeder II are overhead lines, and
feeder IV is a cable line, while feeder III is a hybrid transmission line.

10.6.3.1 Case 1 (normal fault situation)
Consider the following case: an AG fault occurs on feeder I, at a location of 13 km
away from the bus, and the fault inception angle is 72◦. The fault resistance is 50 �.
Figure 10.17 shows the voting results of the first 3 sampling points.

It can be seen in Figure 10.17 that the feature frequency points chosen by feeder
I all vote for feeder I and the feature frequency points chosen by other feeders abstain
from voting. At sampling point 1, the feature frequency point with the largest modulus
value chosen by feeder I would vote for feeder I to be faulty, and the voting confidence
is 0.5127; the feature frequency point with the second largest modulus would again
vote for feeder I to be faulty, and the voting confidence is 0.2896; the feature frequency
point with the third biggest module would again vote feeder I to be faulty, and the
voting confidence is 0.1887. Finally, the calculation result indicates that the voting
confidence of feeder I is 1.

10.6.3.2 Case 2 (high-impedance fault situation)
In this case, an AG fault occurs on feeder III, the fault location is 12 km away from
the bus and the fault inception angle is 18◦. The fault resistance is 2.5 k�. In this case,
the fault resistance is larger and the fault inception angle is smaller. It can be seen
from the fault wave that the zero-sequence feeder current is reduced significantly.
The peak value of zero-sequence currents of feeder I and II is less than 0.1A.
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Figure 10.18 Voting results at the first three sampling points when a fault on feeder
III occurs

The voting results in this case are shown in Figure 10.18.
It can be seen in Figure 10.18 that the feature frequency points with the largest

modulus and the third largest modulus chosen by feeder III all vote fault for feeder III,
and the voting confidences are 0.4257 and 0.2643, respectively. But the feature fre-
quency point with the second biggest module chosen by all four feeders vote fault for
bus, with the voting confidences of 0.3551, 0.3488, 0.3099, and 0.338, respectively.
The calculation result indicates that the fault occurs on feeder III or the bus with the
voting confidence of 0.4387 or 0.0798, respectively.

The voting confidence of feeder III is higher than that of the bus. As a result,
the fault occurs on feeder III. The data of voting confidence 0.4387 reveals that the
method works in this adverse condition also. However, the selection result has low
confidence in being correct.

10.6.3.3 Statistical results
Furthermore, to test the validity of the faulty feeder selection method, all of the
following cases in Table 10.19 are simulated.

The performance of the faulty feeder selection method has been investigated for
all the test cases listed in Table 10.19. It has been found that for the test cases shown
in Table 10.19, the faulty feeder selection method has 100% accuracy. Some of the
results are listed in Table 10.20.

10.6.3.4 Conclusion
On the basis of the extraction of the amplitude-frequency and phase-frequency charac-
teristics of signals using S transform, the faulty feeder selection method is discussed,
which merges the voting results of several sampling points.

A voting mechanism for faulty feeder selection is introduced, and the voting
confidence is defined with the consideration of the phase angle shift caused by the
module at certain frequency points. The phase of zero-sequence feeder current is
obtained with S transform.
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Table 10.19 Fault conditions of test cases

Fault feeder Fault inception Fault Fault Number
angle/◦ resistance/� distance/km

Feeder I 0, 18, 36, 54, 0, 5, 50, 100, 10 random round 1000
72, 90, 108, 126, 200, 500, 700, 1k, numbers between
144, 162 1.5k, 2.5k 0.5 and 15

Feeder II 10 random round 1000
numbers between
0.5 and 30

Feeder III 10 random round 1000
numbers between
0.5 and 12

Feeder IV 10 random round 1000
numbers between
0.5 and 8

Bus 100

Table 10.20 Partial fault line identification results of test cases

Selection results
Fault feeder Fault inception Fault Fault

angle/◦ resistance/� distance/km Fault line Vote confidence

Feeder I 5 3 Feeder I 1
Feeder II 36 500 8 Feeder II 1
Feeder III 5 Feeder III 1
Feeder III 18 2.5 k 9 Feeder II 0.4837

Bus 0.0798
Feeder IV 90 2.5 k 4 Feeder IV 0.9530
Feeder IV 108 1 k 4 Feeder IV 1
Bus 18 2.5 k Bus 1
Bus 126 1 k Bus 0.9612

The results of faulty feeder selection are presented in the form of the faulty
feeder number and the faulty feeder identification confidence degree. The faulty
feeder identification results and its confidence degrees are provided to related staffs,
helping them gain an insight knowledge on the fault condition and the reliability of
faulty feeder selection.
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Chapter 11

Economic analysis/cost–benefit analysis

Chun-Lien Su1 and Jen-Hao Teng2

11.1 Introduction

The distribution network is an important part of the total electrical supply system, as it
provides the final link between the bulk transmission system and the customers. It has
been reported that 80% of the customer service interruptions are due to failures in the
distribution networks. Increasing attention to research and application of Distribution
Automation (DA) systems has assisted the utilities in solving these challenges. DA
systems have been defined by the IEEE as systems that enable an electric utility to
monitor, coordinate, and operate distribution network components in real-time mode
from remote control centers [1]. The DA can be implemented in phases to include
remote monitoring and control of substation, feeder and consumer devices, and loads
[2, 3]. DA systems have been implemented by many utilities around the world to
achieve significant and immediate improvement in reliability and hence service to
the electricity customers.

DA systems are usually modular and can be implemented in phases to include
remote monitoring and control of substations, feeders, and consumer loads. DA
systems are built to achieve the goals of operation and maintenance (O&M) cost
reduction, capital investment deferment, supply reliability improvement, and oper-
ation efficiency enhancement [3]. The installation of a DA system requires a large
capital investment; therefore, the economic analysis of DA systems is critical to
identify the DA functions that produce significant operational benefits.

Many literatures are relevant to the economic study on various aspects of
DA [4–11]. Reference 4 provided a set of general guidelines for evaluating DA.
References 5–9 developed some economic formulas for benefit/cost evaluation of
various combinations of DA functions. References 10 and 11 used software packages
to estimate the present worth of all costs and benefits associated with the DA func-
tions. Reference 12 showed the importance to identify the costs and benefits of the
DA project, including the value of improved reliability to the customers.

This chapter presents the methodology and results for the economic evaluation of
an extensive DA project. The outage costs and benefits of the DA system are quantified
by using standard mathematical expressions. An economic evaluation method based
on value-based analysis and present worth analysis is performed to identify the most

1 Department of Marine Engineering, National Kaohsiung Marine University, Kaohsiung, TAIWAN 805
2 Department of Electrical Engineering, National Sun Yat-Sen University, Kaohsiung, TAIWAN 804
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beneficial functions in the DA projects. Test results obtained in this chapter have
indicated that the feeder automation (FA) is the most beneficial function to utilities.
Therefore, the candidate feeders and number of switch for further FA extension is
also conducted in this chapter. The results and expressions of this chapter can serve
as the basis for the utilities’ DA system implementation guideline. The results can
also be used for cost–benefit analysis, return-of-investment, or possible performance
measure of the DA systems.

This study is conducted in four phases: (1) to perform an extensive review of all
functions of the DA system, (2) to carry out benefit analysis based on the expected
functionality of the DA and assumptions regarding the utilities’ operation, (3) to
collect field data and evaluate the real return of the DA project, and (4) to find
the candidate feeders for further FA extension and determine the optimal number of
switches for a feeder.

This chapter is divided into five sections. Section I describes the overview of
the study. Section II reviews the implementation of the DA project and describes the
implemented functions for the project. The benefits of the DA functions are analyzed
and quantified in Section III. The economic evaluation results are also represented
in Section III. Section IV describes the methodology to find the candidate feeders
for further FA extension and determine the number of switches for a feeder. Finally,
Section V summarizes the overall conclusions of the study.

11.2 The DA project review

To illustrate the value-based DA economic analysis, a practical DA system, Tai-Chung
DA system, implemented in the Tai-Chung District of Taipower is used for the study.
The system consists of the feeder control center, onsite devices for control and data
acquisition, and the communication system. There are 16 substations, 139 feeders,
464 automatic switches, 92 capacitor banks in the Tai-Chung DA system, and 1941
and 160 customers participating in the automatic meter reading (AMR) and direct load
control programs, respectively. The operation and planning functions in theTai-Chung
DA system are classified as FA system, distribution analysis system, and customer
management system. Main objectives of this project are to reduce operating and
maintenance (O&M) cost, improve service reliability, and provide better customer
reliability with enhanced technology level. The Tai-Chung DA system is designed
based on open system architecture, which means that this system can have an unlimited
capability through hardware and software upgradations. There are three main parts
in the DA system including feeder control center, onsite devices for control and data
acquisition, and communication infrastructure. The feeder control center processes
the real-time operating data including the digital and analog signals and then issues
proper commands to control and coordinate the system operation through the onsite
devices and communication system. The onsite devices capture the feeder operating
data and customers’ energy consumption data, send these data to the control center,
and execute the control actions received from the control center. The monitoring
data and control action signal between the control center and the onsite devices are
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Figure 11.1 The structure of Tai-Chung DA system

transferred via various types of communication medium. The main structure of this
system is shown in Figure 11.1.

The functions included in the Tai-Chung DA system are for both operational and
planning purposes. These functions can be classified as FA functions, distribution
analysis functions, and customer management functions. The FA functions are used
to monitor the system status, record system operation data, and control onsite devices
according to the operating conditions. The FA functions include

● Supervisory control and data acquisition (SCADA)
● Fault detection, isolation, and service restoration (FDIR)
● Capacitor bank control (CBC)
● Information storage and retrieval (ISR)
● Outage scheduler (OS)
● Trouble call system (TCS)
● Dispatcher training simulator (DTS)

The distribution analysis functions provide both dispatchers and engineers the
capability to analyze the Tai-Chung distribution system under specific operating
conditions. These functions are

● Distribution power flow (DPF)
● Optimal switching (OSW)
● Short-circuit analysis (SCA)
● Protection coordination
● Optimal capacitor placement (OCP)
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The customer management functions are used to monitor and collect the cus-
tomer data and provide the real-time pricing and direct load controls. The functions
cover

● AMR
● Transformer load survey (TLS)
● Load management (LM)

All the above described hardware devices and software functions have been suc-
cessfully implemented and run on Tai-Chung District. The following section presents
the cost and benefit of the DA project and the results of economic analysis.

11.3 The DA system economic analysis

The successful implementation of the DA project results in

● More accurate data and information for distribution system operation and
planning

● Deferred capital expenditure
● Reduced operation and maintenance expenses
● Better outage response and restoration
● Enhanced operation efficiency
● Enhanced customer satisfaction
● Positive public image

Although distribution systems and associated operating costs vary among utili-
ties, it is important to identify and quantify the expected benefits in the DA. Generally,
the benefits of DA are classified into two parts: the quantifiable benefits and the
unquantifiable (intangible) benefits. The quantifiable benefits that can be expressed
as dollar values include reduced O&M costs, reduced customer interruption costs
(CICs), deferred capital investments, and increased energy revenues, etc. The unquan-
tifiable benefits are improved public image and safety, better quality of system
information, and enhanced customer satisfaction, etc. Though not all DA’s benefits
can be quantified, they are nevertheless valuable to utilities. For example, enhanced
public image from shortened restoration time during emergency conditions and bet-
ter quality of information for engineering and planning are benefits that cannot be
quantified but are highly worthwhile for utilities. Table 11.1(a–c) shows the potential
benefits of the DA project. In Table 11.1(a–c), the symbol “

√
” indicates that the DA

function could have this benefit. In the table, the other benefits are unquantifiable
ones that are described above.

The quantified benefits of each function in Table 11.1 are analyzed and can be
formulated as follows. The equations used to calculate the quantified benefits shown
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Table 11.1 Benefits of the Tai-Chung DA project

DA
functions

/

Benefits

Capital
deferral

O&M cost
reduction

Customer
cost
reduction

Revenue
increase

Others

(a) Feeder automation functions
SCADA

√ √
FDIR

√ √ √ √ √
CBC

√ √ √
ISR

√ √
OS

√ √
TCS

√ √
DTS

√ √
(b) Distribution analysis functions
DPF

√ √
OSW

√ √
SCA

√ √
PCN

√ √
OCP

√ √
(c) Customer management functions
AMR

√ √
TLS

√ √ √
LM

√ √ √ √

in Table 11.1 are mainly determined by the discussions with the Taipower’s staffs in
Tai-Chung District and the equations presented in Reference 4.

11.3.1 FA functions

The major benefit of SCADA is to reduce the labor costs to collect system information
and operate onsite devices. Its benefit is expressed as

SCADAB = (LCSCADA($/hrs) × DCNA(hr) × DT + LCSCADA($/hr)

× SCNA(hrs) × ST) × CPV1 (11.1)

where, SCADAB is the quantified benefit of the SCADA function. LCSCADA($/hr)
is the labor rate for data collection and onsite device operation. DCNA(hrs) and
SCNA(hrs) are the average time for data collection and remote device operation before
DA, respectively. DT and ST are the average number of data collection and remote
device operation per year before DA, respectively. CPV1 is the cumulative present
value.

Since most costs and benefits in the economic evaluation are the future annual
costs and benefits, it needs the CPV to discount the value of future costs. For the
reduced O&M and increased revenues, the CPV takes the interest rate, inflation
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rate, and economic life of equipment into account. It can be expressed as follows
[13, 14]

P1 =

(

1 + IF

100

)

(

1 + IR

100

) (11.2a)

CPV1 = 1 − (P1)EL

1 − (P1)
(11.2b)

For CIC reduction, the CPV that needs to incorporate the interest rate, inflation
rate, load growth rate, and economic life of equipment is determined by the following
equations

P2 =

(

1 + IF

100

) (

1 + LG

100

)

(

1 + IR

100

) (11.3a)

CPV2 = 1 − (P2)EL

1 − (P2)
(11.3b)

where, IR, IF, LG, and EL are the interest rate, inflation rate, load growth rate, and
economic life of equipment, respectively.

The FDIR function can reduce the time required for feeder fault location, iso-
lation, and restoration. Therefore, the CIC can be reduced, energy revenue can be
increased, and labor cost for fault location, isolation, and restoration can be reduced.
Its benefit then is calculated by

FDIRB = ((LCFDIR($/hr) ∗ FDIRNA(hrs)−LCFDIR($/hr) ∗ FDIRA(hrs)) ∗ FT

+ (LCFDIR($/hr) ∗ FRNA(hrs) − LCFDIR($/hr) ∗ FRA(hrs)) ∗ FT) ∗ CPV1

+ (RRNA($/year) − RRA($/year)+CICNA($/year)−CICA($/year)) ∗ CPV2

(11.4)

where, FDIRB is the quantified benefit of FDIR function. LCFDIR($/hr) is the labor
rate for onsite fault repair. FDIRNA(hrs) and FDIRA(hrs) are the average time for fault
detection, isolation and restoration before and after DA, respectively. FRNA(hrs) and
FRA(hrs) are the average time for each fault repair before and after DA, respectively.
FT is the average number of feeder failure per year. RRNA ($/year) and RRA ($/year)
are the reduced revenues due to the fault per year before and after DA, respectively.
CICNA ($/year) and CICA ($/year) are the CIC due to the fault per year before and
after DA, respectively.

Using feeder historical reliability data, when an outage occurred in any section of
a feeder, the corresponding outage duration times of all sections in the feeder can be
easily determined. The information can be expressed in an outage duration matrix γ .
The element γij is an average duration of service interruption of Section j for a fault
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at Section i. Feeder topology, switch location, section failure rate, switch operations
(manual or automatic) time, and load transfer capability of the feeder will affect γij.
Feeder loads and switches are assumed to be evenly distributed on the feeders for
simplicity in the estimation of CICs and energy revenue reductions before and after
FA. The outage duration matrix γ is expressed as

γ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

trepair tfeeder tfeeder · · · tfeeder

tss trepair
. . .

...

tss
. . .

. . .
...

...
. . . tfeeder

tss · · · · · · tss trepair

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(11.5)

where, tss, tfeeder, and trepair are the average time for restoration from substation, from
other feeders, and fault repair for each fault, respectively.

For faults occurred on Section i, the CIC per year can be written as

CICi = λ × l

(n + 1)
×

(

IC(tss) × (i − 1) × L

(n + 1)
+ IC(trepair) × L

(n + 1)
+ IC(tfeeder)

× (n − i + 1) × L

(n + 1)

)

(11.6)

where, λ is the average failure rate (failure/mile/year), l is the feeder length (miles),
and L is the average feeder load (in kilowatts), n is the number of switch. IC(t) is the
CIC per kilowatt ($/kW).

And the CIC per year for a feeder can be estimated by

CIC($/year) =
n+1
∑

i=1

CICi = λ × l × L

(n + 1)
×

(n

2
× IC(tss) + IC

(

trepair

) + n

2
× IC(tfeeder)

)

(11.7)

Similarly, the energy revenue reduction per year due to faults occurred on Section i,
can be written as

RRi = KA × λ × l

(n + 1)
×

(

tss × (i − 1) × L

(n + 1)
+ trepair × L

(n + 1)

+ tfeeder × (n − i + 1) × L

(n + 1)

)

(11.8)

where KA($/kWh) is energy cost.
The reduced revenue due to a fault can be expressed as

RR($/year) =
n+1
∑

i=1

RRi = λ × l × L

(n + 1)
×

(n

2
× tss + trepair + n

2
× tfeeder

)

(11.9)
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The potential benefits of CBC function are capacitor banks repair and mainte-
nance savings and fuel savings through reduced primary losses. They are expressed as

CBCB = (LCCBC($/hr) × ((CFRNA(hrs) × CFTNA + CINA(hrs) × CITNA)

− (CFRA(hrs) × CFTA + CIA(hrs)∗CITA)) + (GC($/kWh)

× LLRA
1(kWh/year) + FGC($/kWyear) × LLRA

2(kW/year))) × CPV1

(11.10)

where, CBCB is the quantified benefit for CBC function. LCCBC ($/hr) is the labor rate
for capacitor bank failure repair and onsite inspection. CFRNA(hrs) and CFRA(hrs) are
the average time for capacitor bank failure repair before and after DA, respectively.
CINA(hrs) and CIA(hrs) are the average time for capacitor bank onsite inspection before
and after DA, respectively. CFTNA and CFTA are the average numbers of capacitor
bank failure repair per year before and after DA, respectively. CITNA and CITA are
the average numbers of capacitor bank onsite inspection per year before and after
DA, respectively. GC ($/kWh) and FGC ($/kW year) are generation cost and fixed
generation cost, respectively. LLRA

1 (kWh/year) and LLRA
2 (kW/year) are the average

amounts of reduced energy and power for line losses per year after DA, respectively.
The ISR function can reduce the labor costs for data storage and retrieval,

therefore its benefit is calculated by

ISRB = (LCISR($/hr) × (ISNA(hrs) × ISTNA − ISA(hrs) × ISTA)) × CPV1 (11.11)

where, ISRB is the quantified benefit for ISR function. LCISR ($/hr) is the labor rate
for data storage and retrieval. ISNA(hrs) and ISA(hrs) are the average time of each data
storage and retrieval before and after DA, respectively. ISTNA and ISTA are the average
number of data storage and retrieval per year before and after DA, respectively.

The benefit of the OS function is to reduce the labor costs to schedule distribution
equipment outages. It can be calculated by

OSB = (LCOS($/hr) × (OSNA(hrs) × OSTNA − OSA(hrs) × OSTA)) × CPV1

(11.12)

where, OSB is the quantified benefit of OS function. LCOS ($/hr) is the labor rate
for scheduling equipment outages. OSNA(hrs) and OSA(hrs) are the average time of
each equipment outage scheduling work before and after DA, respectively. OSTNA

and OSTA are the average numbers of distribution equipment outage scheduling per
year before and after DA, respectively.

TCS function can reduce the labor costs to handle trouble calls and its benefit is
shown as follows

TCSB = (LCTCS($/hr) × (TCNA(hrs) × TCTNA − TCA(hrs) × TCTA)) × CPV1

(11.13)

where, TCSB is the quantified benefit of TCS function. LCTCS($/hr) is the labor rate
for handling trouble call. TCNA(hrs) and TCA(hrs) are the average processing time of
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each trouble call before and after DA, respectively. TCTNA and TCTA are the average
numbers of trouble calls per year before and after DA, respectively.

The benefit of DTS function is to reduce the labor cost for training and can be
calculated by

DTSB = (LCDTS($/hr) × (DTNA(hrs) × DTTNA − DTA(hrs) × DTTA)) × CPV1

(11.14)

where, DTSB is the quantified benefit for DTS function. LCDTS($/hr) is the labor
rate for dispatcher training. DTNA(hrs) and DTA(hrs) are the average time of each
training before and after DA, respectively. DTTNA and DTA are the average numbers
of dispatcher training per year before and after DA, respectively.

11.3.2 Distribution analysis functions

The distribution analysis functions including DPF, OSW, SCA, PCN, and OCP func-
tions are to compute and analyze distribution system behaviors for operational and
planning purposes. The main benefit of these functions is to reduce the required labor
costs to perform these functions. Therefore, the benefit of each distribution analysis
function can be expressed as

DAFB = (LCDAF($/hr) × (DANA(hrs) × DATNA − DAA(hrs) × DATA)) × CPV1

(11.15)

where DAFB is the quantified benefit of the distribution analysis function.
LCDAF($/hr) is the labor rate for executing the function. DANA(hrs) and DAA(hrs)
are the average execution time of the function before and after DA, respectively.
DATNA and DATA are the average execution numbers of the function per year before
and after DA, respectively.

11.3.3 Customer management functions

The benefit of the AMR function is to reduce manpower costs for meter reading and
reduce revenue losses due to theft of service. Its benefit is expressed as

AMRB = (LCMR($/customer) × AM(customers) × AMT + EL(kWh/

customer year) × AM (customers) × KA($/kWh)) × CPV1 (11.16)

where, AMRB is the quantified benefit of AMR function. LCMR($/customer) is the
labor rate for meter reading per customer. AM (customers) is the number of customers
participating in AMR program. AMT is the average number of meter reading per year
before DA. EL(kWh/customer-year) is the average amount of yearly energy losses due
to theft of service per customer. The parameters LCMR($/customer), AM(customers),
and AMT can have different values for different types of customers.
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The benefit of TLS function can be quantified as

TLSB = (LCTLS($/transformer) × TL(transformers) × TLT) × CPV1 (11.17)

where, TLSB is the quantified benefit of TLS function. LCTLS($/transformer) is the
labor rate for metering load survey per transformer. TL (transformers) is the number
of transformers with automatic load metering function. TLT is the average number of
load survey per year.

The benefits of LM function are fuel savings due to load shift and energy savings
due to reduced load. They can be calculated by

LMB = (LME(kWh/year) × GC($/kWh) + LMP(kW/year)

× FGC($/kW-year)) × CPV1 (11.18)

where, LMB is the quantified benefit of LM function. LME(kWh/year) and
LMP(kW/year) are the average amounts of energy and power for LM control per
year, respectively.

It is necessary to define economic evaluation parameters before evaluating the
benefits and costs of the DA project. The economic parameters used in this study
include the capital costs, the annual O&M costs, the benefit evaluation parameters,
and the basic economic evaluation parameters such as interest rate, inflation rate, and
economic life of equipment. The capital costs include basic DA system hardware and
software plus additional costs to implement the DA functions on the basic DA system
platform. The O&M costs and benefit evaluation parameters for each DA function
are collected and obtained from the field operation data and historical statistics in
Tai-Chung District. In this study, the total capital cost and annual O&M cost for the
Tai-Chung DA project are about $29,207,481 and $185,840 [15], respectively. The
interest rate, inflation rate, economic life of equipment, and energy cost are assumed
to be 3%, 5%, 15 years, and $0.0818/kWh, respectively. They are considered as
constant throughout the evaluation. Interruption cost functions for various customer
types are important for CIC calculation in the above expressions. The interruption
cost functions used in this chapter was conducted in 2002 by the Taiwan Economic
Research Institute [16], and is shown in Table 11.2.

The quantifiable benefits of the implemented DA functions are evaluated by
using the benefit evaluation expressions. The benefit/cost ratio for life of equipment
is used as a primary guide for economic evaluation. If this ratio is greater than unity

Table 11.2 Interruption cost functions in Taiwan ($/kW)

Interruption duration (minutes) Residential Commercial Industrial

1 0.054 0.624 2.523
15 0.818 1.976 5.047
30 1.636 5.555 7.723
60 3.273 10.889 19.423
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the DA project is economical; on the other hand, if the ratio is less than unity, the
DA project cannot obtain economical value based only on quantifiable benefits. The
economic evaluation results for the Tai-Chung DA project are shown in Table 11.3.
From these results, it is seen that the benefit/cost ratio for the Tai-Chung DA project
is about 0.77454. Among all implemented DA functions, the FDIR function is the
most economic. Its benefit/cost ratio is 0.7147 that is about 92% of the benefits for
the project. The FA functions have the largest benefit among all DA functions. The
distribution analysis functions and customer management functions are not justifiable
based only on consideration of quantifiable benefits and they may be justified based
on intangible benefits. The unquantifiable benefits should be taken into account for
making a decision to judge the success of these functions. Note that in Table 11.3, the
benefit/cost ratios for the ISR, OS, and DPF functions are negative. This is because
before DA the Tai-Chung District has no ISR and DPF functions, these two functions
can be seen as additional costs for the project. In addition, the time required for
performing the OS function is longer than that for the system without this function,
which resulted in a negative value of benefit/cost ratio.

Table 11.3 Economic evaluation results

Function category Present value Annual Benefit/
of benefits ($) benefits ($) cost ratio

FA functions 23899474.745 973984.322 0.73746

SCADA 568511.513 33013.030 0.01754
FDIR 23162007.482 931160.160 0.71470
CBC 78276.463 4545.455 0.00242
ISR −565.104 −32.815 −0.00002
OS −75934.692 −4409.470 −0.00234
TCS 154654.852 8980.689 0.00477
DTS 12524.234 727.273 0.00039

Distribution 98366.587 5712.073 0.00304
analysis functions

DPF −3653.632 −212.164 −0.00011
OSW 24265.703 1409.091 0.00075
SCA 4435.614 257.573 0.00014
PCN 2870.085 166.664 0.00009
OCP 70448.817 4090.909 0.00217

Customer management 1103480.695 64078.283 0.03405
functions

AMR 34784.808 2019.927 0.00107
LM 279669.142 16240.174 0.00863
TLS 789026.745 45818.182 0.02435

Present value of 29207481.418
capital costs ($)

Present value of 3200319.094
O&M costs ($)

Benefit/cost ratio 0.77454
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Figure 11.2 Effects of basic economic evaluation parameters on the benefit/cost
ratio of the Tai-Chung DA system

To determine the effects of basic economic evaluation parameters on the economic
evaluation results, a sensitivity analysis is also performed. Figure 11.2 shows the
sensitivity of the benefit/cost ratio of the DA system to economic life of equipment,
interest rate, inflation rate, and failure rate, respectively. From the results, it is found
that the benefit/cost ratio increases with increases in economic life of equipment,
inflation rate, and failure rate. It means that DA systems are suitable for the area with
large values of failure rate and inflation rate. The results also indicate that if a small
value of the interest rate is considered, there will be a good economic justification of
DA systems. The results also show that the basic economic parameters significantly
affect the economic analysis results. For better results, accurate economic evaluation
parameters should be used in the DA system economic analysis for making a corrective
decision.

Since most of the benefits of the DA system come from the reliability improve-
ment measures, it is important to understand the effects of the CICs on the benefit/cost
ratio of the DA system. Using the CIC data in Table 11.2 as a basis, the changes in
benefit/cost ratio for different CICs are shown in Figure 11.3. It can be seen from the
result that the benefit/cost ratio increases as the CIC increases. The implication of the
result is that the area with high CICs could have a high priority for the implementation
of DA systems.
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Figure 11.3 Sensitivity of benefit/cost ratio to interruption cost

11.4 Further extension for FA

There are currently 138 feeders with automation functions for the Tai-Chung District.
In the foreseeing future, more and more feeders will be automated. For the future
FA extension, it is necessary to determine which types of feeders are suitable for
FA implementation. From Table 11.3, it can be seen that FDIR function plays a
major role on the quantified benefit of FA due to the reduced time required for the
feeder restoration; therefore, the CICs are reduced and the utility energy revenues
are increased after FA. So, the process of determining the appropriate feeder to be
automated should calculate the reduced CICs and increased revenues for each feeder.
Table 11.4(a) and 11.4(b) show the average times required for feeder restoration from
substation, from other feeders, and fault repair before and after FA, respectively.
The data shown in these two tables indicate that the average time required for feeder
restoration from substation, from other feeders, and fault repair are 47.17, 76.2, and
76.2 minutes before FA as compared to 2, 5, and 32 minutes after FA, respectively.
The interruption durations are reduced due to the implementation of the FA system,
which results in the lower interruption costs.

Using the data in Table 11.2 as a reference, the interruption costs for different
customer types in the Tai-Chung DA area before and after FA can be calculated. The
results are also shown in Tables 11.4(a) and 11.4(b). Since the CICs and energy rev-
enues heavily depend on network operating conditions, the detailed calculations of
CIC and reduced revenues due to a fault need to consider the uncertainties on net-
work topology, load distribution, and switch location. Some complicated stochastic
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Table 11.4 Interruption costs of different customer types

Interruption duration (minutes) CICs ($/kW)

Residential Commercial Industrial

(a) Before FA
47.17 (feeder restoration from substation) 2.549 8.269 13.680
76.2 (feeder restoration from other feeders) 4.118 14.363 27.671
76.2 (fault repair) 4.118 14.363 27.671

(b) After FA
2 (feeder restoration from substation) 0.108 0.534 2.768
5 (feeder restoration from other feeders) 0.270 0.982 3.083
32 (fault repair) 1.729 5.434 8.541

methods such as Monte Carlo simulation can be used to more exactly predict the
interruption cost; however, they are more time-consuming. From the historical data
the average outage data such as outage rate and outage duration can be predicted;
therefore, the future interruption cost of a distribution feeder could be predicted
by using the average load and average outage data. In this chapter, average feeder
load and outage data are used to estimate the CIC and reduced utility energy rev-
enue. In the computations, feeder loads are assumed to be evenly distributed on
the feeder. Then the CIC and reduced revenues can be estimated by using (11.7)
and (11.9).

After the restoration time before and after FA is determined, the CIC and RR
before and after FA can be calculated by (11.7) and (11.9), respectively. Therefore,
the benefits for CIC and utility energy revenue can be obtained.

In addition, the system reliability index such as average system interruption
duration index (ASIDI) which provides information in system average duration
of interruptions can also be calculated. The definition of ASIDI is shown as
follows

ASIDI = Connected kVA duration interrupted

Total connected kVA served
(11.19)

The ASIDI per year due to faults occurred on Section i can be determined by

ASIDIi = λ × l

(n + 1)
×

(

tss × (i − 1)

(n + 1)
+ trepair × 1

(n + 1)
+ tfeeder × (n − i + 1)

(n + 1)

)

(11.20)

The ASIDI after the installation of n switches can be expressed as

ASIDI = λ × l

n + 1
×

(n

2
× tss + trepair + n

2
× tfeeder

)

(11.21)
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Using the feeder GS51 as an example for illustrating the procedure of calculating
the CIC and energy revenue for a feeder before and after FA, the specification data
for GS51 are

● Average load is 4600 kW
● Feeder length is 1.243 miles
● Switch number is 3
● Residential customers is 28.57% and commercial customers is 71.43%
● Load growth rate is 5.15%, and outage rate is 0.112 failures/mile/year

The CICs for GS51 before and after FA are computed by using (11.6), and
they are $6178 and $988, respectively. It means that the annual reduced interruption
cost for GS51 is $5190 due to the FA implementation. The annual increased utility
energy revenue is $48 after FA by using (11.8). Therefore, the annual total increased
benefit for GS51 due to the implemented FDIR function is $5238 that equals the
sum of the annual reduced interruption cost and the annual increased revenue. The
cumulative benefit during economic life of equipment then can be computed by using
present worth analysis. With (11.2a) and (11.2b), the present value and cumulative
present value are calculated as 1.0719 and 25.5033, respectively. The total benefit
including the reduced interruption costs and energy revenues for GS51 during the
economic life of equipment is $133586. Besides, the ASIDI before and after FA
can be easily determined by using (11.11), and they are 14.55 minutes and 2.38
minutes, respectively. The computation procedure mentioned above is helpful to find
the feeders which have large benefits after FA.

The expressions shown in (11.6) and (11.8) are also used to compute the poten-
tial benefits of overhead and underground feeders after FA and further to determine
which type of feeder is suitable for FA extension. For this purpose, an economic anal-
ysis of overhead and underground feeders for different types of customers including
residential, commercial, and industrial customers is performed. Table 11.5 shows the
interruption durations of the overhead and underground feeders in the Tai-Chung DA
area before FA. These data are used in the economic analysis. It can be seen from
Table 11.5 that the time for fault detection and isolation for the underground feeder
is longer than that for the overhead feeder. Tables 11.6 and 11.7 show the capital
and O&M costs of communication links and automation devices for overhead and
underground feeders, respectively. It shows that the line switches (LS) and commu-
nication links for the underground FA are more expensive than those for the overhead

Table 11.5 Interruption durations for overhead and underground feeders
before FA

Interruption duration (minutes) Overhead feeder Underground feeder

Feeder restoration from substation 26 61
Feeder restoration from other feeders 79 69
Failure repair 79 69
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Table 11.6 Communication link costs for overhead and underground FAs

Costs Overhead feeder Underground feeder

Capital cost ($/mile) 10833 12999
O&M cost ($/mile/year) 31 32

Table 11.7 FA devices costs for overhead and underground FAs

Costs FTU LS

Overhead Underground Overhead Underground
feeder feeder feeder feeder

Capital cost
($/each one) 4114 4736 5421 20370
O&M cost
($/each one/year) 93 93 19 26

feeder. The total outage duration for the overhead feeder is shorter than that for the
underground feeder (Table 11.5). It is interesting to know the benefit/cost ratios of
these two types of feeder to be automated.

To achieve the economic analysis of FA extension, a spreadsheet file was devel-
oped. With the file, the benefit/cost ratios of the overhead and underground feeders
for residential, commercial, and industrial customers under different feeder failures,
feeder lengths, feeder loads, and numbers of switch are performed. In the analysis,
the basic network data are assumed as: average load is 4600 kW, feeder length is
1.24 miles, number of LS is 3, load growth rate is 5.15%, and feeder failure rate is
0.13 failures/mile/year.

Using the CIC and energy revenue estimation formulas expressed in (11.7) and
(11.9) and feeder interruption durations data and FA devices costs information shown
in Tables 11.5–11.7, the benefit/cost ratios of the overhead and underground feeders
for residential, commercial, and industrial customers are computed. The results are
shown in Figures 11.4–11.7, which depict the sensitivity of the benefit/cost ratios of
the overhead and underground feeders for different customer types with respect to
feeder failure rate, feeder length, feeder loads, and number of switch, respectively. In
Figures 11.4–11.7, the test cases for residential, commercial, and industrial customers
mean that only this customer type is considered in the feeder. From the results, it can
be found that the industrial customers can have the largest benefit/cost ratio since they
have higher interruption costs than those for the commercial and residential customers.
The results also indicate that since the overhead feeder has lower capital costs than
the underground feeder, the benefit/cost ratio of the overhead feeder is larger than
that for the underground feeder under the same feeder failure rate. The results imply
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Figure 11.4 Effects of feeder failure rates on benefit/cost ratios of FA extension.
(a) Overhead feeder; (b) underground feeder

that the FA extension is preferable for industrial customers and overhead feeders. It
can also be seen that the benefit/cost ratio of the automated feeder increases with an
increase in the feeder failure rate, feeder length, and feeder load. The benefit/cost
ratio of the automated feeder decreases when the number of LS increases.

The analysis can further be used to find the optimum number of switch for a
candidate feeder when the service reliability is specified. For example, considering
an underground feeder that has the following parameters and objective

● Average load is 5200 kW
● Feeder length is 2.361 miles
● Commercial customers is 36.85% and industrial customers is 63.15%
● Load growth rate is 5.15%, and outage rate is 0.112 failures/mile/year
● The ASIDI should be smaller than 4 minutes
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Figure 11.5 Benefit/cost ratios of FA extension under different feeder lengths.
(a) Overhead feeder; (b) underground feeder

The ASIDI before FA is 28.05 minutes. The benefit/cost ratio and ASIDI for this
feeder with respect to the number of switch is shown in Table 11.8. It can be seen
that the benefit/cost ratio and ASIDI decrease with an increase in the number of LS.
When four LS are considered to be installed, the benefit/cost ratio is 5.796 and ASIDI
is 3.92 minutes. For this case, the obtained ASIDI is smaller than the predefined
reliability index value. The result has indicated that the optimum number of switch
of this feeder for balancing FA investment and service reliability is four. At this time
the benefit/cost ratio of the automated feeder is 5.796. They are bold values given in
Table 11.8.
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Figure 11.6 Effects of feeder loads on benefit/cost ratios of FA extension.
(a) Overhead feeder; (b) underground feeder

11.5 Conclusions and discussions

A value-based economic evaluation method for DA has been described in this chapter
to evaluate any DA project. This method takes CICs into account in the benefit anal-
ysis and uses the present worth analysis to perform the project economic evaluation.
The FDIR function appears to be most cost-effective; the distribution analysis and
customer management functions may not be cost-justified based on quantifiable ben-
efits but may be justified if the intangible benefits are of concern. The methodology,
used to find the candidate feeders for further FA extension and determine the optimal



306 Power distribution automation

14

12

10

8

6

4B
en

ef
it/

co
st

 ra
tio

2

0

14

12

10

8

6

4

B
en

ef
it/

co
st

 ra
tio

2

0

1 2 3
Number of line switch

Residential customers
Commercial customers
Industrial customers

Residential customers
Commercial customers
Industrial customers

Number of line switch

4 5

1 2 3 4 5

(a)

(b)

Figure 11.7 Effects of number of LS on benefit/costratios of FA extension.
(a) Overhead feeder; (b) underground feeder

Table 11.8 Benefit/cost ratio and ASIDI versus number of switch

Number of Switch 1 2 3 4 5

B/C ratio* 12.775 9.138 7.097 5.796 4.89
ASIDI (minutes) 7.56 5.54 4.53 3.92 3.51

*B/C ratio means benefit/cost ratio.
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number of switch for a feeder, is also discussed in this chapter. The study results have
indicated that the implementation of the FA is suitable for the feeders with the high
values of feeder failure rate, feeder load, and feeder length. The industrial customers
and overhead feeders are preferable for implementing FA. The results also indicate
that the implementation of DA system is suitable for the area with the high values of
interruption costs, failure rate, and inflation rate, and can be justified when a small
value of interest rate is considered. The methodology and formulas presented in this
chapter can assist the utility in assessing the reliability improvement benefits of the
DA system. The study results can also serve as the base for the utility‘s future DA
system implementation guideline.
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Chapter 12

Distribution automation at Enexis – a case study

J. Morren1,2, S. van der Heijden1, and J.G. Slootweg1,2

12.1 Introduction

Enexis is one of the major distribution system operators (DSOs) in the Netherlands,
located in the southern and north-eastern of the Netherlands. With a network of
approximately 130,000 km of medium- and low-voltage cables, it is supplying elec-
tricity to about 2.7 million customers. Besides electricity, natural gas is also supplied
to approximately 2.1 million customers. The light grey areas in Figure 12.1 show the
areas in which Enexis supplies electricity.

The electricity sector is facing major challenges. The increasing application of
renewable energy sources, often of a decentralised and intermittent nature, the use
of electric cars and the ever increasing demand for more reliable electricity networks
drive DSOs to improve the capacity and reliability of their network. Some of the major
challenges will be described shortly in this section.

In the past, networks were passive and the power flow was top-down. More and
more small-scale distributed generation is connected to the network, however, making
power flows bidirectional and operation of the network became more difficult.

Most of the electricity networks have been built in the 50s and 60s, and thus,
they are approaching the end of their lifetime. Meanwhile, society is becoming more
and more dependent on a secure supply of electricity. Power outages are no longer
accepted as inevitable or inherent to the supply of electricity. Public information
regarding power interruptions is getting more important.

In the classical way of solving an interruption, switching is done manually, and as
a result, the technicians have to travel between different locations. Especially in large
cities (during rush-hour), this takes a long time, leading to long restoration times, as
the density of traffic is increasing year by year.

The average age of the employees of most distribution system operators is rel-
atively high, and therefore, in the near future, a lot of them will retire, and new
employees have to be found. With the shortage of students with technical education,
this will become a problem in the future.

The trends described above imply that in the future, in a society that is becoming
more and more dependent on electricity, the network is becoming older and more

1Enexis B.V., ‘s-Hertogenbosch, The Netherlands
2Eindhoven University of Technology, Eindhoven, The Netherlands
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complicated, while the number of employees is decreasing. Solutions have to be
found to face these challenges.

Aware of these challenges, Enexis started a project in 2008 to investigate the main
challenges that had to be expected and to find possible solutions for them. One of the
main results of this project was the introduction of distribution automation (DA) in
the medium voltage (MV) networks of Enexis.

This chapter will describe in detail the DA concept developed by Enexis, and
will explain which steps have been taken. The main lessons learned will be presented.
Afterwards the preparation of the large-scale roll-out and the impact of DA on the
organisation of the DSO will be described. Finally the findings after automation of
more than 1000 substations will be given.

The structure of this chapter is as follows (Figure 12.2): DA concept and
functional design; Pilots; Technical design; Implementation; Results.
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12.2 DA concept

In Section 12.1, several challenges that the network operators face are mentioned.
The question is whether the current design and operation of the MV network is still
appropriate for these developments.

12.2.1 Risk analysis

Enexis used its risk-based asset management (RBAM) methodology [1] to answer
this question and to find possible solutions. The starting point for this was the risk
‘Obsolescence of the design and operation of MV networks to meet new future
demands’.

According to the RBAM approach the risk that is defined is confronted with the
company values. From this analysis, it becomes clear that mainly the business values
‘reliability’ and ‘reputation’ are affected. Reliability is affected as the information
in the current MV network is not sufficient to transport the fluctuating load from
the distributed generation. Also the network that is becoming older, giving a larger
possibility of failures, poses a risk on reliability. The reputation of Enexis can be put
at stake because the demands of society concerning reliability and dissemination of
public information are not adequately incorporated in the current network operation.

The risk matrix of Enexis is used to determine the risk levels of the affected
business values. By combining both the effect and the frequency, it can be determined
that the risk level is ‘high’ for both reliability and reputation [2].

12.2.2 Strategy development

The new developments that must be faced typically ask for a more flexible operation,
with a high reliability and more dissemination of public information, while at the
same time, the operation should be less labour-intensive. The combination of these
requirements asks for more automation in the network.

The MV networks (10 and 20 kV) of Enexis typically consist of a transmission
part, that is designed redundantly (n-1 secure), and a distribution part, that has a
ring-configuration but is operated as a radial grid (Figure 12.3). In case of a failure,
the fault is cleared automatically. However, the isolation of the faulty section and the
subsequent restoration of power are done manually. This implies a great potential for
improvement of reliability and a reduction of labour-intensity by applying DA. More-
over, DA will also facilitate dissemination of public information. Therefore, a concept
of remote switching and fault localisation in the MV-distribution grid was developed.
Many variants of remote control are possible: in theory, all circuit breakers and switch
disconnectors could be equipped with remote control, but at a certain point the addi-
tional reliability improvement is no longer worthwhile, i.e., the additional investment
does not pay off. In Ref. [3], it has been shown that the most optimal solution is to
automate the switch disconnectors approximately in the middle of both feeders and
at the normally open point (NOP) (S1, S3 and S2, respectively, in Figure 12.3).
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Figure 12.3 Enexis’ distribution automation concept

12.2.3 DA concept

The resulting DA concept is shown in Figure 12.3. As soon as a fault occurs in the
cable between C1 and S1, the circuit breaker C1 will disconnect the feeder. In the
conventional situation the fault had first to be located and isolated manually and then
power supply to the feeder could be restored. With DA switch disconnector, S1 can be
opened remotely. Immediately afterwards, the NOP S2 will be closed and customers
in the second part are re-energised. In case of a fault between S1 and S2, S1 will be
opened remotely and C1 closed, such that customers in the first part of the feeder are
re-energised immediately. This application of DA results in a significant reduction of
the customer minutes lost (CML).

12.3 Pilot project

After defining the functional design, a large pilot project has been launched. This pilot
project had several goals. One important goal was to see whether the components that
were needed to implement Enexis’ DA concept were available on the market. Second,
the goal was to investigate which practical problems would be encountered when the
concept would be implemented in practice. The last main goal was to prepare for the
large-scale roll-out. In this section the above issues will be discussed.
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12.3.1 Availability of components

One of the main goals of the pilot project was to test the required components if they
were available in the market or to develop them if they were not available yet. The
main issues encountered will be described in this section.

A key component in the whole concept is the remotely controlled Ring-Main
Unit (RMU). At Enexis, these RMUs are located in small substations or in even
smaller kiosk substations. This requires that the RMUs should be very small. It
became clear rather soon already that no off-the-shelve solutions were available. The
available RMUs were too large, did not have the possibility to motorise them, or
required a lot of modifications before they were suited for remote motorised control.
Together with a manufacturer, Enexis developed an RMU that could be remotely
controlled and did meet the requirements of Enexis (i.e. was small enough).

Another important part is the required automation. This consists of fault indi-
cators, measuring of current at the low-voltage side of the transformer, the control
of the motor drive and the gateway to the control room. The goal of Enexis was to
have a one-box solution to which only the current measurements and the fault passage
indicators had to be connected. However, during the preparation of the pilot project,
it became clear that most manufacturers active in the area of DA did not have that
kind of solutions yet. Proposed solutions consisted of a lot of different components,
all of which have to be connected together in order to obtain the desired functionality.
During the pilot project a number of manufacturers were challenged to develop a sys-
tem that met the requirements of Enexis. That resulted in several dedicated products,
and finally, after a tender procedure, one of them was selected by Enexis.

Because of the increasing amount of distributed generation in the MV networks,
the fault indicators should be bi-directional. At the start of the pilot project, these
were not available (based on proven technology). Together with some manufacturers,
they were developed and tested. The result was a good product which also was able
to measure the voltage and current in the MV network.

12.3.2 Other issues

Besides the fact that a lot of the required components were not available, some other
issues were encountered.

At the start of the project, it was also assumed that it would be possible to automate
the existing switchgear. However, during the pilot project, it became clear that in most
cases this was not possible. This implies that in those cases the switchgear had to be
replaced, resulting in an increase of the cost of DA projects.

Also a lot of kiosk-type substations were not suited for application of DA. They
are often too small already for placing an RMU, so finding space for additional DA
equipment is even more difficult. Also the climatic conditions in those kiosks are
extreme harsh. So, in order to make DA possible, often the complete substation and
RMU have to be replaced by a new one.

In discussions on automation of power systems, it is mostly assumed that fast
and reliable communication with a high bandwidth (e.g. glass fibre) is available
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everywhere. However, the reality is quite different. From a research project that has
been carried out for Enexis, it became clear that at that moment, wireless communi-
cation was the only feasible option for the DA project of Enexis. The used protocols
and data to be transferred are not optimised for a mobile medium which has its own
characteristics and a data-based tariff structure. In addition, no international security
standards were available describing how to implement adequate security measures
over mobile communication networks.

12.3.3 Preparation of large-scale roll-out

The third main goal of the pilot phase was the preparation of the large-scale roll-out
of the DA programme in the MV networks of Enexis. This section describes the most
important issues that have to be taken into account for the large scale roll-out. The
most important issues are:

● Different types of switchgear—there is a large diversity of switchgear (>100),
both in manufacturer and type, and the same type even can have different versions;

● Different types of substation—substations are different in dimensions, layout and
climatic conditions, and as a result, different solutions have to be found;

● Sixty to eighty percentage of the protection relays cannot be used (as these are
mechanical relays, they have no possibility for communication with (standard-
ised) protocols, etc.);

● Primary equipment is often not suited for automation by a motor drive, implying
that a part of the primary switchgear has to be replaced in order to make DA
possible;

● Specific knowledge, experience and skills required—installing and maintaining
DA equipment is quite different from the work that is done nowadays, implying
that training of people is necessary.

12.4 Technical design

After the pilot phase and the lessons that had been learned in that phase, the techni-
cal design could be finalised. The result for the most important parts (the MV/MV
substations, the MV/LV substations and the supervisory control and data acquisition
(SCADA) system) are presented in this section [4].

12.4.1 MV/LV substations

The remote operation requires that the RMU should have a motor drive for remote
opening and closing the load-break switches. Because it has to operate at the moment
when there is no power, a battery is required, with enough capacity to operate the
load-break switches several times. In order to know whether the fault was in the first
or in the second half of the feeder, there should be a short-circuit/earth-fault indicator
on at least one of the two feeders connected to the RMU. For grid management and
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planning, load conditions are needed which requires some additional measurements.
For exchange of data and control signals a communication medium is required, for
which public available wireless communication showed to be the most cost-effective
solution. In order to make quick installation (and replacement, if necessary) possible,
it was required that all functionally should be put together in one so-called ‘DA box’.
An overview of the complete solution is shown in Figure 12.4.

12.4.2 MV/MV substations

In order to be able to disconnect and reconnect quarters of the distribution ring, it is
also needed that the circuit breakers at the beginning of each feeder are remotely con-
trollable. In case of distribution feeders directly connected to the primary switchgear
in the HV/MV substations, this is in most cases possible, as the circuit breakers are
already suited for remote control. However, Enexis has a grid structure in which most
distribution feeders are connected to MV/MV substations, and in these substations
the circuit breakers are not remotely controllable. In some of the newest substations,
motor control of the circuit breakers is already available, but in older substations even
this is not possible, and the switchgear has to be retrofitted or replaced.

Fault information and data are acquired by digital protection relays, which also
control the circuit breakers. The relays are interconnected by a LAN-based network.
For communication with the SCADA-system, GPRS and UMTS/LTE are the pre-
ferred medium for the short term (because of the low costs). Based on the functional
design described above, a technical design has been developed. An overview of it is
given in Figure 12.5.

12.4.3 SCADA/distribution management system

Another important part of the whole DA concept is the new SCADA/distribution
management system (DMS) system. Besides a conventional SCADA system, it
is a combined geographical and data information system. This means that the
operators in the control room always have the latest grid diagrams including the
data points from the equipments in the field.

12.5 Implementation

The final stage before the large-scale roll-out could start was to implement the DA
concept and everything related to it throughout the organisation, which means:

● Inform the engineers when they have to use which components.
● Train the technicians regarding installations of the systems.
● Introduce new working processes.
● Teach the operators how to use this new functionality.

This section gives an overview of the impact on the whole organisation, all its
processes and the colleagues working in it, of the introduction of DA. Subsequently
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the acceptance by colleagues, the impact on the daily work, the required changes
in the company processes and the required knowledge and education will be
discussed [3].

12.5.1 Acceptance by workforce

Introduction of DA means introduction of more automation in the network. Two
extremes in this regard can be noticed. On one hand, there are colleagues who embrace
the new technologies and who believe in new opportunities. On the other hand, there
are those who see it as a threat and/or a downfall. This last group has its doubts about
the reliability and lifetime of the new products. Besides that, they also see a lot of
additional work because of the new equipments. This group has to be taken seriously,
and it is important to listen to them very carefully in order to understand the real
issues. Lastly, when this scepticism can be changed into enthusiasm, it will have a
positive influence on the whole organisation.

12.5.2 Impact on daily work

During the implementation of DA, it was noticed that the impact on the organisation
was larger than was expected beforehand. The knowledge that is required was one
issue, but not the most important. For most colleagues, in-depth knowledge is not
needed, and some basic understanding of the new techniques is enough. However, the
new DA equipment has significant influence on the organisation as a whole. Similar
to other network operators, Enexis has a number of processes in which the work within
the company is organised. Most of these processes could be done almost independently
from each other. However, during the introduction of the DA programme within
Enexis, it became clear that this resulted in much more dependencies between different
departments. In the past, each department could do more or less its own part of the job
independently, but now there are more interdependencies between the departments.
For example, the placement of a new RMU with DA requires coordination with
the SCADA department and the colleagues operating the DMS. The impact will be
discussed in more detail in the next section.

12.5.3 Changing company processes

In this sub-section, as an example, a description is given of the process from selection
to acceptance of substations, including the additions as a result of DA.

The process starts with the selection for a new substation, then the planning and
design starts, after that the design will be realised and finally the new substation
will be connected to the grid including acceptance of the grid manager, as shown
schematically in Figure 12.6. In the past, all those steps could be done more or less
independently from each other.

Intake: According to the policy of Enexis, every year the (asset) engineers have
to select a number of substations (mainly RMUs) that should be upgraded to a DA
substation. The goal is to find these parts of the distribution grid where the introduction
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Intake Planning and design Realization Acceptance

Figure 12.6 The basic elements of the process for building a substation

of the DA equipment will have the largest positive influence on the reliability of the
network. Besides that, for every new RMU that is placed for other reasons, they have
to decide whether it should be automated or not.

Planning and design: Adding DA requires more cooperation with the SCADA
department, because they have to connect the substations to the SCADA system and
in some cases they also have to programme the equipment in the substations (remote
terminal unit (RTU), modem). Besides, the engineer needs to register the whole
project, step by step, in the GIS and ERP systems before realisation already. This
is because of the new SCADA/DMS system that is integrated with these enterprise
data systems. In the past, all this was done at once, at the end of the whole process,
when the substation was placed and commissioned already, and everything was in
operation.

Realisation: Both placement and commissioning of new switchgear require more
cooperation and time than in the past. Before the introduction of the DA programme,
new switchgear could just be placed, the cables connected and put into operation. Now,
also all the DA equipment (RTU, modem, short-circuit indicators, motor drives, etc.)
have to be commissioned. This requires a close cooperation between those depart-
ments that are responsible for placement of the switchgear and the departments that
are responsible for, and have the knowledge of, the DA equipment.

Furthermore, when the new substation is placed, also the commissioning of it
will take much more time than in the past. All the additional DA equipment that is
used has to be tested. This requires knowledge of both the primary equipment (the
switchgear) and secondary equipment (all the DA equipment). All this has to be tested
together, while in the past, it could mostly be done separately.

Acceptance: Now that the substations can be directly controlled and observed
from the control room, the project teams have to prove that all signals and measure-
ments are correct. Technically this is already a challenge but especially for the whole
project planning process, as on the same moment people in the substation (both for
the primary equipment and the secondary (DA) equipment), people at the SCADA
department and people in the control room have to be available and have to cooperate.
In the past, all these steps could be done individually, requiring much less coordina-
tion and planning. Furthermore, in addition to other substations (without DA), some
extra information about the DA equipment needs to be registered.
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12.5.4 Required knowledge and education

Introduction of DA also means introduction of automation equipment (so-called
secondary equipment). The basic principles of this secondary equipment are funda-
mentally different from those of the primary equipment such as cables or transformers.
Primary components are static. They remain the same for decades. On the other hand,
secondary equipment is rather dynamic. It is mainly based on software which implies
that a lot of settings have to be made, which have to be determined and tested. It can
be expected that the software (firmware) in the equipment will change every couple
of years and the software to programme and test it even more often. All this requires
a complete new way of thinking for people. It is therefore not obvious that people
who have worked with primary equipment for decades already will be able to learn
working with DA equipment easily.

So far, only the people who worked with protection relays and with substation
automation are more or less familiar with (the working principles of) the new equip-
ment. But this is only a limited number of people, and with the new DA equipment,
more of them are needed. Also for them things will change. The largest group are
the protection specialists. Most of them are used to work with individual protection
relays only. However, in the MV/MV substations, they now have to work with Local
Area Networks (LANs), RTUs and so on. The principles of an Ethernet network or of
the IEC61850 protocol are new also for the protection specialists. So, also for them
the working principles of the new technologies are not obvious.

So, it can be concluded that the number of people that is familiar with DA
equipment is rather limited, and that even they do not have enough knowledge in
most cases. This implies that an extensive training programme is required to provide
the protection specialists with more knowledge and train a significant number of new
employees in order to be able to realise the introduction of an increasing amount of
DA equipment.

12.6 Results

12.6.1 Realisation

In 2012, Enexis started with the large-scale roll-out of DA. At the end of 2015, more
than 1000 RMUs have been automated. Although initially people had to get used to it,
DA is now daily business at Enexis, and people are very positive about it and ask for
increasing the roll-out speed. Some examples of substations that have been automated
are shown in Figure 12.7.

Figure 12.8 gives an overview of all locations with DA in the Enexis supply area
(marked with dots).

12.6.2 CML savings

Since the start of the large scale DA roll-out in 2012, it proves to be very successful
in reducing the CML. Although still a rather small percentage of the substations is
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(a)

(b)

Figure 12.7 Example of substations equipped with DA: MV/LV substation (a),
MV/MV substation (b)

automated (about 15% of the total number that is expected to be automated), and
on average, these substations have been automated less than 2 years ago, until the
end of 2014 already about 120 faults have been restored by using DA, saving about
3.2 million CML.

From the interruptions that have been restored by DA, it has become clear that
even about 50% of the CML of an interruption can be reduced by applying DA,
instead of the 40% that was initially assumed. This makes application of DA even
more attractive. The higher reduction is due to the fact that in practice, there is often
more than one remotely controlled RMU in a feeder, which means that a larger part
can be restored remotely.
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Figure 12.8 Locations of substations with DA

As an example the reduction in CML will be calculated for an interruption that
occurred on 27 February, 2014. A part of the network diagram is shown in Figure 12.9.
In this figure, two feeders are shown. The first consists of the parts A, B and C, and
the second consists of part D. The two feeders can be connected with the NOP. The
fault was in the second half of the feeder (the first part of the feeder is marked by
A, the second part by B and C). The boxes with the numbers 1 to 5 show the actions
that have been performed to restore the power. After occurrence of the fault, first
a switch-disconnector in the middle of the feeder could be opened (1) and then the
circuit breaker closed (2). Afterwards the faulted cable section had to be disconnected
locally. This has to be done at both sides, giving two switching actions (3). Now the
last part of the feeder (part C) can be re-energised by closing the normally open point
(4) to the other feeder (part D). Also part B, between the switch disconnector, which
was opened as the first step and the fault location, can be closed (5) and also part B
of the feeder is re-energised. After these actions, power supply is restored for all
customers and the fault cable section can be repaired.

The reduction in CML is calculated in Table 12.1. The CML for the situation
without DA is based on the average recovery times for restoration of supply. The
CML in case of DA are realised in reality. From the numbers, it can be concluded that
the reduction in CML due to DA is 49%.
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Table 12.1 Reduction in CML due to DA

Recovery time With DA CML No DA With DA
No DA Customers

First 87 3 882 76734 2646
Second 132 125 441 58212 55125
Third 174 126 294 51156 37044

Total 186102 94815

12.6.3 Other advantages

One of the main drivers for the roll-out DA is the reduction in CML. Several other
advantages have been noticed already. One of the reasons for very positive acceptance
of DA by the employees is that it also is used during regular maintenance work. As
most of the switching actions can be done from the control centre, this results in
less movements between different substations and thus resulting into an efficiency
improvement.

Another advantage of remote switching is that it improves the safety of the work,
as switching no longer has to be done locally but can be done remotely.

The roll-out of DA also results in more measurements in the distribution net-
work. With the increase of decentralised and fluctuating power sources such as wind
and solar, this is useful to have better insight in the power flows, and therefore over-
loading of the network can be avoided. In the future, it will also be of importance
for new developments such as smart charging of electric vehicles and demand side
management. The introduction of DA can therefore be considered as a step towards a
smarter grid.

12.6.4 Lessons learnt and future developments

After 3 years of large-scale roll-out of DA, it is possible to evaluate the roll-out and
investigate what will be the future developments.

One of the assumptions at the start of the DA roll-out was that most of the existing
switchgear could easily be modified for application of DA. However, during the roll-
out, it was noticed that there is a huge diversity in installed base of MV switchgear.
Network operators have a history of over 100 years, and taking into account the typical
lifetime of switchgear of 40–60 years, this results in a huge diversity in the installed
base. This means that for a significant number of different types of switchgear a
solution has to be found to make them suitable for remote switching. Together with
manufacturers, solutions have been found for different types of switchgear.

Another important lesson that was learned was that it is very important to involve
all relevant departments and colleagues to come to a solution that is accepted by
everyone. This results in the best solutions, as all available experience is included in
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the final solution. In this way, it is avoided that during the roll-out, discussions will
start and there is no support.

As mentioned in Section 12.6.2 the results in CML reduction are even better
than expected on beforehand. Because of this and other advantages of DA (Section
12.6.3), Enexis will continue the roll-out of DA. The target of Enexis is to keep the
CML constant for the coming years although higher failure rates (because of ageing
assets) may be expected. From the RBAM methodology, it is clear that DA is one of
the most cost-effective measures to compensate for this higher failure rate and reach
the goal of constant CML. The investments will even increase in the coming years to
a level that is two times as high as in 2014. With this level, in 4 or 5 years all larger
cities in the supply area of Enexis can be provided with DA.

It is expected that the cost of DA equipment will decrease in the coming years.
When Enexis started its roll-out of DA, some of the required components had still to be
developed or were made specifically for Enexis. However, DA is now becoming a more
common application and applied on a larger scale, and therefore, more equipment
will become available and the cost will decrease. This development will make it even
more cost-effective to continue with the roll-out of DA.
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