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Preface

Renewable energy based multiconverter DC distribution systems or DC microgrids
are considered as one of the key enabling technologies, among many, towards the
development of modern smart grids. DC distribution systems offer inherent benefits
of higher power transfer capacity of lines, no reactive power and frequency control
requirements, and avoidance of multiple power conversions when the source is DC.
This results in simple control structures, higher efficiency, and cost effectiveness.
However, tightly regulated Point-of-Load Converters (POLCs) in a multiconverter
DC distribution system having cascaded structure behave as Constant Power Loads
(CPLs) when control bandwidth of load converter is sufficiently higher than that of
feeder converter, and introduces a destabilizing effect into the system. This desta-
bilizing effect of CPLs, due to their negative impedance characteristics, may lead to
reduced system damping, significant oscillations in the DC bus voltage, and
sometimes voltage collapse.

This monograph focuses on the mitigation of the destabilizing effects introduced
by CPLs in different non-isolated DC/DC converters and island DC microgrid using
robust nonlinear Sliding Mode Control (SMC) approach. Novel sliding mode
controllers are proposed to mitigate negative impedance instabilities in DC/DC
boost, buck, bidirectional buck-boost converters, and islanded DC microgrid. In
each case, the condition for large-signal stability of the converter feeding a CPL is
established. SMC-based nonlinear control scheme for an islanded DC microgrid
feeding CPL dominated load is proposed to mitigate the destabilizing effect of CPL
and to ensure system stability in various operating conditions. A limit on CPL
power is also established to ensure the system stability. For all proposed solutions,
simulation studies and hardware implementations are provided to validate the
effectiveness of the proposed sliding mode controllers.

The authors wish to acknowledge Vinod Kumar, Aditya R. Gautam, Nupur
Rathore, Kumar Gaurav, Atul Agarwal, and Koyinni Deekshitha for their
help. They wish to acknowledge Ministry of New and Renewable Energy (MNRE),
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no.-S/MNRE/LC/20110007. Finally, they also would like to acknowledge patience,
encouragement, and support of their wives and children during the preparation of
manuscript.

Jodhpur, India Deepak Kumar Fulwani
June 2016 Suresh Singh
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Chapter 1
Introduction

Abstract In this an introduction to DC distributed power systems, Constant Power
Loads (CPLs) and its behaviour is presented. Analysis of small-signal stability of
generalised and converter based DC systems with CPL is also presented in this
chapter. Furthermore, a brief review of major techniques to mitigate CPL induced
instabilities is presented, followed by motivation and organization of the book.

Keywords Constant power load (CPL) + CPL stabilization + DC distributed power
system * DC microgrid - Small-signal stability

The first commercial electric power system of Thomas Alva Edison, came into exis-
tence in 1882 at Pearl Street Station, New York, USA, to deliver electricity produced
by central dc dynamos (110 V dc) over underground copper cable to nearby Wall
Street offices of J.P. Morgan and New York Times. Due to low transmission voltage,
Edison’s dc power system had high losses, high cost of copper conductors due to high
current, and small service area of maximum of 1-2 miles [1, 2]. On the other hand,
Westinghouse demonstrated first commercial ac power system of America in 1886,
which could transmit electric power at a high voltage using transformers and had
small losses and wider service area, vis a vis dc power system [3]. In 1888, began the
so called War of the Currents, i.e. ac versus dc transmission or Westinghouse versus
Edison. In this war of currents, despite Edison’s argument regarding safety of ac,
ac power systems of Westinghouse prevailed [3]. The transformer which could step
up or step down voltage, inherently efficient induction motor loads, and large three
phase synchronous generators gave the core strength to ac power systems. After that
in 1892, another ac power system to transmit power at 40 kV over 70 mile came into
service, in California. And another in 1896, to deliver ac power from Niagra Fall to
Buffalo, over a distance of 20 miles, to ac loads at 440 V and dc loads at 550 V using
rotating converters [1-3].

Despite the widespread use of ac power produced by large centralized power sta-
tions, spanning entire 20th century, dc power continued to show its presence at a
few places e.g. Telecommunication power systems (48 V dc), control and protection
application of power plants and substations (100-110 V), dc drives in railway trac-
tion and industrial drive systems etc. Then, developments in the power electronics
technology infused a fresh life into dc power systems, by providing better control

© The Author(s) 2017 1
D.K. Fulwani and S. Singh, Mitigation of Negative Impedance Instabilities

in DC Distribution Systems, SpringerBriefs in Applied Sciences and Technology,

DOI 10.1007/978-981-10-2071-1_1



2 1 Introduction

Fig. 1.1 Schematic diagram of a typical dc microgrid

of dc power and making it possible to step up and step down the dc voltage. At
this point, switching power converters begun to transform the existing dc power sys-
tems as they lead to reduced size, weight, cost, and improved reliability, efficiency,
power quality and flexibility [4]. Some of the examples of the switching power con-
verter dominated systems are more electric aircraft, MVDC ship board power system,
electric vehicles and hybrid electric vehicles. Another application of dc technology
came in the form of high voltage direct current (HVDC) transmission, which connects
two ac power systems through an asynchronous link.

With advancements in power electronics, control technology, and worldwide
thrust to use more and more renewable energy, dc microgrids or dc distribution sys-
tems are treated as one of the preferred technologies to integrate renewable energy
sources and storage units to feed local dc load. A dc microgrid may be connected to
the existing power grid, and can operate either in islanded or grid connected mode [5—
7]. The schematic diagram of a typical dc microgrid is shown in Fig. 1.1. With most
of the renewable energy sources producing dc, rapidly increasing share of electronic
loads operating on dc (data centers, laptops, mobile phones, home appliances and
many more) and development of highly efficient loads (LED lighting and brushless
dc drive based loads), the continued use of ac may not be an efficient choice [8]. DC
microgrids or dc distribution system offer higher efficiency (by avoiding multiple
conversions), relatively less complexity of control (No reactive power and frequency
control), and reduced size, weight and cost [9, 10].
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Particularly, there has been arising interest in the dc microgrids since the beginning
of the first decade of 21st century. This is also witnessed by the quantum of work
contributed by the community, many pilot projects around the globe, development of
different dc standards, and many special issues of learned journals dedicated to the
topic [8, 9, 11-16]. Some of the developed dc standards are, EMerge ALLIANCET s
380 V DC open standard for data/telcom center microgrid to facilitate use of dc
and ac power, and 24 V DC standard for indoor office and residential spaces to
directly connect and use dc power from different renewable energy sources. Another
380 V DC open standard is proposed by REbus’™ pertaining to distribution of dc
power in homes, offices etc. The choice of 380 V DC performs better in terms of
efficiency, space requirement and cost, as compared to single/three phase ac and
48 V DC [17].

The switching power converters with sophisticated control which had renewed
interest in dc power systems, also brought in serious stability challenge [18]. In a dc
distribution system many loads such as speed controlled drives, electronic loads, and
loads supplied by voltage regulator, are tightly regulated by their own controllers,
and this gives rise to constant power load (CPL) behaviour. These loads sink constant
power from their source irrespective of their terminal voltage and introduces destabi-
lizing effects into the dc distribution system. These destabilizing effects of CPLs may
lead to significant oscillations in the dc bus voltage, reduced effective damping of the
system, reduced stability margins, and sometimes voltage collapse [19-22]. Several
researchers have studied CPLs and their destabilizing effects in different vehicular
dc distribution systems and renewable energy based dc microgrids [21-25]. Some
passive and control based active compensation techniques have been reported by
the community [22, 26-28] and see the references therein. In the following section,
sources of CPL, their behavior and effects are presented.

1.1 Constant Power Loads: Sources, Behaviour and Effects

The renewable sources based dc microgrids (DCMG), transport power systems (sur-
face, air, and water) and telecommunication power distribution systems usually con-
sist of a large number of power converters in parallel, in cascade, stacking, load
splitting, and source splitting configurations to ensure the desired design and oper-
ational objectives [29]. Such a power system is known as multi-converter power
electronic system or distributed power system (DPS) [4, 29]. Cascading of power
electronic converter, a common feature of almost every converter dominated power
system, helps in ensuring the desired point-of-load regulation. However, a tightly-
regulated point of load converter (POLC) behaves as a CPL and tend to destabilize
its feeder system [18, 20, 30, 31]. A CPL exhibits a negative incremental impedance,
i.e. the current drawn by it increases/decreases with a decrease/increase in its ter-
minal voltage. The I-V characteristics of a typical ideal CPL is shown in Fig. 1.2.
However, the actual behavior of a tightly-regulated converter interfacing a load may
not be that of an ideal CPL always, as it is largely influenced by the source and load
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Fig. 1.3 CPL and feeder configurations; a a tightly regulated dc/dc voltage regulator with upstream
dc/dc converter, b a tightly regulated dc/dc voltage regulator with input LC filter/uncontrolled
rectifier, ¢ a tightly regulated inverter drive with upstream dc/dc converter, and d a tightly regulated

inverter drive input LC filter/uncontrolled rectifier

side control bandwidth [32]. As shown in Fig. 1.3, the common examples of CPL in
a dc power system are tightly-regulated dc/dc converters supplying a load and dc/ac
inverter drives. In Fig. 1.3a, c, the upstream/feeder system of the CPL is a controlled
dc/dc converter, while in Fig. 1.3b, d the feeder system is an input LC filter or uncon-
trolled rectifiers. The destabilizing behaviour of a CPL can be investigated using its
small-signal model as follows [33, 34].
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Fig. 1.4 Large and (b)
small-signal models of a
CPL +
VCPL RCPL CPL
Mathematically, a CPL can be modeled as,
) P
lecpr = — (1.1)
VerL

Where icpy, is the current drawn by the CPL, v¢p, is the terminal voltage of the CPL,
and P is the rated power of the CPL. The rate of change of current, for a given
operating point (I = %) using (1.1) is given by

dicp, P
dvep, V2

(1.2)

At the given operating point, the I-V curve of the CPL can be approximated by a
straight line tangent to the curve given by

: P P
icpL = _Wv+27 (1.3)
Figure 1.4a represents the large-signal model of a CPL given by (1.1). While (1.3),
which gives a small-signal model of the CPL, can be represented as a negative
resistance (Rcp, = —%) with a parallel constant current source (Icp, = 2%) as
shown in Fig. 1.4b. The constant current component in CPL’s small-signal model does
not affect the stability, however, negative resistance reduces the effective damping of
the system and tends to destabilize the system. Such instabilities induced by CPLs
are known as negative impedance/resistance instabilities. The major effects with the
presence of a CPL in a dc power system are as follows

Reduces the equivalent resistance of the system.

Causes high inrush current, as voltage build-up slowly from its initial value.
Reduces system damping and stability margins.

Causes limit cycle oscillation in the dc bus voltage and currents.

May lead to voltage collapse.

el ol

In the next sections, an investigation of the stability of a simple dc power system
with CPL will be presented.
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Fig. 1.5 DC power system supplying power to a CPL

1.2 Stability of a Simple dc Power System with CPL

In this section, stability analysis of a simple dc power system in the presence of a
CPL will be presented. The presented stability analysis is reproduced from [35]. The
circuit diagram of a dc power system supplying power to a CPL is shown in Fig. 1.5.

The system of Fig. 1.5 can described by the following equations

iy =

dig
Vi —Vc+lsR+Ld—

Differentiating (1.4a),
di c d*v. df,

dr T dr? dt

Now substituting i and % into (1.4b) from (1.4a) and (1.5) respectively,

df,
Vi=v.+ R Fre
dt2 dt
dﬁ, dfy.  dv,
Now = -d—"t,
v, — d%v dfv{ dv,
=V, —_ . —

d dr? a’vc dt

(1.4a)

(1.4b)

(1.5)

(1.6)

(1.7)

Steady-state solution of (1.7) can obtained by setting time derivatives to zero, i.e.

Vi =veo + Rf(Vc)

(1.8)
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Using Taylor’s series expansion

Ve =Veo TV (1.9)
and df( )

Ve
FOve) = flve) + === 0 (1.10)

Veo

Substituting in (1.7),
df veo) | >, df,, dv

0= RC R L—— . — 1.11
vERCS Pt dveo ar T, (11D

Rewriting (1.11) neglecting higher order term,

df(vc()) dfv.o dv
RC 4+ L&)V 1.12
dv T RETL D0 (1.12)

0=0+R

For system to be stable, all the coefficients of (1.12) must have the same sign. If
the load has positive incremental resistance, all the coefficients will be positive and
system will be stable. On the other hand, if load has negative incremental resistance
the conditions for stability are

df (ve
T LA (1.13a)
Ve0
df,.
RC+LL >0 (1.13b)
Ve
In case of CPL, f(v.) = icpL = £ and df;(vv“) = —%; where P is power consumed

by CPL. Therefore, the COHdlthHS for stability are now

= >0 (1.142)
cO
PL
RC——2 >0 (1.14b)

c

From (1.14a), if v is considered constant, stability is harder to achieve as CPL power
P increases. R must be reduced as P increases to maintain stability. From (1.14b),
capacitance must be increased and inductance must be decreased as P increases.
Thus for a given system, there is a maximum P for which stability can be assured.
From system point of view, increasing the system voltage has an stabilizing effect.
Hence, for dc power systems with CPLs, stability is a challenge at higher power
levels. Furthermore, nonlinear behaviour that can not be modeled adequately by
linear theory may become an issue at low power levels as well. In the next section,
small-signal stability of all basic dc/dc converters with CPL will be investigated.
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1.3 Small-Signal Stability of Basic DC/DC Converters
with CPL

In this section, the small-signal stability of basic dc/dc converters with CPL is pre-
sented. The Fig. 1.6 shows circuit diagrams of the four basic dc/dc converters loaded
with CPL, namely (a) dc/dc buck converter, (b) dc/dc boost converter, (c) dc/dc
buck-boost converter, and (d) dc/dc bidirectional buck-boost converter.

1.3.1 Buck Converter

The nonlinear state-space averaged model of a dc/dc buck converter with CPL shown
in Fig. 1.6a and operating in continuous conduction mode (CCM), is given by

L—t =uE—x (1.152)

Cd =i 2

x 1.15b
x1 >0, x, ><92 ( )

where x; is the moving average of the inductor current iz, x, is the moving average
of the capacitor voltage v¢, E is the input voltage, P is the rated power of the CPL,
and u € {0, 1} is the control input to the converter. L and C are the inductance and
capacitance parameters of the converter. Replacing the input control signal with its
fast average u(¢) (instantaneous duty cycle), (1.15) can be written as

T et

Fig. 1.6 DC/DC converters loaded with CPL: a buck converter, b boost converter, ¢ buck-boost
converter, and d bidirectional buck-boost converter




1.3 Small-Signal Stability of Basic DC/DC Converters with CPL 9

dx1
L= = uE —x, (1.16a)
Cd’Cz =x—-2L
x 1.16b
x1>0,x > 82 ( )

For the system of (1.16) to be stable in a small-signal sense, its trajectory must
asymptotically converge to the equilibrium point, when it is perturbed from the
equilibrium point. In other words, the system is stable in the small signal sense if all
eigenvalues of system matrix have negative real part. The equilibrium point [x}, x3]
of (1.16) is given by

*x3] = P t 1.17
[xl,le-—[ OE ,u(ME } (1.17)

The Jacobian matrix at the equilibrium point becomes

0 -}
J = . P (1.18)
C Cu()’E?

Cu(t)2E2 > 0and A =

% > 0. As the trace and determinant of the Jacobian matrix are positive, the

equilibrium point of the system is unstable.

The trace and determinant of the Jacobian matrix are T =

1.3.2 Boost Converter

The dynamic model of a dc/dc boost converter loaded with a CPL and operating in
CCM as shown in Fig. 1.6b, is given by

d
L%—E—(l —u()x (1.192)

CL2 =1 —u@)x — £

x 1.19b

x1>0,x >¢ ’ ( )
The equilibrium point [x}, x3] of (1.19) is given by
P E

L= — 1.20

i) [E = u(r»} (20

The Jacobian matrix at the equilibrium point becomes

0 _U-uw
= b (1.21)
(-u@) PU-u®)? '
C

CE?
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The trace and determinant of the Jacobian matrix are T = % > 0and A =

al“% > 0. In this case also, the trace and determinant of the Jacobian matrix are
positive, therefore the equilibrium point of the linearized system (1.19) is unstable.

1.3.3 Buck-Boost Converter

The nonlinear state-space averaged model of an inverted topology buck-boost con-
verter with a CPL, shown in Fig. 1.6c¢, is given by
dx 1
LE =u()E + (1 —u(t))x (1.22a)

C8 = —(l —u@)x — £

1.22b
x1>0,x < —¢ ( )

The equilibrium point [x], x7] of (1.22) is given by

. s P —u(t)
[x), x3]:= , E (1.23)
u@®E (1 —u())
The Jacobian matrix at the equilibrium point (1.23) becomes

d—u@)

=’ 3 (1.24)
T | _d-u@) PA—u@)? :
C Cu()2E?

The trace and determinant of the Jacobian matrix are T = % >0and A =

% > 0. Therefore, the equilibrium point of (1.22) is unstable.

1.3.4 Bidirectional Buck-Boost Converter

The state-space averaged model of a bidirectional dc/dc converter interfacing a bat-
tery storage in typical dc microgrid application and supplying a net CPL power P,
(resultant of power produced by renewable energy sources (RESs) operating in max-
imum power point tracking (MPPT) mode and load demand), as shown in Fig. 1.6d,
is given by

dx1
L= = Vo + u()xs (1.25a)

dx _ _ b
Ca = ux =3 (1.25b)

x1>0,x <e¢
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where Vj,, is the nominal battery voltage. Assuming that the system on the right-side
of the converter consists of both CPLs and constant power sources (CPSs), the net
load power P, can be positive or negative. The equilibrium point [x}, x5] of (1.25)
is given by

* *7 . Pn Vbat)
[x], x3] == , —— (1.26)
Vbar  u(t)
The Jacobian matrix at the equilibrium point (1.23) becomes
0 *lz(f)
J = “) Pty (1.27)
C CVZ,

The trace and determinant of the Jacobian matrix are T = PC‘”T(”Z and A = % > 0.
bat

When P, is positive (discharging mode), the trace of the Jacobian is positive, this

implies that the equilibrium point of (1.25) is unstable. On the other hand, when

P, < 0 (charging mode), the equilibrium point of the system is stable.

The use of ideal models of dc/dc converters in the above stability analysis is
motivated by the fact that the absence of any dissipative element keeps the
natural damping of the system to a minimum value. This leads to a worst case
scenario from the stability point of view. As discussed above, all the basic open-
loop dc/dc converters loaded with CPL and operating in CCM are unstable.
Furthermore, in the absence of dissipative elements such as converter parasitics
and CVLs, there is no parameter which can contribute towards stabilization of
the system. When both, CPLs and CPLs are present in the system, the system
is unstable if amount of CPL is greater than CVL [21].

In a closed-loop operation, the stability of dc/dc converters loaded with CPL
depends on the mode of operation (CCM or discontinuous conduction mode (DCM))
and control mode, voltage mode control (VMC) or current mode control (CMC). All
the basic dc/dc converter loaded with a CPL and operating in CCM, are unstable
under both VMC and CMC. The boost converter in DCM is stable under both VMC
and CMC. The buck-boost converter in DCM is marginally stable under both VMC
and CMC. And buck converter in DCM is stable under VMC and unstable under
CCM. In open-loop, all basic dc/dc converters loaded with CPL and operating in
DCM are stable, and in such cases the control design task is similar to that of dc/dc
converters loaded with conventional CVL [36].
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1.4 Stability of a DC Microgrid with CPL

The power electronic converters are the basic building blocks of a renewable energy
based DCMG. And it has been seen that, all the basic dc/dc converters loaded with
CPL represents a nonlinear system and are unstable due to negative impedance char-
acteristics of tightly-regulated POLCs. A dc microgrid with many RESs interfacing
converters, energy storage interfacing converters, CPLs, and uncertainty associated
with RESs, becomes a highly nonlinear system. It has been an established fact that
proportional-integral-derivative (PID) control techniques are insufficient to regulate
dc bus voltage and to stabilize a dc distribution system in face of CPL and uncer-
tainties. Under given situation, the designed control must have sufficient robustness
to ensure stability and the performance of the system. In the following section, a
review of different techniques to mitigate the destabilizing effects of the CPLs is
presented, wherein the capability of each technique is critically examined, along
with its limitations.

1.5 Review of Literature

In this section a review of literature on mitigation of the destabilizing effects intro-
duced by CPLs in dc distribution systems is presented. Techniques reported for
mitigation of the destabilizing effects of CPLs are classified and the concept of each
technique is described briefly, along with its merits and limitations.

The basic concept of CPL compensation involves increasing the effective system
damping through some modifications at feeder/source level, load level or the use of
some additional circuits [37]. These modifications can be done in system hardware or
in their control loops. The techniques based on hardware modifications are known as
passive damping techniques and those based on modifications in the control structures
are known as active damping techniques. The techniques based on some specialized
control approaches, discussed separately here, are also usually considered under
active damping. A broad classification of the CPL compensation techniques is shown
in Fig. 1.7. In the following subsections, different CPL compensation techniques are
presented.

1.5.1 Passive Damping

In this technique, in order to compensate the negative incremental impedance effect
of the CPLs, the system damping is increased by adding passive components (resis-
tances, resistance-capacitance, and resistance-inductance) to the concerned system.
This approach results in an increased size, cost, weight of the system. Furthermore,
passive components lead to high power dissipation, particularly when resistance is
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Fig. 1.7 Broad classification of CPL compensation techniques: a feeder side compensation, b load
side compensation, ¢ compensation using auxiliary circuits

used in parallel with filter capacitor, which is detrimental to the system efficiency.
The application of the loss free resistance (LFR) [26] can be used to reduce the power
dissipation. The downside of LFR is that, it increases the system size, complexity,
and cost.

In [38], the interaction of CPL’s small-signal negative input resistance with input
LC filter is analyzed and a passive damper consisting of series RC (resistance-
capacitance) branch in parallel with filter capacitor is proposed to stabilize the system.
Cespedes et al. in [27] have proposed three different passive dampers to stabilize the
input filter of a CPL, and presented an analytical theory to determine the required val-
ues of damper parameters. The design of the dc bus capacitor, to ensure the desired
stability margins using impedance criteria under three droop control schemes, is
presented in [28]. The test system considered consists of a dc aircraft power sys-
tem having parallel sources driving a CPL. The influence of the converter paracitics
(switch ‘ON’ resistance, inductor resistance, and diode resistance) in the presence
of CPLs is analyzed in detail in [39] under both CCM and DCM operation. Further-
more, design recommendations are presented to avoid CPL induced instabilities in a
dc distribution system, feeding a pure CPL and a combination of CPL with resistive
loads.

1.5.2 Active Damping

The underlying concept of active damping is to create the damping effect of
series/parallel resistances or dc bus capacitance through the modifications in the
control structure of the feeder or load subsystem. In addition to this, an auxiliary
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circuit can also be connected at the load terminals, to inject a compensating current
or to emulate variable impedance, so as to mitigate the CPL induced instabilities
[33, 37]. Next, the active damping techniques realized at feeder side, load side and
through the auxiliary circuits will be discussed separately.

1.5.2.1 Feeder Side Active Damping

In this section, active damping methods implemented through the modifications in
control loops of the feeder subsystem are summarized [33, 40-51]. The compensation
of the CPL effect at the upstream feeder level is applicable only when, the upstream
feeder subsystem s a switched dc/dc or ac/dc converter. When the feeder subsystem of
the CPL is an input LC (inductance-capacitance) filter or uncontrolled rectifier, CPL
compensation at the feeder side is not possible. In active damping at the feeder side,
the additional compensation loops modifies the output impedance Z, of the feeder
converter, so as to satisfy the impedance stability criterion. The major advantage of
this approach is that the system can be stabilized without compromising the load
performance [37, 52].

An active damping technique which emulates a resistance in series with the con-
verter inductor to stabilize the basic dc/dc converters loaded with a CPL is presented
in [33]. The measured inductor current is passed through a feedback coefficient R; 4
and is subtracted from control voltage to emulate a resistance in series with the induc-
tor, which increases the system damping (see Fig. 1.8). Furthermore, the technique is
extended to the isolated dc/dc converters loaded by a CPL. Through active damping,
only a limited amount of the CPL can be compensated. In [40], the global behaviour
of a dc/dc buck converter is analyzed using phase-plane analysis, wherein the system
is controlled using current feedback loop with hysteresis and PI voltage controller.
In [41], it is shown that peak and valley current mode control can be used to stabilize
a dc/dc boost converter loaded with a CPL. The stability of the system is analyzed
in a small-signal sense. Furthermore, concept of load current feed forward is used
to improve the transient response. Authors in [42], proposed an active damping of
a bidirectional voltage source converter (VSC) interfacing a DCMG, by injecting a
damping signal in its outer, intermediate, and inner control loop (concept is shown
in Fig.1.9). The stability of the compensation is analyzed in a small-signal sense,
and sensitivity analysis of the compensation and voltage control dynamics is also
presented. It has been shown that the intermediate loop dynamics provides best per-
formance in terms of damping capabilities and its influence on the voltage control

Fig. 1.8 Active damping of
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loop. In [43], active compensators are proposed to reshape input admittance of a
tightly regulated VSC in a hybrid ac/dc distribution system to stabilize the system,
in the presence of interaction dynamics and negative impedance effect of the CPLs.
In order to stabilize the feeder converters in a CPL dominated DCMG, two active
compensators are proposed in [44] using two approaches based on linear theory. In
addition to stabilize the feeder converters, the active damping loops also improve
the dynamic performance of the microgrid. Active damping control to emulate vir-
tual resistance in a source dc/dc buck converter supplying power to paralleled CPLs,
with their input filter is presented in [45] (Fig. 1.10). The major disadvantages of the
proposed method are that, in order to stabilize the system, the closed loop bandwidth
of source converter should be greater than the resonant frequencies of the input LC
filter, and resonant frequencies of the filters must be different.

Shafiee et al. in [46], have proposed a concept of dc active power filter (APF)
to stabilize a dc microgrid under load changes, and while connecting it to other
dc microgrids. A small signal model of the system is derived to analyze the effect
of CPLs and tie-line impedance on the stability. To implement the active damping
current loop, information of load current and current disturbance in tie-line are used,
and compensation gain is selected through root locus analysis. For more feeder side
active damping methods, see [47-51], and the references therein.
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1.5.2.2 CPL Side Active Damping

Under the situations, when the feeder subsystem of a CPL is an input LC filter or
an uncontrolled ac/dc rectifier (behaves as LC filter), the compensation of CPL from
the feeder side is not possible, due to the absence of control loops associated with
feeder subsystem [53—63]. In such cases, there are two alternatives available for the
CPL compensation: CPL side compensation and the use of an active shunt damper
between feeder and load subsystems. Here, the active damping methods based on CPL
side compensation will be summarized. In these methods, a compensating current
or power is injected into the CPL control loops to modify its input impedance Z;,,,
such that Middlebrook’s stability criteria is satisfied. The main drawback of this
approach is that the additional compensating loop dynamics may interfere with the
main control loop of CPL, and may deteriorate the load performance. On the other
hand the approach is advantageous as CPL itself is utilized to mitigate the negative
impedance instabilities.

In [53, 54], a nonlinear system stabilizing controller (NSSC) is proposed to mit-
igate the negative impedance instabilities as shown in Fig. 1.11a, where #n is a real
number. The controller is tested on a tightly regulated induction motor drive and a
dc/dc converter with input LC filter, controlled through a nonlinear PI controller.
It is shown that, the controller stabilizes the system while compromising the load
performance significantly. A negative input resistance controller (NIRC) is proposed
in [55] as shown in Fig. 1.11b, to stabilize a brush-less dc motor drive exhibiting a
CPL behaviour. The compensator design using small-signal analysis and sensitivity
analysis with motor performance is also presented. In order to further reduce the
effect of the compensator on motor performance and to improve immunity to the
input voltage disturbances, an improved version of NIRC, known as state feedfor-
ward stabilizing controller (SFSC) (Fig. 1.11b) is proposed in [56]. The controller
takes input filter inductor current and input voltage as its inputs.

(@ (b)
N|RC ..................................................
i\*n/Te,des iiTm/Te VdC
Vdc o
L Vi)n .. ....................
1 :
For [ Ve )

Filter inductor
current

(Ts+1)

Fig. 1.11 a Nonlinear system stabilizing controller, b negative input-resistance compensator
(NIRC) and state feedforward stabilizing controller (SFSC)
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Fig. 1.12 Reference voltage based active compensators (RVC-1 and RVC-2)

In [57], the local stability of a permanent magnet synchronous motor (PMSM)
inverter drive, tightly controlled using linear controllers, and with input LC filter is
analyzed using Nyquist and bode plots. An additional compensating block consisting
of a band-pass filter and a proportional controller is proposed to compensate for the
input voltage oscillations and to reduce dc bus capacitor size. Compensating block
parameters can be tuned to get an optimum motor performance and suppression
of oscillations. Authors in [58], have proposed two reference voltage based active
compensators (RVCs) and its improved version to mitigate the negative impedance
instabilities in a PMSM drive. It has been shown that, low-pass filter (RVC-1) and
band-pass filter (improved version RVC-2) active compensators stabilize the system
without compromising the motor torque and speed performance. Second configura-
tion RVC-2 is found to be more effective, with reduced interaction dynamics between
compensator and motor-drive main control (see Fig. 1.12). Magne et al. in [59], have
presented a small-signal stability of a system consisting of a inverter motor-drive,
dc/dc converter with resistive load, and a bidirectional dc/dc converter (BDC) inter-
facing a supercapacitor. A central stabilizing controller is proposed to ensure the
system’s global stability and to reduce the size of input filter components. The main
drawbacks of the proposed scheme are, requirement of a large number of sensors
and high control bandwidth. To reduce the number of sensors required, the authors
proposed an observer in [60], to estimate the load voltages. In [63], the active sta-
bilization of a CPL supplied through a LC input filter is formulated as linear H
optimization problem with an objective to minimize the degradation of load perfor-
mance while ensuring desired stability and robustness. It has been shown that the
main CPL control bandwidth is limited by LC filter resonant frequency. Details about
more CPL side active damping methods can be found in references [61, 62, 64], and
the references therein.
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1.5.2.3 Active Damping Using Auxiliary Circuits

In this method, to mitigate the destabilizing effect of CPLs, an additional circuit is
connected between feeder and load subsystems, leaving the feeder and load subsys-
tems intact. This additional circuit is usually a dc/dc converter which is controlled to
inject the desired compensating current in the entire operating range of the main sys-
tem. This method, although eliminates the challenges of the above two approaches,
results in increased cost and increases overall complexity of the system.

In [65], a dc/dc BDC interfaced with storage capacitor is connected between CPL
and its input LC filter, to eliminate the oscillations in the input voltage. The controller
uses voltage and current variables, of the filter and the BDC, to place the poles of the
overall dynamic system at the desired location. Furthermore, a second order observer
is also proposed to reduce the number of sensors required. Authors in [66], have
presented the placement of a suitably sized capacitor and a PI controlled BDC with
storage at the terminals of a tightly controlled inverter drive with an input LC filter, to
stabilize the dc bus voltage. The concept of auxiliary smart active damper is presented
in [67], to stabilize a dc telcom power systems and data center dc microgrids. The
active damper which emulates the RC damper characteristics, is realized through
non-isolated BDC without any additional storage, and communicates with source
and load subsystems in real time to determine the desired damping current required
to stabilize the system under various input and load conditions. The inner loop of
the damper is controlled in peak-current mode at a fixed frequency, while outer loop
eliminates the deviation in the peak and average current of the inductor.

1.5.3 Feedback Linearization

Linearizing a nonlinear plant about an operating point ensures stability only in a
small-signal sense. Feedback linearization is a nonlinear control approach used to
compensate CPL effect in dc DPSs, wherein a nonlinear feedback is chosen to can-
cel the nonlinearities introduced in the system due to the presence of CPLs [68].
Basically, this involves a nonlinear coordinate transformation which allows access
to the system nonlinearities through input channel, such that the resultant system is
linear [69]. Consequently, control system can be designed using conventional linear
control theory. In contrast to the active damping technique, feedback linearization
can compensate any amount of CPL and stabilize the system in large-signal sense.
The major drawback is its noise sensitivity due to the presence of differentiator and
slower transient response compared to techniques which handle CPL nonlinearity as
it is, such as sliding mode control and synergetic control [70].

Authors in [69], used feedback linearization through nonlinear coordinate trans-
formation to stabilize a dc/dc buck converter feeding a CPL. It is shown through
Lyapunov analysis that the transformation results in an extension of local asymptotic
stability. Stabilization of a dc/dc buck converter, driving a combination of resistive
load and CPL is presented in [68] and the large-signal stability of the system is proved
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using Lyapunov approach. Rahimi et al. in [71], have proposed a loop cancellation
technique to stabilize all the basic dc/dc converters feeding a resistive and a CPL load
using suitable nonlinear feedback, which cancels nonlinearity introduced due to the
presence of CPL. It is shown that the value of feedback gain to cancel CPL nonlinear-
ity depend on input, load and the converter parameters. To overcome this problem,
feedback gain value is chosen such that, under all operating conditions, the sign of
the resultant nonlinear term is positive. This implies that the resultant nonlinear term
can be represented by a positive equivalent resistance, which helps to increase the
system damping. In [72], a nonlinear coordinate transformation is applied to a dc/dc
buck converter loaded with a pure CPL, to obtain its linear model. To obtain near
exact linearization the converter parameters (L and C) to be entered in the controller
are assumed to be equal to their actual values. Furthermore, a reduced order observer
is proposed to estimate the CPL power and its derivative, to ensure the accuracy of
linearization in the entire operating range, i.e., to improve the transient performance.
A full order feedback controller is then designed for the linearized converter model.
The sensitivity analysis of parameter mismatch on the performance of the observer
and closed loop system is also presented.

A technique based on linearization via state feedback (LSF) is presented in [73]
to stabilize a medium voltage shipboard dc power system in the presence of CPLs.
The method involves defining two functions, one to linearize the nonlinear system
and another to realize the pole placement at desired location. A PD state feedback
controller is proposed and sensitivity analysis of system parameter mismatch on the
performance of the linearizing function is also presented.

1.5.4 Pulse Adjustment

The pulse-adjustment control [74, 75], is a digital control technique in which the
task of converter output voltage regulation is achieved by supplying high and low-
power pulses to the converter. Depending on measured actual output voltage and the
reference voltage, the controller chooses either high or low-power pulse. If v, < Vi,
the controller generates switching pulse of duty ratio Dy (high duty ratio), until the
desired voltage level is reached, otherwise switching duty ratio D, (low duty ratio) is
selected to regulate the output voltage to its reference value. The ratio DD—*L’ presents a
trade-off between output voltage ripple and the voltage regulation, and can be chosen
to satisfy a particular application requirements. The selected value of the high pulse
duty cycle Dy is such that the converter operates in DCM. The output voltage sampler
and switch driver being synchronized, the technique ensures constant frequency
switching of the converter. A block diagram of the pulse-adjustment technique is
shown in Fig. 1.13.

In [74], the pulse-adjustment technique is applied to stabilize a dc/dc buck-boost
converter loaded with a CPL. A model of the converter with CPL and operating in
DCM is derived, which is then used to analyze system stability, and to determine the
output voltage variations during high and low-power pulses. Furthermore, a detailed
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Fig. 1.13 Block diagram of pulse-adjustment control technique

sensitivity analysis of the output voltage variations and stable CPL power range,
with respect to switching frequency, input voltage, reference voltage, and converter
parameters (L and C) variations is presented. It is shown the output voltage contains
undesirable disturbances under input voltage variations, if not filtered properly. The
authors proposed modified pulse-adjustment technique in [75] with variable Dy, and
applied to buck-boost converter to minimize the effect of the input voltage variations
on the output voltage.

The technique of pulse-adjustment is inexpensive and simple to implement using
digital tools, gives fast response, and does not require detailed small or large signal
model of the converters. The main limitation is that it can stabilize the system in the
limited range of the CPL power only.

1.5.5 Digital Charge Control

Digital charge control is yet another digital control technique used to compensate
the effect of CPLs in dc distribution systems. A block diagram of the digital charge
control technique is shown in Fig. 1.14. In [76], the digital charge control technique
is applied to a dc/dc boost converter feeding a CPL, and small-signal analysis of
the same is also presented. An improved version of the technique known as digital
forecast charge control is also presented to eliminate the undesirable phenomenon
of "duty cycle jumping’. The salient features of this technique include simple imple-
mentation and fast response.
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1.5.6 Sliding Mode Control

Sliding Mode Control (SMC) is a robust nonlinear control technique which falls
under variable structure system control (VSSC) [77]. In SMC, depending on the
switching conditions a system can be considered as a set of subsystems, and each
subsystem exhibits a fixed characteristics in a specified region of state space. As
shown in Fig. 1.15, a SMC can be designed with continuous equivalent control law,
discontinuous control law, or a combination of two. SMC has a wide control appli-
cation in nonlinear systems due to its robustness and simple implementation.
Emadietal.in[21], have presented a simple SMC for a dc/dc buck converter which
ensures supply of constant power to the load. One of the limitation of proposed SMC
is that it does not ensure the regulation of converter output voltage. Authors in [78],
have proposed a sliding mode duty cycle ratio controller for buck converter feeding a
CPL, to stabilize the dc bus voltage, in an application of medium voltage dc shipboard
power system. The designed control law, in addition to equivalent control term,
contains a switching term which provides robustness to line and load disturbances
during reaching phase. A geometric control based on a circular switching surface for
constant power load stabilization in buck and boost cascade topology interfaced with
battery has been proposed in [79]. The authors have shown the minimum switching
action of the controller for stabilization of CPLs with different bandwidth. A SMC
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using a washout filter for a bidirectional converter feeding a mixed load is proposed
in [80].

1.5.7 Synergetic Control

Synergetic control [81, 82] is a non-linear technique which encompasses dissipative
structure algorithms. This control technique shares similarity with SMC and ensures
constant frequency switching. The control design follows an analytical procedure
using state space approach. The steps involved in control design through synergetic
control are as follows,

1.5.7.1 Plant Modeling

In this step, a mathematical model of the dynamic system is described using differ-
ential equations of the following form,

§ = f(x,u,t) (1.28)

where x is the state vector of dimension 7, and u is the control vector of dimension m:.
Then, a macro variable ¥ (x) and control law are designed, such that the control law
forces the system trajectory from an arbitrary initial condition, towards the predefined
invariant manifold, ¥ (x) = 0 and constrain it to manifold then on. The macro-
variable can be any function of the state variables. The number of macro variables
should be less than the number of control channels.

1.5.7.2 Control Law Synthesis

To synthesize a control law, a dynamics governing the evolution of the macro-variable
towards the manifold is defined. The required dynamic evolution of the macro-
variable is given by

Ty +v¢ =0, T>0 (1.29)

where T is a parameter of the above dynamics which controls the speed of conver-
gence of trajectory toward the manifold. The control is obtained by solving (1.29)
with (1.28) for u. The order of the system on the manifold is reduced to (n-m).

In [83], authors have proposed synergetic controllers for dc voltage stabilization
and dynamic current sharing between two buck converters with constant power load
and operating in CCM, and for voltage regulation of a single buck converter with
CPL, considering DCM operation of the converter. The authors extended this work
and proposed a generalized synergetic control strategy in [84], for the dc voltage reg-
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ulation and dynamic current sharing among m-number of paralleled buck converters
feeding constant power load.

1.5.8 Passivity Based Control

Passivity based control (PBC) is a non-linear control approach for designing a static or
dynamic controllers for a physical system described by the Euler-Lagrange equations
[85-87]. The central idea behind PBC control design is to passivize the system by,
(1) Defining a closed loop storage function to compensate the energy difference
between the energy of the system and energy injected by the controller. This results
in modification in the potential energy function (PEF) only, in order to get the strict
local minimum of PEF at the required equilibrium point. Basically, PBC works on
the principle of energy conservation, i.e.

Esupplied = Esfored + Edissiputed (130)

(2) Modifying the energy dissipation function by damping injection in order to
make equilibrium point a globally asymptotically stable point. This is achieved by
adding a virtual impedance matrix.

Some researchers have used Port Controlled Hamiltonian model, instead of
Euler-Lagrange equations, to model a nonlinear electrical dc power system and
to implement interconnection and damping assignment (IDA)-PBC. A PBC com-
bined with IDA technique used for stability analysis and to design a linear PD
(proportional-derivative) controller for a buck converter, and a nonlinear inverse
quadratic PD controller for a boost, and buck-boost converters in a dc microgrid
application, have been proposed in [22]. However, the PD controller poses noise
susceptibility issue, therefore an appropriate filter is needed. Furthermore, IDA tech-
nique has been designed with fixed parameters (i.e. for specific operating point of
CPL), which is not always the case in practical systems. To mitigate this problem, a
complementary PI (proportional-integral) controller along with adaptive IDA-PBC
technique for dc/dc boost converter is proposed in [88]. A PBC with Immersion and
Invariant controller has been proposed for dc bidirectional converter interfaced with
a battery in [89]. This combined control ensures improved transient performance
of the converter feeding a mixed load (CPL and resistive load). Two different PBC
design approaches using PD and IDA controllers for dc bus regulator are shown in
Fig.1.16.

1.5.9 Power Shaping Stabilization

In power shaping control strategy to mitigate the destabilizing effect of CPLs, the
system differential equations are re-formulated in terms of rate of energy or instan-
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Fig. 1.16 Block diagram of passivity based control techniques

taneous power. This basically results in a linear system, thus eliminates the nonlin-
earity introduced by the CPL. The power shaping control strategy is relatively easy
in design and implementation, and results in the desired regulation of dc bus, while
maintaining large-signal stability. The authors in [90], have proposed stabilization
of a dc distribution system supplying constant power loads using power stabilization
control strategy.

1.5.10 Coupling Based Techniques

An amplitude death solution or coupling based technique, is basically coupling
induced stabilization of the equilibrium points of an unstable dynamic system
[91-93]. The sufficient strength of coupling and different natural frequencies of
the systems being coupled, are the two main requirements for amplitude death. The
technique originally belongs to nonlinear dynamical systems and has recently been
applied for open-loop stabilization of the dc-dc converters in a dc microgrid in the
presence of CPLs. Authors in [91], have proposed a heterogeneous and time-delay
coupling to stabilize a dc/dc buck converter supplying a CPL. Konishi et al. in [92],
have presented a bifurcation analysis of instability phenomenon of dc bus voltage
in the presence of CPLs and proposed a delayed feedback control to stabilize the
system. The concept of delayed feedback control has been further extended in [93],
to a networked system having multiple dc bus systems, connected through resistive
links. The delayed-feedback control is applied to each unit, in a decentralized manner
to stabilize the system. Moreover, it has been shown that stabilization is indepen-
dent of the number of dc buses and the network topology. The block diagram of the
techniques discussed in this section is shown in Fig. 1.17.
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1.5.11 State-Space Pole Placement

In [94], the state-space pole placement control has been used to relocate right-half
s-plane pole of a buck converter loaded with a CPL, to stabilize the system. By placing
the unstable poles at the desired location, the effect of the CPL is compensated. It
is shown that, the technique results in the reduced size of the filter capacitor while
maintaining system stability. In order to use pole placement technique all states are
needed to implement state feedback control.

1.5.12 New Converter Topologies

Authors in [95], have presented impedance analysis of the interleaved boost converter
with coupled inductor and loaded with a CPL, and compared it with that of the
conventional boost converter. It is shown that, new topology shows better output
impedance characteristics compared to conventional bidirectional dc/dc converter,
such that the negative impedance effect of the CPLs is reduced. The stability analysis
is presented in a small-signal sense using Bode and Nyquist plots.

A summary of the techniques discussed above, used to mitigate or reduce the
destabilizing effect introduced by CPLs, is given in Table 1.1.

1.6 Motivation

The passive damping technique to mitigate the destabilizing effects of CPLs is rarely
used due to its poor efficiency and high cost. On the other hand, coupling based
amplitude death and delayed-feedback control, which have been proposed for open-
loop stabilization of power converters and dc bus, are not feasible for RESs based dc
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Table 1.1 Summary of different CPL compensation techniques for dc distribution systems

Stabilization technique

Merits

Limitations

Passive Damping

Simple to implement. No
modification, in source or load
hardware

High power dissipation.
Modifies source or load
hardware

Active Damping

No change in source or load
hardware. Higher efficiency
and reliability

Can compensate limited
amount of CPL. May interfere
with main control objectives.
Switching frequency affects
the effectiveness

Feedback linearization

Can compensate any amount
of CPL. Can achieve stability
in the large signal sense. Use
of conventional linear control
design techniques

Sensitive to noise in the output
channel. Dynamic response is
not comparable to that offered
by nonlinear controls such as
SMC and synergetic control

Pulse Adjustment

Fast dynamic response.
Insensitive to system
parameters. Inexpensive
implementation. Reduced
switching losses and EMI
noise, due to DCM operation

Sensitivity to input variations.
Stable in limited range of CPL

Sliding mode control

Insensitive to matched
uncertainties. Large-signal
stability. Fast response

Variable frequency switching
and chattering issue. Higher
sensor requirement

Synergetic control

Fixed frequency switching.
Large-signal stability. Suitable
for digital implementation

Sensitive to high frequency
noise. Higher sensor
requirement. Oscillatory in
DCM

Passivity based control

Simple Implementation.
Robust. Energy based
modeling

Sluggish transient response

Power Shaping stabilization

Large-signal stability.
Insensitive to parameter
mismatch

Increased computation needs

Coupling based techniques

Low implementation cost

Limited to open-loop
stabilization. Implementation
issue, when sources are at
different locations

Digital charge control

Simple to implement. Fast
response

Higher computational needs

State space pole placement

Unstable poles can be placed
at desired location. Can
compensate desired CPL
amount

All states need to be sensed, if
there is no observer. Required
feedback gains may vary with
load

New converter topologies

Duty ratio can be kept low.
Higher efficiency. Improved
dc-bus power quality

Can compensate limited
amount of CPL. More number
of switching devices, i.e.
complex control
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distribution systems because of large inter-source distances. To evaluate a particular
CPL compensation technique, the amount of CPL it can compensate, robustness,
speed of response, noise immunity and its ability to ensure large-signal stability, are
some of the most important parameters. The active damping technique, although
widely applicable, is operating point dependent, and can compensate only a lim-
ited amount of CPL. Feedback linearization ensures compensation of any amount
of CPL and large-signal stability, however, performs poorly with the requirement
of robustness, speed of response and noise immunity. Power shaping stabilization,
in which a linear model of the system is obtained by re-formulating it in term of
instantaneous power, ensures better robustness and noise immunity, compared to
that with feedback linearization, however, it requires current loop bandwidth to be
sufficiently higher than that of voltage-squared loop. Pulse adjustment technique
ensures robustness and fast response, however, it has limitations of poor line rejec-
tion, operates in DCM and ensures stability with a limited range of CPL. Passivity
based control has poor noise immunity due to the presence of differentiator and is
sluggish in response. Synergetic control which is similar to sliding mode control
in many respects becomes problematic in DCM and is sensitive to high frequency
noise. Furthermore, the dynamics of the macro-variable does not ensure finite time
converge, thus reaching phase response is slow, because response becomes extremely
slow in the vicinity of switching function.

In order to achieve the main operational requirements (dc bus voltage regulation
and stability) in dc microgrids in the presence of CPLs, it is necessary to overcome
aforementioned major limitations. With inevitable uncertainty associated with RESs
supplying power to the microgrid and limited resources of power (particularly in
island mode), the overall control of microgrid must be robust to ensure the perfor-
mance and stability. It is an established fact that sliding mode control technique
ensures invariance to matched uncertainties and variations in the system parameters,
i.e., the controller is capable to ensure the required performance despite the model
and actual plant mismatches. Through sliding mode control any amount of CPL can
be compensated and system stability can be ensured in large-signal sense. In addi-
tion to this sliding mode control of dc/dc converter provides better steady-state and
dynamic response, less EMI, and results in an inherent order reduction, compared
to linear controllers [96]. Furthermore, in sliding mode control convergence speed
can be controlled in reaching and sliding phase using parameters of the reaching
dynamics and switching function respectively. This work proposes novel switching
functions based sliding mode approach to mitigate the destabilizing effects of the
CPLs in individual dc/dc power converters and the island dc microgrid under high
penetration of CPL. Novel switching functions are used to design robust sliding
mode controllers using nonlinear converter models. Limits on the CPL power are
established analytically to ensure stable operation of the system. In the proposed
work, different load profile e.g. a total load of CPL nature, mixed load (resistive
and CPL), and composite load (constant resistance, constant current, and CPL) are
considered, and it is shown that in each case the proposed robust controller is capa-
ble to stabilize the system. Furthermore, it is verified that derived limits on the CPL
power in the worst case, match with the already established limits. The performance
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of the proposed sliding mode controllers is validated through simulation studies and
experiments using prototype individual dc/dc power converters and photo-voltaic
(PV) based islanded dc microgrid.

1.7 Organization of the Book

The main purpose of this book is to propose solutions to mitigate the destabilizing
effects of CPLs in all basic non-isolated dc/dc converters and an islanded dc micro-
grid. The book is organized in 5 chapters and the content of each chapter is described
briefly as follows.

Chapter 1:  This chapter presents an introduction to dc distribution systems, CPL
and its behaviour, stability of dc/dc converters and islanded dc microgrids with
CPL, a brief review of the literature, the motivation behind the proposed work,
and organization of the book.

Chapter 2:  This chapter addresses stabilization of a dc/dc buck converter feeding
a mixed load using SMC approach. Discontinuous and PWM based sliding mode
controllers, using novel nonlinear switching function are proposed to ensure the
system stability and robustness under large variations in the supply and the load.
A limit on the total load power is established to ensure the stable operation of
the converter. The performance of the proposed controllers is validated through
simulation studies and experimental results.

Chapter 3:  This chapter addresses mitigation of the destabilizing effects of CPLs
in dc/dc boost converter using novel sliding mode controllers. Simulation studies
and experimental results are presented to validate the proposed sliding mode
controllers.

Chapter 4: This chapter addresses compensation of the destabilizing effects of
CPLs in a dc/dc bidirectional converter using SMC approach. Robust sliding mode
controllers are proposed to ensure the stability and performance of the bidirec-
tional dc/dc converter. The real-time simulation studies are presented to validate
the effectiveness and performance of the proposed sliding mode controllers.

Chapter 5:  This chapter presents robust control of CPLs in a multi-converter
islanded dc microgrid feeding a CPL dominated load. A robust sliding mode
control scheme is proposed to achieve mitigation of destabilizing effect of CPL
under high penetration of CPLs and to achieve dc bus voltage regulation. A PV
based dc microgrid is realized in the laboratory and is used to validate the perfor-
mance in various operating modes, under high penetration of CPL.
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Chapter 2
Stabilization of a Buck Converter Feeding
a Mixed Load Using SMC

Abstract A buck converter is usually used in a dc distribution system to step-down
the dc voltage, either to extend the primary distribution for low voltage applications
or to meet a specific low voltage requirement of a load. This chapter presents stabi-
lization of CPL induced destabilizing effects in DC/DC buck converter with CPL and
a resistive load using Sliding Mode Control (SMC) approach. Nonlinear switching
function based discontinuous and PWM based SMCs are proposed. The existence
of sliding mode and stability of switching surface are established. The proposed
theory is validated through simulation studies and experimentations. The proposed
controllers are robust with respect to the sufficiently large variations in the input
voltage and load. However, it was found from experimental results that PWM based
SMC is sensitive to the slow variations in the supply.

Keywords Buck converter - CPL - Discontinuous SMC + PWM based SMC -
Modelling - Mixed load

This chapter deals with stabilization of a dc/dc buck converter feeding a mixed load
using robust sliding mode control. A buck converter is usually used in a dc distrib-
ution system to step-down the dc voltage, either to extend the primary distribution
for low voltage applications or to meet a specific low voltage requirement of a load.
The system considered in this chapter consists of a dc/dc buck converter feeding
a realistic load profile consisting of resistive and CPL components, representing a
buck converter based equivalent dc distribution system with tightly-regulated POLC.
Nonlinear switching function based discontinuous and PWM based sliding mode
controllers are proposed to mitigate CPL induced instabilities (e.g. limit cycle oscil-
lations and voltage collapse) and to ensure output voltage regulation. The existence
of the sliding mode and stability of the switching surface have been proved analyti-
cally. The effectiveness of the controllers has been validated using simulation studies
and experimental results.
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2.1 Mathematical Modeling of Buck Converter
with Mixed Load

The circuit diagram of a non-isolated dc/dc buck converter feeding a mixed load
(CPL and CVL) is shown in Fig.2.1. The converter is assumed to operate in CCM.
Now considering the circuit diagram of Fig. 2.1, the total instantaneous current drawn
from the load bus is given by

. vbus(t) P
us () = 5 v us (F 2.1
(1) = s Y () > € @1
that is,
ipus (1) = Tr0aa () = icpr +icve (2.2)

where P is the rated power of the CPL, R is the resistance of the CVL, icpy, is the
current drawn by the CPL, i¢y, is the current drawn by the CVL, vy, is the voltage
at the load bus (v¢ = vy = vpy) 1.€., Output voltage vy of the buck converter and ¢ is
a small positive value.

The state-space averaged model of the system shown in Fig. 3.1 is given by

dJC] E 1
o Iy = 2.3
a Lt r" (232)
dXQ 1 1
— = —X1 — —iloa 2.3b
o = oY T ltead (2.3b)
Vo = X2 (23C)

where x| and x, are the moving averages of inductor current iy, and capacitor
voltage v¢ respectively. E is the input voltage of the converter. L and C, are converter’s
inductance and capacitance parameters respectively. u € {0, 1}, is the control input.
Furthermore, x,, x, € £2, where set 2 is a subset of R? i.e.

X1,X € 2 C Ri\{O}andx1>O, x; >0 2.4)

The parasitic components, inductor’s series resistance and capacitor’s equivalent
series resistance (ESR) etc., increase the effective damping of the system, and can
provide damping to oscillations induced due to negative impedance instabilities [1].
Therefore, to consider a worst case scenario, from the stability point-of-view, an ideal
model of the converter is considered. Therefore, with these assumptions the designed
controller would be subjected to the most severe situation of negative impedance
instabilities in the system.
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Fig. 2.1 Circuit diagram of a DC/DC converter feeding a combination of CPL and CVL

2.2 Sliding Mode Control Design

In this section, a discontinuous (variable switching frequency) and PWM based SMCs
are proposed for the dynamic model defined in (2.3). Limit on total power to ensure
stability is also computed.

2.2.1 Discontinuous SMC

In this subsection, the modified nonlinear switching function to design a discontinu-
ous SMC is introduced, followed by definition of a control law, which brings sliding
mode in finite time. The discontinuous SMC has variable switching frequency, which
may reach a very high value to maintain sliding mode. However, discontinuous SMC
ensures high degree of robustness as sliding mode s = 0 is maintained. Preliminary
results using the discontinuous SMC presented in this section have been published
in [2].

2.2.1.1 Nonlinear Switching Function

The first step in the design of a sliding-mode controller for a given system is to design
a stable switching function. The following nonlinear switching function is proposed
to design discontinuous SMC for the buck converter system of Fig. 3.1

S 1= X1X2 — XirefXorer + W (X2 — X2per) (2.5)

where x1,.s and x,.s are the reference values of state variables x; and x, respectively.
And p > 0 is the parameter of the switching function to control the convergence
speed. The switching function is chosen to satisfy the objectives of constant power
supply to the CPL and the output voltage regulation. It will be proved in subsequent
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sections that, when sliding mode is established (s = 0), the controller would ensure
supply of constant power to the CPL and regulation of the dc bus voltage to a desired
value.

In the second step, a control law is designed which forces the system trajectory
on to the switching surface s = 0 and constrains it to the switching surface then on.
The discontinuous control law is defined by

1 0 ifs>0
=—(1— = 2.6
ui= 51 =sgn(s)) {1 ifs <0 26)

However, direct use of the above control law causes the converter to undergo switch-
ing at a very high frequencies, which may not be desirable in practical situations.
For the practical implementation purpose, the above control law can be modified to
limit the highest switching frequency of the converter. In what follows next, proof
of the existence of sliding mode is presented.

2.2.1.2 Existence of Sliding Mode

Itis essential that trajectory starting from an arbitrary initial condition reaches switch-
ing surface (s = 0) in finite time, and is constrained to the surface then on. The
designed control law must ensure reachability condition. The reachability condition
is proved in the following theorem.

Theorem 2.1 The control law
1
U= E(l — sgn(s)) 2.7

with the switching function s := X1X3 — XirefX2ref + (X2 — X2r) ensures that reach-
ability condition

sTs < —n s (2.8)

for some n > 0, is satisfied when total load power Pr satisfies

2
xC

AR 29)

Pr < xix +

2
Xoref

where total load power Pr is given by Pr = P + R

Proof To prove the theorem, two distinct cases are considered; Case I, when s < 0,
and Case II, when s > 0. From the reachability condition, when s < 0, it is to be
ensured that § > 0 and vice versa.
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Casel: s <0
s < 0 implies s := x1X2 — X1erX2rer + (X2 — X2,¢) < 0, and the control law (2.6)
becomes 1. It is to be ensured that § > 0 with the control law (2.6) and model given
in (2.3). That is

XX + XX + pux, > 0 (2.10)

Substitution of x; and X, from (2.3) and subsequent algebraic manipulation gives

X1 X2 P X2

P A —__= - = - 0 2.11
(C CR, )+Xz( )+u( CR, )> (2.11)
Which leads to
X1 X P xnE x%
S A 22450 2.12
R e Mo L S S @12
It implies
x2C
P 2~ (E— 2.13
T < X1X2 + ot M)L( X2) (2.13)

Casell: s > 0
s > 0implies x1X2 — X repX2refr + L (X2 — X2ror) > 0, and the control law (2.6) becomes
0. It is to be ensured that § < 0 with the control law (2.6) and model given in (2.3).
That is

X1X + XX + X, < 0 (2.14)

Substitution of x| and X, in the above equation and subsequent algebraic manipulation
gives

X Xy P X3 X X2 p
N = —_ - 0 2.15
e TR, T o) TR MG TR, Ty T @2.15)
Which leads to )
X P X
(x1 ~I—LL)(— -2 -2 20 (2.16)

Therefore, to ensure § < 0 the following condition should be satisfied.

3
C
Pr > x1xy — S A (2.17)
(x1 + )L

For the high voltage dc/dc converters upto few kilowatt rating x, >> x,. Furthermore,
the right hand side of (2.17) is a small positive or negative number. Therefore, it is
straight forward to satisfy (2.17). It is intuitive that the right hand side of (2.17)
would be negative when . = x; and becomes more negative for decreasing values
of W < xp and moves towards zero for increasing value of i > x,. It implies that
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the equation (2.17) will always be satisfied by appropriate selection of .. The region
of existence of the sliding mode is constituted from the locus points in the state-
space which satisfy (2.13) and (2.17). The region of existence of sliding mode for a
particular simulated case is shown in Fig.4.4, in the section on simulation studies.
This completes the proof. O

2.2.1.3 Stability During Sliding Mode

In this section, it is proved that x| converges t0 X, and x, converges to Xxa,.s, When
s = 01is ensured. The stability of the system at switching surface s = 0 is proved by
the following theorem, using Lyapunov approach.

Theorem 2.2 During sliding mode s = 0, the system dynamics is asymptotically
stable i.e. x| approaches to x\,,r and x; approaches to Xyef.

Proof Let the following be defined as,

ey = (x1 _xlref) (2.18a)
e := (X2 — X2ref) (2.18b)
€p = X1X2 — XlrefX2ref (2.18c¢)

It is easy to verify that €, = x| and €, = X,. e, e, and e, represent the error in the
inductor current, error in the output voltage and error in the power.
Using (3.3b), (2.5), and (2.18)

ref A2re ref P
¢ = XirefX2ref + €p B (e2 + X2ref) B (2.19)
C(ex + Xoref) CR;, C(ez + Xoref)
s=ep,+ e (2.20)
Sliding mode s = 0, implies
e, = —|er 2.21)

Thus, when e, — 0ast — oo, itensures e, — 0 ast — 00, and both these together
imply that e; — O as t — oo
Using (2.19) and (2.21)

2 .
. Gy =P = D) (uRper + € + 2xange2)
ey = — — -
C(ez + Xoref) CRy (€2 + X2ref)

(2.22)

2
however, X1, X2,f = Pr, Which implies (x1,efX2,0r — P — R—f) = 0. With this (2.22)
reduces to,

R 2%y,
by = —o, WL T €2 20ry) (2.23)
CRy(e2 + X2ef)
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Fig. 2.2 Implementation scheme of the proposed discontinuous SMC for buck converter feeding
a mixed load

Equations (3.18b) and (2.21) imply that the stability of e, dynamics ensures stability
of e, and e;. Therefore, it is to be proved that dynamics of e, is stable. To prove
stability of e;, the following Lyapunov function is defined

1 2
Vie) = 56 (2.24)

The derivative of (2.24) is given by

V(er) = 26> (2.25)
Using (2.23), (2.25) implies
. R 2 re
V(ey) = —e3 (ML T2t Doy (2.26)
CRy(e2 + x2re)
Using (3.18b),
R 2o R
WRp +ex + 2x0r W L+x2+x2_f>0 2.27)

CRi(er + Xoref) CRrx;

where w, x2, x2rr, Ry € Ry \ {0}. Therefore, using (2.27), the right hand side of
(2.26) becomes
2 WRL + €3 + 2x2,¢

—e
> CRi(e2 + Xaper)

= <0 (2.28)

It implies )
V(es) <0 (2.29)

Therefore, the system dynamics at switching surface s = 0 is stable as V(ey) < 0,
i.e. x| approaches to xy,,s and x, approaches to x,,.s. This completes the proof. O
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The implementation scheme of the proposed discontinuous SMC for dc/dc buck
converter system is shown in Fig.2.2.

2.2.2 PWM Based SMC

In case of discontinuous SMC, the switching frequency is variable and may become
very high causing excessive losses. Moreover, in practical situations power converters
can operate only at a finite switching frequency. Particularly, controllers designed
through conventional SMC may not be suitable where a constant switching frequency
is required. Furthermore, with variable switching frequency the design of circuit and
filter components of the converter becomes problematic. One of the frequently used
techniques in SMC to ensure fixed frequency operation is to use equivalent control
approach. Details of the other methods used for chattering and frequency reduction
can be found in [3-5], and the references therein.

In this section, a PWM based sliding mode controller, designed through reaching
dynamics approach, is proposed for the buck converter system of (2.1). The following
reaching dynamics is chosen to derive the instantaneous duty cycle u(#) of the buck
converter

§=—X\s— QOsgn(s) (2.30)

where A, Q > 0 are the parameters of the reaching dynamics to control the conver-
gence speed of the switching function. Using (2.3), (2.5) and (2.30) and solving for
u(t) gives the following instantaneous duty cycle expression

u(t) _X (x1 + )L
E

. ALs  QLsgn(s)
(*1 = iLoad) — -

(2.31)
CE)CQ X2E sz

In the above equation, the last term represents discontinuous control designated
as uy. The first three terms combined together represent equivalent control u,. It
decomposes the control law (2.31) as,

u(t) = ueg + uy (2.32)

where u,, is the equivalent control law and represents a continuous approximation
of the switching control law of discontinuous SMC at s = 0, and uy is the discon-
tinuous part which ensures robustness to the parameter uncertainties and external
disturbances in reaching phase. The value of constant Q in (2.31) should be chosen
such that uy, is some small percentage of u,, to ensure u(z) € (0, 1). The control
law of (2.31), is then compared with a triangular carrier signal of desired frequency
to generate PMW pulses for the converter’s switch, resulting in a fixed frequency
switching. The implementation scheme of the proposed PWM based SMC is shown
in Fig.4.3 and simulation studies for the same are presented in the Sect.2.2.3.2
(Fig.2.3).
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Fig. 2.3 Implementation scheme of the proposed PWM based SMC for buck converter feeding a
mixed load

2.2.2.1 Existence of Sliding Mode

The detailed proof of the existence of sliding mode for the reaching dynamics of
(2.30) will be presented in Chap. 3, in Sect.3.1.3.

2.2.3 Simulation Studies

In this section, simulation studies are presented to validate the effectiveness of the
proposed controllers, to mitigate CPL induced negative impedance instabilities in the
dc buck converter system of Fig.3.1. The system with the proposed discontinuous
and PWM based SMCs was simulated in MATLAB/SIMULINK™ with a discrete
step size of 10 ps. The values of the converter parameters and nominal values of
load used in the simulation studies were: L = 2mH, C = 1000 wF, E = 380V,
Xorer = 220V, P = 350W, and R, = 322.67 §2. Inductor current reference iy s
was estimated using iz r = Vreriaa/Vvc- First, simulation studies with discontinuous
SMC are presented, followed by simulation studies with PWM based SMC.

2.2.3.1 Simulation Studies with Discontinuous SMC

The simulation studies of the buck converter system controlled through the proposed
discontinuous SMC was carried out with . = 200. The control law (2.6) has been
modified, keeping in view its practical implementation to avoid very high frequency
switching and high switching losses. In order to limit the switching frequency, hys-
teresis band 4 = 5 has been used in the modified control law as
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Fig. 2.4 Region of existence for simulated case (shaded in green) of buck converter system
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Fig. 2.5 Simulated start-up response with the discontinuous SMC: a output voltage; b inductor
current; ¢ switching surface; and d control input. (E = 380V, P = 350W, R = 322.67 2,
Xoref = 220V and p = 200)

| 0 ifs>h
U= 5(1 —sgn(s)) =141 ifs<—h (2.33)
u, if —h<s<nh

where u, is the previous value of the control input. The region of existence corre-
sponding to the above simulation case with reference to (2.13) and (2.17), is shown
in Fig.2.4. Simulation results corresponding to start-up and transient response are
given in Figs. 2.5, 2.6, 2.7, 2.8.

Figure 2.5, shows the start-up response of the system in terms of the output volt-
age, the inductor current, switching function and control input. It can be seen from
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Fig. 2.6 Simulated transient response with the discontinuous SMC: a output voltage; b inductor
current. (When input voltage is increased by 30 % at t = 0.1 s and is restored at t = 0.2's)
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Fig. 2.7 Simulated transient response with the discontinuous SMC: a output voltage; b inductor
current. (When input voltage is decreased by 30 % at t = 0.1 s and is restored at r = 0.2 s)

Fig.2.5a, that the output voltage reaches its reference value in less than 5 ms with
negligible steady state error. The inductor current (Fig.2.5b) tracks its reference
value perfectly, but has high start up value. This is quite natural keeping in view the
[-V characteristics of the CPL (voltage is small at the start-up which results in the
high value of the inductor current). It is apparent from Fig.2.5¢, switching function
remains within a band. The control input is shown in Fig. 2.5d.

The transient response of the output voltage and the inductor current to a 30 %
increase in the input voltage is shown in Fig. 2.6. It can be seen that the output voltage
increases by less than 0.05V (0.023 %) and the inductor current is also negligibly
affected by this step change. The transient response of the output voltage and the
inductor current to a step decrease of 30 % in the input voltage is given in Fig.2.7.
This reduction in the input causes the output voltage to drop only by less than 0.05 V.
In response to the decrease in the input voltage, the inductor current ripple decreases
as shown in Fig.2.7b.

In response to the increase in the CPL power from 350 to 500 W, keeping the
resistive load fixed, the output voltage is maintained at its steady state value of
~ 220V and the inductor current instantly follows its changed references (Fig.2.8).
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Fig. 2.8 Simulated transient response with the discontinuous SMC: a output voltage; b inductor
current. (When CPL power is increased from 350 to 500 W at ¢ = 0.3 s and is restored at = 0.4 s,

keeping resistance R; constant)

2.2.3.2 Simulation Studies with PWM Based SMC

In this section, validation of the performance of the proposed PWM based SMC
is presented through simulation studies, when it is controlling the buck converter
feeding a mixed load. All the operating conditions and system parameters were kept
same as in the case of the discontinuous SMC. The parameters of the PWM based
SMC used in the simulation studies are provided in Table 2.1. The simulation results
under various operating conditions are given in the Figs.2.9, 2.10, 2.11, 2.12.
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Fig. 2.9 Simulated start-up response with the PWM based SMC: a Output voltage; b Inductor
current; ¢ Switching surface; and d Control input. (E = 380V, P = 350W, R; = 322.67 2,

Xaref = 220'V)
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Table 2.1 Parameters of the

Parameter Value
proposed PWM based SMC
for buck converter [ 200
A 1 x 103
0 3% 108
Switching frequency (f;) 20kHz
(a) 2201 === Qutput voltage reference (b) 4 Inductor current reference
; 220.05 — Output voltage 2 3 Inductor current
S 220 f — £ , e s—
8 | -] 8
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Fig. 2.10 Simulated transient response with the PWM based SMC: a Output voltage; b Inductor
current. (When input voltage is increased by 30 % at t = 0.1 s and is restored at ¢ = 0.2's)
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Fig. 2.11 Simulated transient response with the PWM based SMC: a Output voltage; b Inductor
current. (When input voltage is decreased by 30 % at t = 0.1 s and is restored at t = 0.2s)

Figure 2.9, shows response of the output voltage, the inductor current, switching
function and control input during start-up and steady-state operation. Although in
this case the output voltage and the inductor current, shown in Figs.2.9a, b, take
10 ms to reach their steady state as compared to 5 ms with the discontinuous SMC
case (Fig.2.5a, b), but are able to track their references with negligible error. The
average value of the switching function (Fig. 2.9¢) is close to zero. Figure 2.9d, shows
generated PWM pulses for the converter switch.

The transient responses corresponding to the 30 % step increase and decrease in
the input voltage are shown in Figs.2.10 and 2.11 respectively. It can be seen that,
in response to the 30 % change in the input voltage, the output voltage changes by
only £0.05 V. The inductor current is also maintained at its reference value except
for the negligible transients at the instances of step changes.

Figure?2.12, shows transient response corresponding to the step increase in the
CPL power from 350 to 500 W at ¢ = 0.3 s and back to its previous value att = 0.4,
keeping CVL resistance R;, to a fixed value. It is evident from the plot that the output
voltage is maintained to its reference value, and a very small magnitude transients
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Fig. 2.12 Simulated transient response with the PWM based SMC: a Output voltage; b Inductor
current. (When CPL power is increased from 350 to 500 W at r = 0.3 s and is restored at t = 0.4 s,
keeping resistance R; constant)

are seen at the instances of step changes. The inductor current follows its changed
references instantly.

The above simulation studies validate the performance of the discontinuous and
PWM based SMCs under various operating conditions. Both the controllers ensure
desired stable output voltage and fast transient performance (settling time of <1 ms).

2.2.4 Experimental Validation

In this section, experimental validation of the proposed discontinuous and PWM
based SMCs is presented using a laboratory prototype of dc/dc buck converter feeding
a mixed load. An image of the experimental setup is shown in Fig.2.13, consisting
of a dc/dc buck converter, programmable dc load, field programmable gate arrays
(FPGA) card, Gate driver card, input dc supply, and the dc supply for sensors. In order

Fig. 2.13 An image of the experimental setup of buck converter feeding a mixed load
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Table 2.2 Specifications of

' Parameter Value

the experimental setup of -

buck converter system Nominal output voltage, V, |48V
Nominal input voltage, E 100V
L & ESR 2mH & 0.224 2
C & ESR 1000 pF & 0.185 §2
CPL power, P 200 W
Resistive load, Ry, 208 2
IGBT (FGL40N120) 1200V, 40 A
Diode (MUR 1560) 300V, 15A
Switching frequency, f; 25 kHz (for PWM version)

to realize the controllers the input voltage, output voltage, inductor current, and load
current of the converter have been sensed using voltage sensors (LEM LV?25 —1000)
and current sensors (ACS709). The controllers have been realized using National
Instruments (NI) general purpose inverter control (GPIC) card, (NI sb-RIO 9606),
programmable through Labview software. The different waveforms of the variables
of importance have been captured using DPO for monitoring and subsequent analysis.
The specifications of the experimental prototype and the nominal values of the system
variables are described in Table 2.2.

The experimental results have been captured under three operating conditions:
(1) steady-state operation with nominal values, (2) transient response corresponding
to a 25 % reduction in the input voltage, and (3) transient response corresponding to
areduction in the CPL power from nominal value to zero, keeping CVL component
of load unchanged. The changes in the input voltage were introduced by manual
rotation of the knob of dc power supply. On the other hand, changes in CPL were
introduced in the form of steps, to the used programmable dc load.

2.24.1 Experimental Validation of the Discontinuous SMC

As discussed, the switching frequency of the buck converter when controlled through
discontinuous SMC can be very high, resulting in increased switching losses. There-
fore, to limit highest switching frequency and to reduce the switching losses, a
hysteresis band was used in the practical implementation. Furthermore, the gate
driver card also limits the upper switching frequency. It can pass upto 50 kHz, but
the switching is still of variable frequency. A value of 40 was used for the controller
parameter L.

The experimental results under the above mentioned operating conditions are
given in Fig.2.14. Figure 2.14a, shows the output voltage of 48.6 V(slightly higher
than the reference of 48 V), corresponding to the Operating Condition: 1. The input
voltage, the inductor current, and PWM switching pulses are also shown in this
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Fig. 2.15 Experimental
results with the PWM based
SMC: a Steady-state
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the Operating Condition: 1;
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Operating Condition: 2; ¢
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Operating Condition: 3
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figure. The output voltage reduces only by <2 % in response to 25 % reduction in
the input voltage, corresponding to the Operating Condition: 2 and recovers to its
previous value when input voltage is restored (Fig. 2.14b). Figure 2.14b, also shows
that the inductor current ripple reduces with the reduction in the input voltage, which
confirms the simulation result obtained in Fig. 2.7b. When the CPL power is changed
corresponding to the Operating Condition: 3, the output voltage reduces only by
<1 % and returns to its previous value when CPL power is again increased to 200 W
(Fig.2.14c¢). Under all three operating conditions, the proposed discontinuous SMC
ensures regulation of the output voltage (within £3.125 %) and stabilization against
CPL induced negative impedance instabilities.

2.24.2 Experimental Validation of the PWM Based SMC

The PWM based SMC has also been validated through experimental results obtained
under the same above mentioned operating conditions. The values of the controller
parameters were: L = 40, A = 1500 and Q = 20000. The obtained results are shown
in Fig.2.15.

It can be seen from Fig. 2.15a, that the output voltage perfectly tracks its reference
value 48V, corresponding to the Operating Condition: 1. The input voltage, the
inductor current, and PWM switching pulses are also shown in this figure. The
output voltage reduces and shows a transient disturbance, for the duration, when
input voltage was under change corresponding to the Operating Condition: 2, and
recovers to its previous value, when the input voltage becomes stable (Fig.2.15b).
One of the main cause behind the transient disturbance is the method to introduce
variations in the input voltage. Furthermore, corresponding transient disturbance is
also visible in the inductor current waveform. The transient response corresponding
to the Operating Condition: 3, shown in Fig.2.15¢c, shows that in response to the
removal of CPL, the output voltage increases by less than 2 %, and returns to its
previous value when CPL power is again increased to 200 W. It demonstrates that
the PWM based SMC also performs well under the above mentioned operating
conditions, except for its sensitivity to the slow variations in the input voltage. The
above simulation studies and experimental results validate the performance of the
proposed sliding mode controllers to mitigate destabilizing effects of the CPLs and
to ensure tight regulation of the output voltage of the buck converter feeding mixed
load. When compared to the discontinuous SMC, the PWM based SMC results in
longer settling time and is sensitive to slow variations in the input voltage.

2.3 Summary

In this chapter mitigation of CPL induced negative impedance instabilities in a dc/dc
buck converter feeding a combination of CPL and CVL, which is generic case, has
been presented through SMC approach. A nonlinear switching function based dis-
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continuous and PWM versions of SMC have been proposed. The existence of sliding
mode, stability of switching surface have been established, and the condition on the
total power to ensure the stability has also been derived. The steady-state and tran-
sient performance of the controllers have been validated through simulation studies,
which has been further validated through experimental results using a laboratory
prototype of dc/dc buck converter feeding a mixed load. The controllers are realized
through NI FPGA card programmed using NI LabView software. Both controllers
are robust with respect to the sufficiently large variations in the input voltage and
load. However, it was found from experimental results that PWM based SMC is
sensitive to the slow variations in the supply. Furthermore, the controllers ensure
tight regulation of the output voltage and system stability under different operating
conditions. In the next chapter, mitigation of the destabilizing effect of CPLs in a
dc/dc boost converter through SMC approach will be addressed.
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Chapter 3
Mitigation of Destabilizing Effects of CPL
in a Boost Converter Feeding Total CPL

Abstract In dc microgrids, a dc/dc boost converter is usually required to interface
renewable energy sources (solar PV, fuel cells etc.) to the dc bus or to meet the
high voltage requirement of certain loads. In such situations, due to tight regula-
tion of downstream power converter and the presence of other electronic loads, the
equivalent load to the boost converter may exhibit CPL behaviour. In this chapter,
the mitigation of CPL induced instabilities in a boost converter is addressed using
a robust SMC designed using novel nonlinear switching functions. A PWM based
SMC is presented to mitigate the destabilizing effects of CPL in a boost converter
supplying a CPL. The existence of sliding mode and large-signal stability of the sys-
tem are proved. The effectiveness of the controller is validated through simulation
studies and experimental results under different operating conditions. Furthermore, a
modified nonlinear switching function is proposed which incorporates tight voltage
regulation capability. The modified nonlinear switching function, having inherent
characteristics to ensure supply of constant power to CPL and output voltage regula-
tion, is then used to design a discontinuous sliding mode controller. The existence of
sliding mode and stability of the switching function are proved. A limit on the CPL
power is established to ensure system stability under different operating conditions.
The performance of the proposed controller is validated through real-time simulation
results under sufficiently wide variations in the input voltage and the load.

Keywords Boost converter - CPL - Negative impedance instabilities - Real-time
simulation + SMC

In Chap.2, stabilization of destabilizing effects of CPL in a dc/dc buck
converter feeding a mixed load has been addressed using robust SMC approach.
In this chapter, mitigation of CPL induced negative impedance instabilities in a
dc/dc boost converter feeding a CPL using robust SMC approach is presented. In
dc microgrids, a dc/dc boost converter is used either to interface renewable energy
sources (solar PV, fuel cells etc.) to the dc bus or to meet the high voltage require-
ment of certain loads. In such situations, due to tight regulation of downstream power
converter and the presence of other electronic loads, the equivalent load to the boost
converter may exhibit CPL behaviour. Therefore, the controller of boost converter
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must have sufficient robustness to ensure stability and the performance under afore-
mentioned conditions.

A dc/dc boost converter operating in CCM has non-minimum phase structure
and is nonlinear, even when supplying a resistive load. The presence of a CPL
further increases the nonlinearity of the system. Furthermore, in renewable energy
based dc distribution systems, the uncertainties associated with RESs aggravates
the overall complexity of the system which poses a significant challenge from the
control point-of-view. Several techniques have been presented in the literature to sta-
bilize a dc/dc boost converter in the presence of a CPL, such as passivity based
control [1], pulse-adjustment technique [2], and active damping [3]. Authors in
[4] have presented a sliding mode controller based on a linear switching function
to mitigate CPL induced instabilities in a dc/dc boost converter wherein, stability
of the system is proved in a small-signal sense using discrete-time model. In this
chapter, the mitigation of CPL induced instabilities in a boost converter is addressed
using a robust SMC designed using novel nonlinear switching functions. A PWM
based SMC is presented in Sect. 3.1 to mitigate the destabilizing effects of CPL in a
boost converter supplying a CPL. The existence of sliding mode and large-signal sta-
bility of the system are proved. The effectiveness of the controller is validated through
simulation studies and experimental results under different operating conditions.

In Sect. 3.2, a modified nonlinear switching function is proposed which incorpo-
rates tight voltage regulation capability. The modified nonlinear switching function,
having inherent characteristics to ensure supply of constant power to CPL and output
voltage regulation, is then used to design a discontinuous sliding mode controller.
The existence of sliding mode and stability of the switching function are proved. A
limit on the CPL power is established to ensure system stability under different oper-
ating conditions. The performance of the proposed controller is validated through
real-time simulation results under sufficiently wide variations in the input voltage
and the load.

3.1 Mitigation of CPL Effects in Boost Converter Using
SMC

In this section, mitigation of CPL induced negative impedance instabilities in a dc/dc
boost converter feeding a pure CPL is presented using a robust SMC designed with
a novel nonlinear switching function. Preliminary results of the controller proposed
in this section have been published in [5]. In the subsequent subsections, system
modeling, design of PWM based SMC using a nonlinear switching function, the
existence of sliding mode and stability of switching surface are established.
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3.1.1 System Modeling of Boost Converter with CPL

A circuit diagram of a dc/dc boost converter feeding a pure CPLs is shown in Fig. 3.1.
The dc/dc boost converter is used to interface RES such as solar PV, fuel cells etc.,
to the dc bus. Furthermore, it is assumed that the dc/dc boost converter operates in
CCM. The RES with output voltage E acts as an input supply source to the power
processing unit (boost converter). The total load is considered to be of CPL nature,
representing a worst case scenario from the stability point of view. Under given
situation, the task of dc bus voltage regulation and to ensure supply of demanded
constant power lies with the boost converter. Next, mathematical modeling of the
system shown in Fig. 3.1 is presented.

Tightly regulated POLCs when paired with a fixed resistance, show negative
impedance characteristics and behave as an instantaneous CPLs. Such POLCs acting
as CPL can be modeled as

icpL(t) = Y vepr(t) > & 3.1

vepL(t)
where P is the rated power of the CPL, icp;, is the current drawn by the CPL, v¢py is
the voltage at the input terminals of the CPL which is equal to the capacitor voltage
Ve, and ¢ is a small positive number.

The state-space averaged model of the dc/dc boost converter system shown in
Fig.3.1, is given by,

dxl
2 E_ (-
dr = I I X2 (328.)
d)C2
1- P
— =y - 2 (3.2b)
dt 2
¢
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Fig. 3.1 Circuit diagram of a DC/DC boost converter feeding a CPL
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where x; and x, are the moving averages of inductor current i; and capacitor voltage
ve respectively. L and C, are converter’s inductance and capacitance parameters
respectively. u € {0, 1}, is the control input. For any practical system, x; and x, have
upper limit, therefore it is necessary to constrain the values of x| and x,. Furthermore,
x; and x, € £2 where set £2 is a subset of R? i.e.

X1, X € 2 C R\ {0} (3.3)

The converter components, inductor, capacitor, diode and power electronic switch
are assumed to be ideal. The validity of the ideal model of the boost converter is
justified by the fact that most of the line regulating converters are highly efficient
within their nominal operating conditions [6]. Furthermore, with ideal model, the
natural damping of the system remains at its minimum value, which represents a
worst case scenario from the stability point of view. Therefore, under this situation
the designed controller would be subjected to the most severe instability effect caused
by CPL.

3.1.2 Design of PWM Based SMC

In this section, a sliding mode controller for the non-linear system model defined in
(3.2) is presented. In the following subsection, a novel nonlinear switching function
and the design of a PWM based SMC is presented.

3.1.2.1 Non-linear Switching Function

The first step in the design of a sliding-mode controller for a given system is to design
a stable switching function which meets the system requirements. The proposed non-
linear switching function is defined as follows

§ 1= X1X2 — XlrefX2ref (34)

where xi,,s and x,,,s are the references of state variables x; and x, respectively.
The second step involves design of a controller to bring sliding mode in finite time
and constrain the system trajectory to the switching surface s = 0 then on. It is
intuitive from the selected switching function that, when sliding mode is established
the controller would ensure supply of constant power to the load. In the next section,
a PWM based sliding mode controller is presented.

3.1.2.2 PWM Based Control Law

In case of discontinuous SMC, the switching frequency may become very high and
may cause excessive losses. Considering the practical limits on switching frequency
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and to avoid the limitations of the discontinuous SMC, a PWM version of SMC is
proposed which ensures a fixed frequency switching of the converter. The control
law u(t) for the PWM based sliding mode controller is computed using the following
reaching dynamics [7].

§ = —\s — QOsgn(s) (3.5)

where A and Q > 0, are the the parameters of reaching dynamics used to control
convergence speed of switching function s. Using (3.2), (3.4) and (3.5) and solving
for u(t) results in the equation of instantaneous converter duty cycle in terms of the
state variables and the converter parameters.

le E)Cg
Co— T As Osgn(s)
_ 1 _ Cx L 8
u(t) =1 Tt (3.6)
L L

The expression of the instantaneous duty cycle of converter u(t) consists of three
terms. The first two terms represent equivalent control u,, and the third term rep-
resents discontinuous control uy, which ensures robustness against uncertainties in
the reaching phase. It decomposes the control law (3.6) as

u(t) = ey + uy 3.7

The value of constant Q in (3.6) should be chosen such that, the term uy is some
small percentage of u,, to ensure u(¢) € (0, 1). The implementation scheme of the
proposed PWM based SMC is shown in Fig. 3.2. The controller requires information
of inductor current and capacitor voltage references (X1, X2r), sensed variables

i D DC Bus

)
e, * 1

circuit

7’

PWM based SMC -\

S= X1X2 — Xref X2ref

Px;  Ex A

. T S’ Jsenls e X

7 O I I i L : +§.__3 () tref
%L X3 Lt

\_ sy r%r‘j

Fig. 3.2 Implementation scheme of the proposed PWM based SMC



60 3 Mitigation of Destabilizing Effects of CPL ...

(x1, X2, fpaa, E), converter parameters (L, C) and controller parameters (Q, 1) to
compute control law. The inductor current reference x;,,s is computed online using
relation xy,r = g = % The computed control law is then compared with the
triangular carrier signal of desired switching frequency to produce PWM switching
pulses for the converter.

3.1.3 Existence of Sliding Mode and Stability of Surface

In this section, the existence of the sliding mode and stability of the system during
sliding mode s = 0 are established analytically.

3.1.3.1 Existence of Sliding Mode

It is essential that trajectory from any initial point in the state-space reaches the
switching surface (s = 0) in finite time and restricted to the surface then on. The
control law should be designed to ensure the reachability condition. The existence of
the sliding mode for the PWM based SMC of (3.6) is proved based on the reaching
dynamics given in (3.5) as follows.
The reaching dynamics
§ = —As — QOsgn(s) (3.8)

with A and Q greater than zero ensures that reachability condition
sTs < —n s (3.9
is satisfied for some 1 > 0.
Now, considering the reaching dynamics of (3.8), the left hand side of the reach-
ability condition s”'§ becomes

sTs = sT[—2s — QOsgn(s)] (3.10)

This implies
sTs = [—As? — Q|s|] (because sTs = |s|?) (3.11)

where Q > 0 and A > 0. Therefore,
"5 = —|s|[Als| + Q] (3.12)

This implies

sTs < —n|s| (3.13)

For all n > A|s| 4+ Q. This completes the proof.
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3.1.3.2 Stability of the Switching Function
In this section, the stability of system at the switching surface is established using

Liyapunov approach. Defining e; = x| — X1, €2 = X2 — X, the error dynamics
of the system of (3.2) can be written as

de u

—dt‘ = £_ g, (3.14a)
dey 1y P

= - & (3.14b)

During sliding mode s = 0, i.e. xix2 = X,X2¢. This implies that e; can be
represented in term of e, and under this situation stability of e, implies stability of
e;. Defining the following Lyapunov function V (e;)

V(ey) = %e% (3.15)

To ensure the stability of ey, V (e2) should be negative. It implies
ezéz <0 (316)

Substituting ¢, from (3.14)

(1 —uw) P
C x| — C_xg] <0 (3.17)

(2 — x2rer) [
With x, = % (as s = 0 during sliding mode), (3.17) leads to

(1 - M) X1ref X2ref _ i
C X2 C)CZ

()C2 - x2ref)[ ] <0 (318)

Simplifying (3.18), gives

2
Xlref x2ref P

(1 - u)xlreforef - (1 - M) <0 (319)
’ X X
with (1 — u)X1,erX27¢ = P, (3.19) can be written as
P()Cz — l) xlr"fx%ref
—— —(1l—-u——- <0 (3.20)
X2 X2

Therefore, to ensure the stability of e, (consequently stability of e;), the following
condition must satisfy.

2
Xref X2
P<(l— u)w (3.21)
(o — 1)



62 3 Mitigation of Destabilizing Effects of CPL ...

3.1.4 Validation of the Proposed Controller

This section presents numerical simulation studies using MATLAB/SIMULINK™

and experimental results to validate the performance of the proposed PWM based
SMC.

3.1.4.1 Simulation Studies

The simulation studies have been conducted under steady state and system tran-
sients. The transient response of the system has been simulated under two operating
conditions: (1) CPL power P is increased by 50 % at t = 0.6s; restored at = 0.65s,
and the input voltage is increased by 30 % at ¢ = 1.1s; restored at# = 1.155s; and (2)
CPL power P is reduced by 50 % at r = 0.6s; restored at t = 0.65s, and the input
voltage is reduced by 30% at t = 1.1s; restored at t = 1.15s. The results of the
simulation studies are shown in Figs.3.3, 3.4 and 3.5.

Figure 3.3 shows start up response of the output voltage and the inductor cur-
rent corresponding to the parameters provided in Table3.1. It can be seen from
Fig.3.3a that the output voltage reaches its steady state in about 0.05 s with negligi-
ble steady state error. Figure 3.3b, shows that the inductor current tracks its reference
value closely. The transient response corresponding to the Operating Condition-1 is
shown in Fig. 3.4. In response to the changes in the CPL power and the input voltage
corresponding to the Operating Condition-1, small magnitude (within 1.5V of
reference value) spikes can be observed in the output voltage at the instances of step
changes, as shown in Fig. 3.4a. The transient response of the inductor current to the
changes in the CPL power and the input voltage is given in Fig.3.4b, from which
it is evident that it tracks changed references instantly. Figure 3.4c shows, that the
average value of the switching function remains within acceptable limits (0—10), and
Fig.3.4d gives plot of the generated PWM pulses which act as a control input to the
converter switch.

(a) (b)
205 30 |
Inductor current reference|
200 25 | Inductor current
S 195 < N
% 190 Output voltage reference| g
% 185 Output voltage g 15
> 180 © 10
175 5
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time (s) Time (s)

Fig. 3.3 Simulated start up response corresponding to the parameters given in Table 3.1. a Start up
response of the output voltage; b Start up response of the inductor current
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Fig. 3.4 Simulated transient response corresponding to the Operating Condition-1: a Transient
response of the output voltage; b Transient response of the inductor current; ¢ Switching function
d Control input
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Fig. 3.5 Simulated transient response corresponding to the Operating Condition-2: a Transient
response of the output voltage; b Transient response of the inductor current; ¢ Switching function
d Control input
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Table 3.1 Parameters of

Parameter Value
boost converter and the
proposed PWM based SMC L 1 mH
C 1000 wF
A 16 x 10*
Q 24 x 100
E 50V
Vief 200V
P 1000 W

Simulated transient response corresponding to the Operating Condition-2 is shown
in Fig.3.5. In response to the 50 % decrease in the CPL power at t =0.6s and 30 %
decrease in the input voltage at # = 1.1s, the output voltage is maintained constant,
except transients within £1.5V at the instances of step changes (Fig. 3.5a). As shown
in Fig. 3.5b, in response to the changes in the CPL power and the input voltage, the
inductor current tracks changed references accurately. Figure 3.5¢, d, show switching
function and generated PWM pulses respectively. It can be seen from Fig.3.5d that
the average value of the switching function remains zero except at the instances of
step changes in the CPL power and input voltage. Next, the experimental validation
of the proposed PWM based SMC will be presented.

3.1.4.2 Experimental Validation

An image of the experimental setup prepared in the laboratory to validate the
performance of the proposed PWM based SMC is shown in the Fig. 3.6. The experi-
mental setup consists of a dc/dc boost converter, dc power supplies, dc programmable
load, voltage/current sensors and OPAL-RT Digital Simulator (ORDS) to imple-
ment the controller. The parameters of the dc/dc boost converter are L = 433 pH,
C = 1000 wF and uses an IGBT switch (FGA25N120) and a fast recovery diode
(MUR1520). First dc power supply (30V, 10A) is used as an input power source
for the dc/dc boost converter and the second dc power supply (30V, 1 A) is used to
power the voltage and current sensors. A DC programmable load is used as a CPL to
test the performance of the controller with the dc/dc converters feeding a CPL. The
voltage and current signals required for the implementation of controller are sensed
using hall effect voltage (LEM LV 25-1000) and current (ACS 709) sensors.

The ORDS system available in the laboratory is a high-end computation system
with large number of analog and digital I/Os to interface real hardware to the system
for setting up ORDS in rapid control prototyping (RCP) mode. The acceptable signal
range of I/Os is £16 V. The desired model intended to run on ORDS is to be modeled
in MATLAB/SIMULINK™ environment and loaded to the simulator using RT-Lab
software. The proposed control algorithm was modeled in MATLAB/SIMULINK ™.,
The sensed voltage and current signals are interfaced to the physical analog input
ports of the ORDS. The controller block gets required sensed voltage and current
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Fig. 3.6 An image of the
experimental setup of the

dc/dc boost converter with
CPL

signals from analog input channels of the ORDS. The reference value of the output
voltage V,,s and controllers parameters p, A and Q have to be entered by the user.
The reference value of the inductor current iy ,.; given by g, is estimated using (3.22)
and need not to be supplied by the user. The proposed controllers implemented
through ORDS compute the required control law using sensed values of the inductor
current, capacitor voltage, user entered output voltage reference, estimated value
of the inductor current reference and the controller parameter(s). The controller
generated control law is available to one of the digital output port of the ORDS,
from where it is interfaced to the gate driver circuit of the IGBT of the dc/dc boost
converter under study.

Table 3.2 SCahl'lg factors to Variable Scaling factor
determine the actual values of -
the variables Output voltage and its reference 30

Inductor current and its reference 2

Input voltage 30

Load current 1
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A fixed step size of 10 s is used to compute the proposed controller. Due to
acceptable signal range of £16V of I/O port, all the signals have to be scaled down
accordingly, before interfacing them to I/O ports. In all the experiments, the mea-
sured variables are made available to compute control in real-time on ORDS. Scaling
of variables is provided in Table 3.2, before sending them to real-time digital sim-
ulator output ports for their display on a digital phosphorous oscilloscope (DPO).
Furthermore, the measured variables are scaled down by %th, when they are made
available at the monitoring ports of the real-time simulator. The measured variables
from monitoring ports of the real-time digital simulator are then directly displayed
on the DPO. Therefore, in order to determine the actual values of variables, DPO
readings has to be multiplied by scaling factors (from Table 3.2) x 10.

iLref = M (322)

ES@”SE

where v (1), ijpqq(t) and Ej,, are the sensed values of dc/dc converter capacitor
voltage, load current drawn by the connected CPL and the input voltage.

@) _ (b)
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Dutput voltage reference (CH3)
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Fig. 3.7 Experimental results corresponding to Operating Condition-I: a The inductor current and
its reference (scale: x-axis: 400 ps/div, y-axis: 100 mV /div); b The output voltage and its reference
(scale: x-axis: 4 ws/div, y-axis: 500 mV /div); ¢ Switching function (scale: x-axis: 10 ms/div, y-axis:
500 mV/div); d Switching pulses (scale: x-axis: 10 ps/div, y-axis: 500 mV/div)
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3.1.4.3 Experimental Results

To validate the performance of the proposed controller the values of converter and
controller parameters are same as provided in Table3.1. The chosen switching fre-
quency is 50 kHz. Obtained experimental results are shown in Figs. 3.7, 3.8 and 3.9,
corresponding to the following operating conditions.

(I) E=50V, Vs =200V, and CPL power P = 100 W.
) E =350V, V. =250V, and CPL power P = 150W.
Iy E =50V, Vs =250V, and CPL power P = 100 W — 135W — 100 W.

Figure 3.7, shows waveforms of the inductor current and its reference, the output
voltage and its reference, switching function and switching pulses, corresponding to
the Operating Condition-I. It can be verified that the steady state error in the output
voltage is less than 3 %. Figure 3.8, shows the waveforms of the inductor current and
its reference, the output voltage and its reference, switching surface and switching
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Fig. 3.8 Experimental results corresponding to Operating Condition-II: a The inductor current
and its reference (scale: x-axis: 400 ps/div, y-axis: 100 mV/div); b The output voltage and its
reference (scale: x-axis: 4 us/div, y-axis: CH2: 1V /divCH3: 200 mV /div); ¢ Switching function
(scale: x-axis: 20 ms/div, y-axis: 500 mV /div); d Switching pulses (scale: x-axis: 20 ms/div, y-axis:
500 mV/div)
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Fig.3.9 Experimental results corresponding to the Operating Condition-III: Transient performance
of the proposed PWM based SMC for dc/dc boost converter with CPL

pulses, corresponding to the Operating Condition-II. In this case also the steady state
error in the measured values of the output voltage is less than 2 %.

Figure 3.9, shows the transient response of the inductor current and the output
voltage corresponding to the Operating Condition-III. It can be seen that the output
voltage remains constant while the inductor current and load current tracks their
changed references accurately. It can be concluded that, experimental results are
in congruence with the simulation studies and the proposed theory. The proposed
controller ensures supply of constant power as demanded by the load and is robust
with respect to the changes in the CPL power.

3.2 Mitigation of CPL Effects Using SMC Designed
with Modified Switching Function

The SMC presented in the previous section performed well to mitigate the CPL
induced instabilities in a dc/dc boost converter feeding a CPL and to ensure supply
of constant power to the load, which is clear from the switching function of (3.4).
However, this switching function may not ensure required output voltage, because
when input voltage increases/decreases, the output voltage has to decrease/increase to
maintain the sliding mode. Thus, the converter output voltage is sensitive to the input
voltage variations. Furthermore, there is no parameter to control the convergence of
the switching function. In some applications the controller is required to ensure tight
regulation of the dc bus voltage while maintaining supply of constant power to the
load. To address this challenge, in this section a discontinuous sliding mode controller
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based on a new switching function is proposed. The new nonlinear switching function
is a modified version of (3.4) to ensure tight regulation of the dc bus voltage and
its robustness to the input voltage variations. Preliminary results of the proposed
discontinuous SMC presented here have been published in [8]. The extension of
work presented in this section is under review in [9]

3.2.1 Modified Switching Function

The switching function of (3.4) is modified by adding an additional term to incor-
porate voltage regulation capability and to ensure robustness to the input voltage
variations. The modified switching function is defined as,

§ 1= X1X2 = XlpefX2ref + W (X2 — Xoref) (3.23)

where constant . > 0 is parameter of the switching function which can be used
to control the transient performance during sliding mode. It is intuitive from (3.23)
that during sliding mode second term ensures desired output voltage while first term
ensures supply of constant power demanded by CPL. Next, a discontinuous SMC
using the nonlinear switching function of (3.23) will be presented.

3.2.2 Discontinuous SMC Using Modified Switching
Function

The discontinuous control law which forces the system trajectory towards the
switching surface s = 0 and constrains the trajectory on the surface then on, is
given by,

1 ifs<0

1
U= 5(1 —sgn(s)) = {0 F550 (3.24)

The control law of (3.24) must bring ideal sliding motion s = 0 in finite time. In what
follows, the existence of sliding mode using the reachability condition is proved.

3.2.3 Existence of Sliding Mode with Discontinuous SMC

Itis essential that trajectory starting from an arbitrary initial condition reaches switch-
ing surface (s = 0) in finite time and constrained to the surface then on. The control
law should be designed to ensure reachability condition. The reachability condition
is proved in the following theorem,
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Theorem 3.1 The control law
1
u = 5(1 — sgn(s)) (3.25)

with the switching surface s 1= X1X3 — XiyefXoref + (X2 — Xoper) ensures that the
reachability condition
sTs < —n s (3.26)

for some 1 > 0 is satisfied when CPL power satisfies

x%EC

< — (3.27)
(1 +w)L

The ratio % is critical to decide the limit of power. It is worth to note that the
limit provided by the above equation is sufficiently high by considering the
practical ratings of the dc/dc converters.

Proof To prove the existence condition, two distinct cases are taken; Case I: when
s < 0 and Case II: when s > 0. From the reachability condition, when s < 0, it is to
be ensured that § > 0 and vice versa.

Casel: s <0

s < 0 implies x1X2 — XipefXorer + (X2 — X2r¢) < O and the control law of (3.24)
becomes 1. Now, it is to be ensured that § > 0 with the control law (3.24) and the
model given in (3.2). That is

X1X + XX1 + px, > 0 (3.28)
Substitution of x| and x, from (3.2) and subsequent algebraic manipulation implies

Px; xnE  Pu
——Ft— = —>0 3.29
CX2 + L C)C2 - ( )

Therefore, to ensure s > 0, the following condition should be satisfied,

KEC

<2 (3.30)
(x1 + )L

Casell: s >0

s > 0 implies XXy — XrefX2rr + (X2 — X2r¢) > 0 and the control law of (3.24)
becomes 0. Now, it is to be ensured that § < O with the control law (3.24) and the
model given in (3.2). That is
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X)X + x0X) +pa, <0 (3.31)
Substitution of x; and x, from (3.2) and subsequent algebraic manipulation implies

2 2
W _Pbu wE x  pn pwP (3.32)
c 'L LT C Cm

which leads to
xl( + W) P (X1 + ) xz( E) <0 (3.33)
—_— _ —_ — — << .
C i C.x SR L 2

Therefore, to ensure s < 0 the following condition should be satisfied.

x%(xz —E)C

3.34
(x1 +wn)L 539

P > X1Xp —

The above equation gives alower limit on the CPL power. The required lower limit can

be obtained through appropriate selection of . The region of existence of sliding

mode corresponding to (3.30) and (3.34) for a particular simulated case is shown
P

in Fig.3.11 under simulation studies section. At steady-state, when x; — £ and

X — ﬁ = Xp.f, both Egs. (3.30) and (3.34) lead to steady-state limit on CPL
power P given by

—WE + \JW2E? + 433, E2(C/L)
2

P < (3.35)

This completes the proof. O

3.2.4 Stability of Modified Switching Surface

In this section, it is proved that x; converges to0 x;,,; and x, converges to Xxa,.s, when
s = 0 is ensured. The stability of the system during sliding mode (s = 0) using
Lyapunov approach by the following theorem.

Theorem 3.2 During sliding mode s = 0, the system dynamics is asymptotically
stable i.e. x| approaches to X\,,r and x, approaches to Xef.

Proof Let the following be defined as,
er .= (X1 — Xipef) (3.36a)
€ 1= (X2 = X2ref) (3.36b)

€p = X1X2 — Xlref X2ref (336C)
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where ey, e; and e, represent error in the inductor current, output voltage and error
having dimension of power respectively. It is apparent that ¢; = X} and ¢, = x5.
Using (3.2b), (3.23), and (3.36)

1 - re re; P
6 — (I — W[ XirerXorey + €] (3.37)
C(ez + x2ref) C(eZ + x2ref)

é (1 - u)xlrefXZref —P (1 - u)ep
2 =
C(ex + Xoref) C(ea + Xoref)

(3.38)

As (I — u)X1ref = Tjoaq and TjpaqX2rr = P, the first term of (3.38) will be equals to
zero. It implies

1 —u)e
6= CL?T;’;) (3.39)
During sliding mode s = e, + pe; = 0, which implies
e, = —|Le; (3.40)
Using (3.40), the dynamics of e, can be written as
¢ = (I —wpe; (3.41)

Clea+ X2ref)

During sliding mode if e; — Oast — oo, itensures e, — 0ast — 00, and together
convergence of e; and e, imply that e; — 0 as ¢t — oo. Thus, if stability of e, is
established, it ensures stability of the system. To prove stability of e,, the following
Lyapunov function is defined

1 2
Vien = 3¢ (3.42)

The derivative of (3.42) is given by

V(ey) = €26, (3.43)
Using (3.41), (3.43) implies
: (I —up (1 —up
Vi) =—6—— = —3——— 3.44
(e2) 2C(er + Xarer)  Cx .49

As(l —u)>0,n > 0,x > 0,and C > 0. It implies

V(ey) <0 (3.45)
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Therefore, the system dynamics at switching function s = 0 is stable as V(ez) <0,
i.e. x1 approaches to x,,; and x, approaches to x,,,. This completes the proof. O

3.2.5 Real-Time Simulation Studies

In this section, real-time simulation studies of the dc/dc boost converter system of
Fig. 3.1 with the proposed discontinuous sliding mode controller, designed using
modified nonlinear switching function, are presented. The real-time simulation stud-
ies has been conducted using ORDS. The values of the parameters used in the real-
time simulation were L = 0.433 wH, C = 1000 pF, input Voltage E = 33V, desired
output voltage V,, = 150V and rated CPL power P = 100 W. In order to select
appropriate value of ., practical constraints on power converter’s overload capac-
ity (typically 125 %) and voltage regulation (£5 % of rated voltage) are considered.
This implies from (3.39) that the selected . should be greater than Max{60.6, 71.96}.
The value of i = 500 is taken in simulation studies with the proposed discontinuous
SMC. Different disturbances in terms of the load variations and the input voltages are
introduced to validate the transient performance of the controller. Simulation studies
were conducted under the following operating conditions,

(@) E =33V, V,,y =150V, and P = 100W. (OC: S1)

(b) E— 0.5E — E att =0.1s and r = 0.15s respectively, with P = 100 W. (OC:
S2)

(¢c) P— 0.5P — Patt =0.25s and r = 0.3 s respectively, with E = 33 V. (OC:
S3)

Figure3.10 shows start up and transient responses of the output voltage and
the inductor current obtained with the proposed discontinuous SMC, designed
using modified nonlinear switching function. From Fig.3.10a, which shows start
up response of output voltage, it can be seen that the output voltage is able to track
its reference value accurately. Figure 3.10b, ¢ show transient response of the output
voltage to a large step change of 50 % in the input voltage and the CPL power P
respectively. In response to the change in the input voltage at r = 0.1s, the output
voltage drops by less than 0.5 V. In response to second step change in the input volt-
age att = 0.15s, the output voltage rises by approximately 0.5V and soon tracks its
reference value closely. In response to step change of 50 % in P at 0.25 s, the output
voltage increases by 0.3 V and again returns to its steady-state value as soon as step
change is removed as shown in Fig.3.10c. The start up, and transient response of
the inductor current to the change in the input voltage and the transient response to
the change in the CPL power are shown in Fig.3.10d—f respectively. The inductor
current tracks its reference value closely within 0.06s from its start up and shows
high initial current. The transient response of inductor current to a large step change
(50 % reduction at t = 0.1 s and back to its nominal value at = 0.15s) in the input
voltage is shown in Fig.3.10e, from which it is apparent that the inductor current
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Fig. 3.10 Simulated response with the proposed discontinuous SMC: a Start up response of output
voltage vo (OC : S1); b Transient response of output voltage vy (OC : S2); ¢ Transient response
of output voltage vo (OC : S3), d Start up response of inductor current iy (OC : S1); e Transient
response of inductor current i;, (OC : S2); f Transient response of inductor current iy, (OC : S3)
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Fig.3.12 Simulated response with reduced . and V,,: a Inductor current i with u = 200, V,r =
150 V; b Output voltage vo with pu = 10, Vs = 66 V; ¢ Inductor current iy, with u = 10, V,y =
66 V

doubles to track its new reference. Transient response of the inductor current to step
change in the CPL power from P to 0.5P and back to P at = 0.25s and t = 0.3s
respectively, is shown in Fig.3.10f, which shows that the inductor current follows
its new references instantly. The region of existence of sliding mode, based on the
proposed theory in Sect.3.2.3, is plotted in Fig. 3.11 for this case.

The controller parameter . largely influences the start up and the transient per-
formance. At steady state with s = 0, voltage error is zero, thus there is no influence
of switching function parameter jL. On the other hand, during transient, voltage error
is nonzero (as s # 0), thus switching function parameter | controls the transient
performance. A high value of | results into a very high inrush current at the start
up but provides faster transient response and robustness to the disturbances, while a
small value of | causes a reduction start up inrush current but deteriorates the tran-
sient response and robustness. Therefore, one has to tradeoff against these conflicting
requirements while selecting controller parameter. Figure 3.12a, shows response of
the inductor current with . = 200 and keeping all other parameters fixed corre-
sponding to the Operating Condition-1. It can be seen that the initial current has
reduced to less than half of its value corresponding to i = 500. Secondly, the volt-
age conversion ratio % in the above simulation study is high (4.55), this also leads
to high initial current. The effect of the converter voltage ratio is evident from the
response of the output voltage and the indcutor current in Fig. 3.12b, c respectively,
corresponding to E =33V, V,,, =66V, P =100 W, and . = 10. It can be seen
that a small value of p = 10 is sufficient to track the reference voltage and the initial
inductor current is also within limits when converter voltage ratio of 2 is used.

3.2.5.1 Simulation Studies with PI Controller

The dc/dc boost converter feeding a CPL has also been simulated with conventional PI
controller (with kp = 0.001 and k; = 0.7), under the same operating conditions. The
waveforms of the output voltage and the inductor current are shown in Fig. 3.13. The
converter starts with a very small resistive load (R = 1500 £2) and tracks reference
output voltage of 150V in less than 50 ms. At¢ = 0.1 s a CPL of 100 W switches on,
causing large transients and sustained oscillations in the output voltage. From ¢ =
0.15 o t = 0.2 s, the magnitude of oscillations increases sharply to (£90V), due to
36 % reduction in the input voltage. In contrast to previous cases of SMC controllers,
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Fig. 3.13 Simulated response of dc/dc boost converter feeding a CPL, with a PI controller

the reduction in the input voltage was chosen to be 36 % (50 % in SMC controllers
simulation studies), because PI controller could not handle further reduction in the
input voltage (output voltages collapsed completely). At r = 0.25s, the CPL power
is increased from 100 to 150 W, leading to increase in the magnitude of oscillations
in the output voltage. The inductor current also exhibits similar oscillatory behaviour.

It implies that PI controller is insufficient to control the system under CPL loading.
On the other hand, the proposed sliding mode controllers ensure supply of constant
power to the load and the desired output voltage. Futhermore, the proposed controllers
are robust to sufficiently large variations in the input voltage and the load, and ensure
large-signal stability of the system.

3.2.6 Experimental Validation of the Proposed SMC

In this section, experimental results to validate the performance of the proposed
discontinuous SMC, designed using modified nonlinear switching function, are pre-
sented. The experiments were conducted on a laboratory prototype of boost converter
under constant power loading, with controller realized through ORDS. The scaling
factors summarized in Table2.2 are used to get the actual values of the measured
variables, and the reference of the inductor current is computed using (3.22).

The experimental results obtained to validate the steady state and transient per-
formance of the proposed discontinuous SMC are shown in Fig. 3.14. The value of
the controller parameter | is taken as 500. In order to limit converter switching fre-
quency a hysteresis band is used (boundary layer about s = 0). For a sufficiently
small i > 0, the control law of (3.24) can be modified as,

1 1 ifs<—h
==(1— = 3.46
u 2( sgn(s)) IO 5o h (3.46)
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Figure3.14, shows experimental results with £ = 33 V, V,,, = 150 V and
P = 100 W. Figure 3.14a shows waveforms of the inductor current reference, induc-
tor current and the load current under steady-state, where as steady-state waveforms
of the output voltage reference, the output voltage and the input voltage are shown
in Fig.3.14b. The transient response of the inductor current and the output voltage
when the CPL power is increased from 100 to 150 W and restored to 100 W with
E =33V, is shown in Fig. 3.14c. It can be observed from Fig. 3.14c¢ that, the output
voltage is invariant to the changes in the CPL power and the inductor current instantly
tracks its changed references. Figure 3.14d, shows transient response when the input
voltage is increased from 25 to 33 V and restored to 25 V with P = 100 W. It is
evident from Fig. 3.14d that, the output voltage is invariant to the changes in the input
voltage too, and the inductor current changes quickly to track its new references.

The experimental results obtained with the proposed discontinuous SMC are in
congruence with the simulation studies. The controller implemented on dc-dc boost
converter in the laboratory ensure supply of constant power demanded by the CPL
with desired output voltage regulation. Furthermore, the controller is robust with
reference to sufficiently large variations in the load and the input voltage.
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Fig.3.14 Experimental results with the proposed discontinuous SMC (E = 33V, V,,y = 150 V and
P = 100 W): a Reference inductor current, inductor current and load current; b Reference output
voltage, output voltage and input voltage; ¢ Output voltage, inductor current and input voltage
waverforms (P = 100 W — 150 W — 100 W with £ = 33 V); d Output voltage, inductor
current and input voltage voltage waverforms (E =25V — 33V — 25V with P = 100 V)
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3.3 Summary

This chapter presented the mitigation of CPL induced negative impedance insta-
bilities in a dc/dc boost converter supplying a pure CPL, using SMC approach. In
the first section of this chapter, a novel non-linear switching function based PWM
sliding-mode controller has been proposed to mitigate CPL induced instabilities.
The controller mitigates negative impedance instabilities under a worst case sce-
nario, when the total load connected to the system is of CPL nature. Theoretical
development of existence of sliding mode and stability of the switching surface have
been established. Simulation studies and experimental results have been presented
to validate the performance of the controller under different operating conditions. It
has been found that the presented PWM based SMC ensures the supply of constant
power to the CPL and regulates the output voltage of the converter at its desired
value, free from any CPL induced oscillations. Although the switching function is
computationally less intensive, it is sensitive to the variations in the input voltage.
Sensitivity of proposed controller limits its applications, where, in addition to supply
of constant power, tight regulation of dc bus voltage is also required.

In order to incorporate voltage regulation capability and to ensure robustness to
the variations in the input voltage, the switching function proposed in Sect.3.1.2.1,
is modified by adding voltage error term to design sliding mode controllers in
Sect.3.2.1. The modified switching function has inherent characteristics to ensure
supply of constant power and regulation of the output voltage to a desired value.
This modified switching function is then used to design a discontinuous sliding mode
controller to mitigate negative impedance instabilities and to ensure robustness of
the output voltage to the variations in the input supply. Furthermore, the controller
ensure stability of the system under steady state and sufficiently large disturbances
in the supply and load. The existence of sliding mode and stability of the switching
surface have been proved. The condition for the stability has also been established
in terms of the limit on the CPL power. The simulation studies and experimental
results validate the effectiveness of the proposed controller in steady-state and under
sufficiently large variations in the input voltage and the load. Experimental results
ensure that the proposed controller ensure to supply constant power demanded by the
CPL and tight regulation of converter’s output voltage. In the next chapter, compen-
sation of destabilizing effects of CPLs in non-isolated topology dc/dc bidirectional
buck-boost converters using SMC approach will be addressed.
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Chapter 4
Compensation of CPL Effects
in a Bidirectional Buck-Boost Converter

Abstract The compensation of CPL induced destabilizing effects in a bidirectional
dc/dc converter (BDC), interfacing a storage unit in a typical isolated dc microgrid
is presented in this chapter. The net CPL power (aggregate of power produced from
RESs operating in MPPT mode and exhibiting constant power source characteristics,
and CPL) is used to select the operating mode of the BDC. A robust sliding mode
controller for BDC is proposed to ensure tight regulation of dc bus voltage and
system stability in different operating modes. The existence of sliding mode and
system stability are established analytically. The effectiveness of the controller is
validated through real-time simulation studies using Opal-RT Digital Simulator. The
controller demonstrates the dc bus regulation within tight limits and robustness with
respect to the sufficiently large variations in the net power demand.

Keywords Bidirectional DC/DC bock-boost converter + CPL + DC microgrid *
Real-time simulation -+ SMC

In the Chap.3, mitigation of negative impedance instabilities in a dc/dc boost
converter has been addressed using SMC approach. A dc microgrid may consists
of a buck-boost converter to meet the specific voltage requirement of different loads
and at times may be required to feed a CPL dominated load profile. Furthermore,
in the event of unavailability of renewable sources or grid connection, bidirectional
buck-boost converters (BDCs), used to interface storage units in a dc microgrid or
to interface two dc microgrids, may also need to supply a CPL dominated load pro-
file. Under these situations, the controller of the bidirectional converter must have
sufficient robustness to ensure the stability and the performance in face of CPL. In
this chapter, mitigation of negative impedance instabilities in a bidirectional dc/dc
converter in the presence of CPL, is addressed using SMC approach.

The control of a dc/dc buck-boost converter is relatively more challenging as
compared to dc/dc buck converter due to its non-minimum phase structure, making
it unstable even with a resistive load [1]. The presence of CPL further increases
the nonlinearity of the buck-boost converter system, thereby increasing the chal-
lenge for the control. In such a situation, control designed through linear approaches
proves to be insufficient, and presents a need to use nonlinear techniques to design
robust controllers and to ensure system stability in a large-signal sense and required
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performance. This chapter deals with mitigation of negative impedance instabilities
in a BDC within an isolated dc microgrid (DCMG) environment in the presence of
CPL. In dc microgrids, a BDC is used either to interface battery energy storage to
dc bus, or to interconnect two neighboring dc microgrids [2, 3]. When interfacing
battery energy storage, BDC facilitates bidirectional power exchange between dc bus
and battery energy storage to regulates the dc bus voltage and to absorb short-time
transients. Basically, the presence of BDC increases the system inertia and prevents
instabilities [4, 5]. In the isolated DCMG under consideration, RESs operating in
MPPT mode (behaving as CPSs) and CPL connected to the dc bus are aggregated
in terms of net CPL power, which may be positive or negative. Therefore, BDC
supplying this net CPL, selects its mode of operation based on the sign of net CPL.
power. A robust SMC is proposed to ensure the tight regulation of dc bus voltage and
system stability in different operating modes. The proof of existence of sliding mode
and the stability of switching surface are also presented. The performance of the
proposed SMC is validated though real-time simulation studies. Preliminary results
of the proposed SMC have been published in [6].

4.1 Compensation of CPL in a Bidirectional
DC/DC Converter

In this section, mitigation of negative impedance instabilities in a BDC feeding a
CPL dominated load is addressed. The BDC is considered to interface a storage
unit, in an isolated DCMG. In addition to the storage unit, the DCMG has RESs
interfaced to its dc bus, and supplies a mixed load (CPL and CVL). To design a
SMC, the isolated DCMG is replaced by an equivalent system, with RESs operating
under MPPT control and CPL combined to form a net CPL. In the following section,
the detailed description of the test system and its modeling are presented.

4.1.1 Modeling of Bidirectional DC/DC Converter

The schematic diagram of a typical RESs based isolated DCMG is shown in Fig. 4.1.
The load on the system is considered to be predominantly of CPL in nature. The
sources (solar PV, wind generator, fuel cell) contribute a total power supply P;
(referred by a negative value) while load power P (referred by a positive value)
includes the power consumed by CPL only. The BDC standing at the interface of
dc bus and battery storage, facilitates bidirectional flow of power (charging and
discharging battery) to ensure dc bus voltage regulation depending upon the net
balance between power available from the sources and load demand. For the control
design and analysis, the sources and CPL are aggregated to represent the net power
demand P, = P;+ P. When sources provide more power than required by the constant
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Fig. 4.1 Schematic diagram of a typical isolated dc microgrid

power loadi.e. |Ps| > |P| = P, < 0, sources supply power to the load and residual
power is used to charge the batteries (BDC operates under charging mode). When
sources cannot provide enough power demanded by the constant power load i.e.
|Ps| < |P| = P, > 0, the battery discharges and supplies required power to
the load (BDC works under discharging mode). In discharging mode, as demand is
greater than the available power, bus voltage is reduced and due to the presence of
CPL (VI = K), the load current is further increased. Therefore, situation becomes
critical in the presence of CPL.

The circuit diagram of the equivalent dc microgrid where the rest of the system
is seen as a load by BDC, is shown in Fig.4.2. Switches Q| and Q, are assumed to
be complimentary i.e. when Q; is on, Q5 is off and vice versa. Therefore, switching
control input u is uniquely designed as u € {0, 1} with reference to switch Qy, i.e.,
whenu = 0, Q; is off and Q> is on, and vice versa. The operation of BDC in charging
and discharging mode is shown through a block diagram in Fig. 4.3.

Now considering the equivalent circuit of Fig. 4.2, the total instantaneous current
drawn from the dc bus by the combination of CVL and net DCMG demand P, is
given by

Ve P, n

.us:_+_; 4.1
ip R, Ve 4.1

that is,

ve (4.2)

ipus = icpL +icve and Req =
Lbus
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where P, = P; + P is the net demand which could be positive or negative, R,
is the resistive of CVL, i¢cp, is the current drawn by the CPL, and icy, is the
current drawn by the resistive load. R, is the equivalent load resistance and v is
the capacitor voltage which is equal to the dc bus voltage. The non-linear state-space
averaged model of the system shown in Fig.4.3, is given by

LY = Vi — rpip — uve (4.3a)
Che —uip — 3¢ - & (4.3b)

where L is the inductance of the converter and its value is decided based on a
permissible ripple in inductor current. C is the capacitance of the converter and
its value is chosen based on permissible ripple in dc bus voltage. Vj,, is nominal
battery voltage. r;, is the equivalent series resistor of the BDC inductor. i, and v¢
are the instantaneous values of inductor current and capacitor voltage respectively.
The dynamic model of (4.5) can be represented in normalized coordinates using the
following transformation
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[iL] = [\@VM 0 } |:x:|andr - (4.4)
Ve 0 y

Vbut \ LC
As given by
d
X Jx—uy (4.52)
dt
d N
—y:ux—My—— (4.5b)
dt y

where J = \/%rL e R\, M = RLL\/E € RY,and N = \/gvp—z" € R, are the
normalized parameters of the system, while the control input u € {(b)“,’ 1} remains the
same. In the normalized state vector z = [x, y],x € RT and y € R™ are related to
the inductor current and the capacitor voltage respectively. In the next section, design
of a robust SMC for the system represented by (4.4) is proposed. vadjust*-10pt

4.1.2 Sliding Mode Control Design

In this section, a robust SMC is designed to ensure dc bus voltage regulation in the
presence of variable power supply from RESs and in the presence of the CPL. In
the following subsections, definition of switching function, control law, the proof of
existence of sliding mode and system stability are presented.

4.1.2.1 Switching Function

The switching function s in terms of the normalized state variables is defined as

S =Y = Yref + ,u(x - xref) (46)

where x,.; and y,. are the reference values of state variables x and y respectively
and x,.p = M yrzef -+ N.The constant . > 0 is a parameter of the switching function
to controls its convergence speed. The control objective is to drive the normalized
voltage y and current x to a desired equilibrium point y,., and x,. s respectively. The
following discontinuous control law is chosen

1(1+ ) 1 ifs >0 @7
u .= — son(s = .
2 & 0 ifs <0

The control law of (4.7) with switching function (4.7) should force the system
trajectories from an arbitrary initial point on to the switching surface s = 0 and
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constrain to the switching surface then on. The existence of sliding mode and stability
of the system on switching surface s = 0 are proved in the following subsections.

4.1.2.2 Existence of Sliding Mode

The existence or accessibility of sliding mode is proved through the reachability
condition s7s < 0 ie., when s > 0, § should be negative and vice-versa, which
ensures the existence of sliding mode.

Casel: s >0
Since s > 0, from (4.7), the switching control law u = 1. Therefore, to ensure the
reachability condition from (4.6) it follows

§=y4+ui<0 (4.8)

Substituting the values of x and y from (4.5)
N
x—My—;+pL(1—y)<O (4.9)

Assuming that the value of inductive resistance is very small, i.e. J = 0. Solving (4.7)
for the reference values of x and y i.e., x,.r and y,.r respectively, and considering
Yrer > 11.e., taking bus voltage greater than the nominal battery voltage, implies

N

Xref = MYrep — 5

o> — e (4.10)
Yref — 1

since x,.; = My;,; + N, Eq.(4.10) simplifies to

Xref

yref

@.11)

Casell: s <0
Since s < 0, from Eq. (4.7), the switching control law u = 0. Therefore, to ensure
the reachability condition from (4.6) it follows

s=y+ux >0 (4.12)

Substituting the values of x and y from (4.5)
N
—My——+pu>0 (4.13)
y

Solving (4.13) for the reference values of x and y i.e. x,ef and y,ef respectively
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xref

Yref

"> 4.14)

Therefore, to ensure the existence of sliding mode condition of (4.14) should be
satisfied.

4.1.2.3 Stability of Switching Surface

To ensure system stability, x should approach x,..; and y should approach y,.r asymp-
totically when sliding mode s = 0 is established. Since sliding mode s = 0 estab-
lishes a linear relation between state variables x and y, therefore system order is
reduced by 1. Hence, stability of variable x necessarily implies stability of y i.e.,
s = 0 = y = —pux. Therefore, stability of y implies stability of x and vice versa.

To prove the stability of switching surface, equivalent control concept is used
here. Equivalent control u,, is defined as the smooth feedback control law which
ideally restricts the state trajectory to the switching surface s. The value of u,, is
calculated according to the following equation

§=0 (4.15)

From (4.15)
s=y+ux=0 (4.16)

Substituting the values of x and y from (4.5) and solving (4.16) for equivalent control
law u,, is given by,
My + % - u
Upg = —————— 4.17)
X =y
The ideal sliding dynamics, when u,, acts on the system as a feedback control with
s=01ie.,y = yrer — u(x — x¢r), is given by,

. x—My>’—N
Xx=—
X =y

(4.18)

The stability of (4.18) can be established via several approaches like phase plane
approach, approximate linearization approach or Lyapunov stability theory. Here,
the stability of ideal sliding dynamics of (4.18) is proved through the approximate
linearization approach.

Approximate Linearization Approach: Lete; = x —x,.s ande; = y — y,s. Then,

from (4.14),

-M 2 re
¢ = = Meler+2vp) (4.19)
e — pey + Xref — UYref
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and
s=ey+ue =0 (4.20)

Linearizing (4.19) after some algebraic manipulation and neglecting higher power

terms of error gives

1+ 2Mu1y,er
é = M 4.21)
xref - H“yref

For the system (4.21) to be asymptotically stablei.e.e; — 0ast — oo, the following
condition must satisfy
1+ 2M:ufyref <

Xref — MYref

0 (4.22)

Since w > 0 and M, y,.f € R™, hence the necessary condition for stability of e; is
given by
Xref

Yref

> (4.23)

Which is same as the existence condition. From (4.20), stability of e; implies stability
of e;. Hence, (4.23) gives the necessary and sufficient condition for the existence
and stability of the system during sliding mode with switching function of (4.6) and
control law (4.7).

4.1.2.4 Switching Frequency

To prevent high frequency chattering and losses due to ideally infinite high switching
frequency of conventional SMC, it is desired that switching frequency be limited
to practical limits imposed by the switches. The control law is modified using a
hysteresis band to avoid very high switching and to reduce switching losses

1 ifs;>h
u:=130 ifsy; <—nh (4.24)

u, if —h<s;<h

where u,, is the previous value of u and £ is a constant which represents the width
of the hysteresis band and is obtained by the following equation [7],

o Viar (Ve = Viar)

h = 4.25
2Lfsve ( )

where f; is steady state switching frequency.
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Fig. 4.4 Implementation scheme of the proposed SMC for bidirectional dc/dc converter

4.1.2.5 Implementation Aspects and Tuning

It is necessary to convert the parameters in de-normalized form to design and imple-
ment the controller. The parameters which are to be de-normalized are, (i) the switch-
ing surface parameter (1), and (ii) the width of the hysteresis band (%). The de-
normalized switching surface is represented as

Sa = (Ve = Veres) + YL — iprer) (4.26)

where y = \/g w is de-normalized switching surface parameter and ve,.r and iy rer
are reference values of capacitor (bus) voltage and inductor current respectively. The
value of h is calculated by replacing v¢ by verer in (4.25). The circuit diagram
showing complete implementation scheme of the proposed SMC is given in Fig.4.4.

4.1.3 Real-Time Simulation Studies

The performance of the proposed SMC under source power and load variations is
validated through real-time simulation studies conducted using ORDS. The para-
meters of the converter and the controller used in simulation studies are provided
in Table4.1. The value of reference inductor current is calculated from Eq. (4.1) as:

iLref = ’bd , whered = v‘;b;f is the duty cycle of switch Q. Simulation studies have
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Table 4.1 Parameters of bidirectional dc/dc converter and the proposed SMC

Parameter Symbol Value
Reference bus voltage Veref 120V
Nominal battery voltage Vibat 60 V
Inductance of BDC L 5 mH
Capacitance of BDC C 1000 uF
Inductive resistance rL 022 Q
Switching surface parameter |y 5
Switching frequency fs 40 kHz
Resistive load Rr 200

been conducted under the following operating conditions. The BDC initially starts
in charging mode and four step changes were applied in the power P,.

1. Atr =0.1s, P, = —400 W — 200 W (discharging)
2. Att =0.2s, P, =200 W — 50 W (discharging)

3. Att =03s, P, =50 W — —200 W (charging)

4. Att =04s, P, = —200 W — 100 W (discharging)

The real-time simulated response of the system corresponding to the above men-
tioned operating conditions is given in Fig. 4.5, showing plots of the output voltage,
the inductor current, SoC of the battery and power (P, = Ps + P). The red curves
show the reference values and blue curves show the actual values. It can be seen
from Fig. 4.5b, that the output voltage reaches its reference value in less than 20 ms
with negligible steady-state error. The inductor current (Fig. 4.5¢) tracks its reference
value perfectly, but has high start up value which is quite natural keeping in view
I-V characteristics of the CPL (voltage is small at the start up which results in the
high value of the inductor current). The controller ensures dc bus voltage regulation
within permissible limits in spite of various step changes in the power P,.

Thus, real-time simulation responses of the bidirectional dc/dc buck-boost con-
verter system validate the effectiveness of the proposed controller to absorb dc bus
transients which occur due to load and source variations, mitigate the destabilizing
effects of the CPLs, and to maintain the bus voltage within tight limits. The robust-
ness of the controller with respect to the large changes in the CPL power is evident
from the simulated response.
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Fig. 4.5 Real-time simulation response of the proposed SMC with BDC

4.2 Summary

In this chapter, compensation of CPL effects in a bidirectional dc/dc converter,
interfacing a storage unit in a typical isolated dc microgrid is addressed. The net
CPL power (aggregate of power produced from RESs operating in MPPT mode
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and exhibiting constant power source characteristics, and CPL) is used to select the
operating mode of the BDC. A robust sliding mode controller for BDC has been
proposed to ensure tight regulation of dc bus voltage and system stability in different
operating modes. Furthermore, the existence of sliding mode and system stability
have been proved. The effectiveness of the controller has been validated through
real-time simulation studies using ORDS. The controller demonstrates the dc bus
regulation within tight limits (£0.83 % of its nominal value) and robustness with
respect to the sufficiently large variations (150 %) in the net power demand. In the
next chapter, mitigation of the destabilizing effects of CPL will be addressed in a
complete dc microgrid scenario with many converters, storage unit, and a diverse
load profile, using robust sliding mode approach.
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Chapter 5
Robust Control of an Islanded DC Microgrid

in Presence of CPL

Abstract This chapter presents robust control of an islanded DC microgrid in
the presence of CPL using sliding mode control. A robust sliding mode control
scheme is proposed to ensure system stability in the presence of CPL and the desired
DC bus voltage regulation. Furthermore, a charging/discharging algorithm is imple-
mented in the control loops of BDC to facilitate three mode charging of the battery
bank. The test system consists of solar PV arrays interfaced to dc bus through dc/dc
boost converters, energy storage system (lead-acid batteries) interfaced through a
BDC, and a mixed load (Resistive, voltage regulator and a speed controlled drive).
Tightly regulated voltage regulator and a speed controlled dc/dc drive, both represent
CPLs in the system. The proposed theory is validated through simulation studies and
experimental results. It is shown through simulation studies and experimental results
that the proposed control scheme ensures stabilized dc bus voltage, i.e. it does not
show any destabilizing effect of CPLs, under different operating conditions. It has
been found that the proposed control ensures voltage regulation of less than 5 % and
is robust to changes in the load.

Keywords Boost converter + Bidirectional DC/DC buck-boost converter (BDC) -
CPL - DC microgrid - SMC - Stability

In the previous chapters, mitigation of CPL induced negative impedance instabilities
has been addressed in individual dc/dc converters in the presence of CPL. In a practi-
cal dc distribution such as dc microgrid, many power converters are used to interface
RESs and storage units, which are interconnected and controlled to work as a single
system. Therefore, the task of maintaining system stability and voltage regulation in
an integrated system of power converters in the presence of CPL becomes necessary.
This chapter addresses mitigation of the destabilizing effects of CPLs and voltage
regulation in an islanded dc microgrid using robust sliding mode control.

A dc microgrid usually consists of distributed RESs, ESUs, grid-connecting bidi-
rectional VSC and local dc load. When integrating RESs, ESUs, and dc loads, there is
aneed for power conversion through power electronic interfaces to achieve different
voltage levels. This results in cascaded distributed power architecture of DCMG in
which power electronic converters act as interfaces between subsystems with dif-
ferent voltage levels [1, 2]. In a cascaded distributed power architecture if control
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performance and bandwidth of POLCs is sufficiently high, they behave as CPLs and
introduce destabilizing effects in the upstream converters or input filters, and eventu-
ally in the system as a whole [3, 4]. The destabilizing effects of CPLs result in limit
cycles in the switch model dynamics which may cause the dc bus voltage to show
severe oscillations or it may lead to voltage collapse. In addition to these effects,
inter-converter dynamics and uncertainties associated with RESs further aggravate
the stability challenges in DCMGs and may lead to an unstable system, even if indi-
vidual converters are stable. Therefore, the stability of a DCMG in the presence of
CPLs needs adequate attention to ensure basic functioning of DCMG.

Given uncertainties involved with the RESs, inter-converter dynamics and the
presence of CPLs, a dc microgrid becomes a highly nonlinear system. The controllers
designed through conventional linear approach are tuned to provide a required per-
formance at a given operating point and their performance may degrade badly if
operating point drifts, for which controllers were tuned. It implies that the controls
designed through conventional linear approach ensure stability in a small-signal
sense. Researchers have been able to address the CPL induced instabilities using
linear control approaches [5—7]. However, in a RESs based dc microgrid, the oper-
ating point may drift due to the presence of uncertainties and use of droop control
to achieve accuracy among the sources operating in parallel. Thus, the controllers
designed using conventional linear approach may not ensure stability and the required
performance. Therefore, it becomes necessary that the control be designed using
robust nonlinear techniques to ensure stability in the entire possible operating range.
Authors in [8], have presented nonlinear stability analysis of a droop controlled dc
microgrid using bifurcation and phase-plane analysis. The use of large-signal central-
ized stabilizing system is presented in [9] to stabilize a dc power system by injecting
stabilizing powers to each CPL individually, and to ensure global stability. To reduce
the number of sensors required by the central stabilizer, an observer to estimate load
input voltages is presented by the authors in [10].

There have been some efforts to stabilize individual converters in face of CPL.
However, entire microgrid with many converters, storage units, and CPL along with
other loads poses entirely different challenges. There are several sources of uncer-
tainty in a dc microgrid, thus the controller must be sufficiently robust to ensure
stability and performance in face of uncertainty and CPLs. This chapter particularly
addresses aforementioned problem.

The chapter presents, robust control of an islanded DCMG and dc bus regulation
in presence of CPL using robust SMC approach. The test system consists of solar
PV arrays interfaced to dc bus through dc/dc boost converters, energy storage system
(lead-acid batteries) interfaced through a BDC, and a mixed load (Resistive, voltage
regulator and a speed controlled drive). Tightly regulated voltage regulator and a
speed controlled dc/dc drive, both represent CPLs in the system. The design of con-
trollers for RES interfacing converters and battery energy storage interfacing BDC
are proposed and analytical proof of the stability is also provided. To achieve the
desired dc bus voltage regulation and proportional power/current sharing between
two RESs, voltage droop approach is used. Furthermore, a charging/discharging algo-
rithm is implemented in the control loops of BDC to facilitate three mode charging
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of the battery bank. The effectiveness of the proposed control scheme is validated
through simulation studies and experimental results under various operating modes.
The extension of the work presented in this chapter has been submitted to and is
under review in [11].

5.1 Robust Control of a PV Based DC Microgrid

In this section, robust sliding mode control of an islanded PV based DCMG feeding
a CPL dominated load is presented. The test system consists of two solar PV arrays
interfaced through dc/dc boost converters, battery energy storage with three mode
charging, and load (comprising of resistive load and two types of CPLs namely,
voltage regulator and dc/ac inverter drive with tight speed regulation). The effec-
tiveness of the proposed control scheme is validated through real-time simulation
studies and experimental results.

5.1.1 Test System and Its Operating Modes

A schematic diagram of the test system under consideration is shown in Fig.5.1a and
its corresponding circuit diagram is shown in Fig.5.1b. The system consists of two
solar PV RESs, interfaced through dc/dc boost converters to a 380 V dc bus. To ensure
equal current sharing between the RESs and desired voltage regulation, voltage droop
control approachis used. A battery bank, interfaced through a BDC, is used to provide
backup power and to regulate dc bus voltage, when power produced from the PV
arrays is not sufficient to meet the load demand. To represent a practical system, the
load is considered to have both, conventional resistive load and CPLs. Furthermore,
two types of CPLs namely, tightly controlled voltage regulator (represented by a
programmable dc CPL) and a speed controlled dc/ac inverter drive, which are largely
present in a practical system, are considered in the presented work. The charging

(a) (b)
PV Array-1, e

Z DC/DC Voltage

Converter Regulator

DC/DC || ez
Converter DC/AC

Inverter drive

Battery Bank

+ -[| ococ |

Converter Resistive Load
R

)

Fig. 5.1 Laboratory prototype of PV based dc microgrid: a Schematic diagram; b Circuit diagram
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algorithm of BDC facilitates three mode charging of battery bank namely, constant
current charging (CC), constant voltage charging (CV), and float charging (FC) to
enhance the battery life. The BDC switches its mode of operation depending on
the dc bus voltage and SoC of batteries. The implemented charging and discharging
algorithm for BDC will be described in detail in the following subsection. Although,
the test system considered in this chapter consists of two RES converters and one
storage unit, the theoretical concepts presented here can be extended to a dc microgrid
with any number of power converters.

5.1.1.1 Charging/Discharging Algorithm

The controller of BDC selects an appropriate mode of operation for BDC based
on the dc bus voltage and the SoC of battery bank. If the dc bus voltage decreases
by more than 5 % of its nominal value of (380V) due to a reduction in the RES
power or increased load, and the battery bank SoC is >50 %, then BDC switches
to discharging mode (voltage control mode). Otherwise it operates in the charging
mode. Under discharging mode, if the SoC of the battery bank falls below 50 % or
depth of discharge (DoD) is reached, the BDC goes into standby mode, and waits until
the dc bus voltage recovers. Once, the dc bus voltage recovers to normal operating
range, BDC starts the next charging cycle.

While in charging mode, depending on the measured dc bus voltage and the SoC
of battery bank, the controller of BDC selects corresponding charging mode out of
the three charging modes. A battery with low SoC draws relatively large current
compared to that with high SoC, so regulated constant current charging is required
during low charge regime. For 50 % < SoC < 80 %, battery starts charging in CC
mode. Once SoC reaches 80 %, the current drawn by battery becomes relatively small
and the controller switches to CV charging mode until SoC equals to 95 %. Beyond
this SoC battery bank remains in float charging mode, and draws only a small amount
of current, sufficient to compensate the battery’s internal losses. In the FC mode, the
battery voltage remains constant equal to its float voltage V s;44,. The different modes
of BDC operation are summarized in Table 5.1 and flowchart of the scheme is shown
in Fig.5.2 [12].

Table 5.1 Different modes of operation of bidirectional dc/dc converter

Mode Vius (V) % SoC

Case: I (charging mode) >365 > 50

(a) CC >365 50 < SoC < 80
(b) CV >365 80 < SoC < 95
(c) FC >365 >95

Case: II (discharging mode) <365 >50

Case: III (standby) <365 <50
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Fig. 5.2 Flow-chart of charging/discharging algorithm for bidirectional dc/dc converter

5.1.1.2 System Operating Modes

Depending on the power produced by the RESs, loading condition in the system,
and the SoC of the battery bank, the system can operate in one of the following two
operating modes.

Mode I: Normal operating mode

In this mode, the power produced by the RESs is greater than the load demand,
therefore additional power is used to charge the ESU. The RES interfacing converters
operating under voltage droop control are responsible for dc bus voltage regulation
and BDC operates in one of the charging modes depending on the SoC of the battery
bank. The dc microgrid continues to operate in this mode until the dc bus voltage
drop below a threshold voltage (V;; = 0.96v4c cr). The dc bus voltage can drop
below V;;, due to the reduction in RES power or increased load demand. Once, dc
bus voltage drops below V;;, the dc microgrid switches to mode II.

Mode II: Voltage regulation mode

In this operating mode, due to deficit of the power, the RES interfacing converters
are unable to maintain the dc bus voltage. At this point, BDC switches to discharging
mode and supports dc bus voltage regulation. The microgrid continues to operate in
this mode until RES produce sufficient power to meet the load demand or battery
bank hits the set threshold of DoD i.e. (SoC < 50 %).
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5.1.2 Mathematical Modeling of Island DC Microgrid

In this section modeling of different components of the dc microgrid with reference
to circuit diagram shown in Fig. 5.1 is presented. The mathematical modeling of the
load, RES interfacing converters, and BDC, presented in the following subsections
will be used to design the sliding mode controllers in the next section.

5.1.2.1 Load Modeling

The total instantaneous current drawn by a mixed load from the dc bus is given by

Vbus (t) P .
RL Vbus (t) '

where P is the combined rated power of two CPLs (CPL-1 and CPL-2), R; is the
resistance of the constant voltage load, and ¢, is a small positive number.

iLaad(t) = v Vbus(t) > & (51)

5.1.2.2 Modeling of RES Interfacing Converters

The nonlinear state-space averaged model of the RES interfacing converters is given
in (5.2). The moving averages of capacitor voltage v¢, and inductor current iy ; are
chosen as state variables. Furthermore, the parasitic effects of the components are
ignored.

@ Vpvj _ (=uj)

di = T TVc; J = 1, 2 (523.)
dv . iy
d_tc =& S —upi; - &= (5.2b)

where u; € {0, 1}, Vpy j, L; and i ; are the control input, input voltage (PV array
voltage), inductance and the inductor current of jth RES converter. v¢ is the capacitor
voltage which is equal to dc bus voltage vp,; = vec1 = vea = ves. The equivalent
capacitance of the system is given by Coy = C; + C> + C;5 + Cp,, (additional bus
capacitance, if any).

The voltage droop control approach is widely used to ensure equal per unit current
sharing among parallel operating R E Ss and desired voltage regulation. The voltage
droop controllers rely on local information and are free from any data exchange
between the RESs, resulting in an uncoupled system [13]. Therefore, the model of a
single converter can be used to design the control.

The conventional droop control has a trade-off between accuracy of current shar-
ing and the voltage regulation [14]. Therefore, to avoid the drawback of conventional
droop control, here an adaptive nonlinear droop control, proposed in [15], is used.
In adaptive nonlinear droop, the slope of droop curve increases with the increase in
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load current from no-load to full load, and it also causes a proportional upward shift
in the voltage to compensate for the voltage drop due to droop action. The resulting
effect is that the equivalent droop coefficient changes adaptively from no-load to
full load, being its minimum value at no-load and maximum value at full-load. The
only drawback is poor current sharing performance during light loads. However, dur-
ing light load condition, current sharing is not that critical, as RESs supply current
which is far below than their rated capacity. The adaptive nonlinear droop equation
is given by

£
Veref,j = Vderef — Kjly; (5.3)

where vcr.r, j is the reference capacitor voltage for jth converter, vy . r is the nominal
value of the dc bus voltage, i,; is the output current of jth the converter unit. ¥ and
& are defined as arc constant and arc coefficient respectively.

Vdc,ref — Vi
15

max, j

Kj = (5.4)

where 1,4y, j is the maximum allowable output current of the jth converter unit and
V. is the minimum acceptable dc bus voltage. The equivalent droop coefficient R,
as a function of the converter output current, is given by.

Veref,j —EWacref — VL) 6
Ryj=—— = = i (5.5)
alof Imax,j

After the selection of maximum value of droop coefficient R;’f‘j’.", the value of arc
constant ¢ can be obtained using the following relation.

Rya'x~1max,j
£ =L (5.6)
Vde,ref — Vi

The extended model of jth RES converter after including the disturbance term
D(t), accounting for the impact of rest of the system together with load change, is
given by

diLj Vij Mj

— i 57
i L, L ¢ 670
d i » D
e _ iy Lo J (5.7b)
dt ~ C., Ceg | Ceg
dD;
d_t] =0,;(vc = VCref,j) (5.7¢)

where D; = 0 [(vc — Verer,j)dt; o > 0,1 =1 —uj, and iy; are the disturbance
effecting jth RES converter, control input and output current of the jth RES converter.
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2
ioj = bjijoaq; such that ij + bpge = 1 (5.8)
j=1

where b; is the fraction of total load current supplied by the jth RES converter, and
bpg. 1s the fraction of the total load current supplied or drawn by the BDC.

5.1.2.3 Modeling of Bidirectional Converter

In this section, modeling of BDC in different mode of operations is presented.

Charging Mode: During the charging mode, the BDC operates as a buck converter
and power flows from the dc bus to the battery bank. The state-space averaged model
of the BDC in charging mode is given by

dirs  Vius ves

_ Yous, _ Vos 5.9
dt Ls " Ls (5.92)
dves 013 lpar

- 2 4 5.9b
dt Cy Cy ( )

where i;3 is the inductor current of BDC, v¢y is the battery side capacitor (Cy)
voltage, Vp,; is the dc bus voltage, and ip,, is the charging current supplied to the
battery bank.

Discharging mode: During discharging mode, BDC operates as a boost converter
and power flows from the battery bank to the dc bus. The state-space averaged model
of the BDC in discharging mode is given by

diLS Viar vc
3 Yhar o 0vC 5.10
dt L ( ua) Ls ( %)
dVC iL3 ibdc
— = —=(1 - — 5.10b
dt C3( a) C3 ( )

where v¢ is the dc bus side capacitor (Cs3) voltage, V,, is the battery bank voltage,
and ipg. is the current supplied by the BDC to dc bus. L3, C3, and C4 are BDC’s
inductance, dc bus side and battery side capacitances respectively. u. andu, € {0, 1},
are the control input in charging and discharging mode respectively. Furthermore,
i13, Ve, Ves € 2, where set 2 is a subset of R i.e. iz3, ve, ves € Q € R3\ {0}.

5.1.3 Sliding Mode Control Design

The control for RES interfacing converters and BDC are designed through SMC
approach. To ensure constant frequency switching PWM based sliding mode con-
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trollers are proposed. In the following subsections, robust sliding mode controllers
are proposed for RES converters and the BDC, interfacing battery bank.

5.1.3.1 Control Resign for RES Interfacing Converters

To derive the SMC for RES converters, an extended model of individual RES con-
verters is used.

Switching function: The switching function is chosen such that supply of constant
power to the load and zero steady state error in the dc bus voltage is ensured. The
switching function s; for jth RES interfacing converter is given by

sj = B1;(vc — Vcrer,j) + Bojlinj — irrer,j) + B3jD; (5.11)

where i..r; is the reference value of the inductor current of jth converter, and
Bij, Baj, and B3; are the positive constants. The second term in the switching func-
tion expression given in (5.11), requires reference inductor current which depends on
input voltage, output voltage and the load, thus it is dynamic variable. The high pass

filtered inductor current is used to estimate the inductor current error (ir; — irref,;)
[16, 17].

Control law: The reaching dynamics defining the evolution of the switching function
s must ensure the motion of the system trajectory from an arbitrary point on to the
switching surface s = 0 in finite time. The chosen reaching dynamics defining the
evolution of the switching function is given by,

Sj=—Ajs; — Qjsgn(s;) (5.12)

where A; > 0 is the parameter which controls the convergence speed and Q; > 0,
which depends on the magnitude of uncertainty. It is straightforward to prove the
reachability condition s”s < —n|s|; n > 0 for reaching dynamics of (5.12). Substi-
tuting (5.7) and (5.11) into (5.12) and solving for u(#) results the following instan-
taneous duty cycle expression

D; Vi
_Ajsj+ Qysgnls;) + ﬂlc’—q’ + ﬂz’L% B3joj(ve — Verer,j) — ﬂlc’—:q’

u;(t
i®) Paiyy P Payy P
Lj ¢ Ceq Lj L; ¢ Ceq Lj

(5.13)
The control law given in (5.13), is obtained by considering the generalized load pro-
file. The control for a specific load model can be obtained by substituting respective
load model in (5.13).

The control law (5.13) forces the system trajectory from an arbitrary point on to
the switching surface s = 0 and maintains the system trajectory on s = 0 then on.
The voltage reference vc,y, j to each converter is modified to ensure desired voltage
regulation and equal/proportional current sharing according to the adaptive nonlinear
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droop characteristics (5.3). Droop characteristics of (5.3) is to be substituted into
(5.13) to get the final expression of the control law. Furthermore, the values of the
droop coefficient of the two converters should be same to ensure equal current sharing.

5.1.3.2 Control Design for BDC

The sliding mode controllers for different mode of operations of BDC are proposed
in the following subsection.

Switching function: To implement the charging and discharging algorithm presented
in the Sect.5.1.1.1, the sliding mode controller of BDC uses three switching functions
and facilitates desired mode transitions. The following three switching functions are
defined

1. Switching function for constant current and float charging modes is given by
Sc,ccf = Ue,cef (iLS - iLref,3) + Dc (514)
2. Switching function for constant voltage mode is given by

Sc,cv = iL3VC4 - iLref,3VCref,4 + ac,cv(vC4 - VCref,4) + Dc (515)

3. Switching function for discharging mode is given by
84 =I13VC — iLref,3VCref + Aa(Ve — Verer) + Dy (5.16)

where D. = o, f(VC4 — Vcref‘4)dt; o, >0and D; = oy f(VC — Vcref)dt; o; >0
are the disturbances which account for the influence of rest of the system and changes
in load, in charging and discharging mode respectively. iz, 3 is the reference value
of inductor current for inner loop current control and, vcyers and ve,er3 are the
reference values of battery side capacitor voltage and dc bus side capacitor voltage
respectively for outer loop voltage control. o ccf, @c v and ag are the switching
function parameters.

Control law: In this section, control laws using switching functions defined in the
previous subsection are derived. The control laws force the system trajectory from
an arbitrary initial point, on to the switching surface (s = 0) and constrains it to
the switching surface then on. The PWM based sliding mode controllers for BDC
are designed through reaching dynamics approach. The chosen reaching dynamics
is given by

§3 = —A3s3 — Q3sgn(s3) (5.17)

where A3, Q3 > 0 and s3 (Sc.ccf, Sc,cv and sg) are the parameters of reaching
dynamics and switching function corresponding to the BDC. It is straightforward
to prove the reachability condition s”§ < —n|s|; n > 0 using reaching dynamics
of (5.17).
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To derive the control laws for different modes of the BDC, extended model cor-
responding to the respective mode, similar to extended model of RES converter of
(5.7), is obtained separately for charging and discharging mode using disturbances
D. and D respectively. The instantaneous duty u. ..r for constant current and float
mode charging using (5.9), (5.14) and (5.17) is given by

ves " —L3(A3Sc,cef + Q358n(Sc.cer) +0c(Ves — Verer,a))
Vbus Qe ccf Vbus

(5.18)

Uccef =

The same constant current charging controller can be used for float charging. The
controller automatically changes its charging current reference (constant current to
float charge current reference) using the proposed charging algorithm. The instanta-
neous duty u. ., for constant voltage mode charging using (5.9), (5.15) and (5.17) is
given by,

ves  La(izs + de.ev) (23 — ipar + D)

Uccv =
Vious C3vea Viys (5.19)
+ _L3()"3Sc,cv + Q3sgn(sc,cv)) + UC(VC4 - VCref,4) ’
vea Vius

Similarly, using (5.10), (5.16) and (5.17), the instantaneous duty cycle u, for dis-
charging mode is given by

G V& = veViar) — La(ins + @a) (it — ipac + Da)
B C3vE — Lsips(irs + o)
—C3L3(A354 + Q358n(52)) + 04(ve — Veref3)
Cave — Laiga(ips + ag)

Ug
(5.20)

The instantaneous duty cycles represented by the Egs.(5.13), (5.18), (5.19), and
(5.20) are then compared with repetitive triangular signal of desired switching fre-
quency to generate fixed frequency PWM pulses for the BDC.

5.1.4 Stability on Switching Surface

In this section, stability of the PV based DCMG during sliding mode s = 0 will
be established. In order to establish the stability of the system BDC is assumed to
be operating in CC charging mode. Stability of the system during other modes of
BDC can be established using the same procedure established in this section. During
sliding mode the switching functions of RES interfacing converters and BDC in CC
charging mode becomes

sj = P1;(vc — Vcrer,j) + Bojliv; — irrer,j) + B3;D;j =0 (5.21)
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and
Sc,cef = ac,ccf(iL3 - iLref,S) +D.=0 (5.22)

where D; and D, are disturbances affecting the jth RES converter and BDC respec-
tively. Solving (5.21) and (5.22) for iy ; and i;3, the following reduced order system
dynamics can be obtained, considering BDC in CC charging mode.

. B Bsj .
iLj == (e = Verep)) — LDy + ivrer, (5.23a)
Baj B2
D, |
i3 =— + iLref3 (5.23b)
Qe ccf Qe ccf
2 2
ch 1 1
— = — iyi (5.23¢)
dt — Ceq ; Ceq ; !
de4 1 1
= —i;3 — —lipa 5.23d
R G ir3 C4lb : ( )
dD;
d_t] = 0;(Vc — Vcref,j) (5.23¢)
dD,
T 0c(veq — Veref.a) (5.23f)

Eliminating iz ; and iz3, and incorporating droop control of (5.3), the reduced order
dynamic model becomes

Bi -&j
eq dt _|_ Z ﬂzj U; (VC Vde,ref + K.iloj)

ﬂﬁu U]/(vc Vieures + Kjishdi — Zu iLret.s —i—Zzo, =0 (5.24a)
j=1

d ves |

Cy /(Vc4 — Veref,4)dt — iLref,3 +ipar = 0 (5.24b)

dt ac cef c,ccf

Substitution of i,; in terms of the total load current using (5.8) and differentiating
(5.24) with respect to time

d*ve Bij . dvc ,31/ £ B3j .
Ceq ar Zﬂz] iar Z uj Jb]!d load+z ‘” jgjve

— Z ?J UjOVicref + Z 8 crj/cjbE lload + Zb lload =0 (5.25a)
2j

2j —1

d*vey o, o,
C4—2 + —CV(;4 —
dt U ccf Qe ccf

Verefa =0 (5.25b)
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dipas
dt

Since BDC is operatmg in CC charging mode
current, ifpad = 7 + 1n (5.26)

d*ve ﬂlech ZZ:,BUA e d ve
uikb? —(—+

“drr =y Y — By Jdt Ry

2
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= 0. Now, substituting load

_)S/

2 2
B3 . B3j « Bsj 3
+ D g ijove = 2 O Vacrer + D 0k b ’(— + —)Sf
—1 ,32/ j=1 ﬂ2/ 182J

j=1

—I—Zbd VC )=0

’dt R,
C dZVC4 + O¢ O¢ 0
vc4 — VCre =
! dr? Qe ccf c Ue cef crerd
Now,
d Vc £ Vc P g1 1 P ch
—(— — )i = &.(— —)Si - — ) —
dt(RL+ C) E]( + ) ( v%)dt
d Ve P dVC
dt(R ) N ( v%) dt
Substituting (5.27) into (5.26) results in
dz ,3], £ 1 P
P e A <—+ >§f—1( - )
4 dt? ;,321 ik R, V%
2
_— 1 P _dv
+Zﬂlu1+zb](R_ 2)] C+Zﬂ3/u io;jVe
i1 P2j — L ;
j=1 j=1
2 y p 2 B
3j A g Ve £ 3j A
+ —u;0iK;b’ (— + —) — ——=U;0Vicrer =0
;,32,' 7RGV R, Ve ;/321‘ jOjVderref
d2VC4 O¢
Cp——— 4+ — — refa =0
! dr? * ac,cchC4 o cchC 14

(5.26a)

(5.26b)

(5.27a)

(5.27b)

(5.28a)

(5.28b)

It can be seen that for the stability of (1.28b) ”_f > 0, and it is positive as o, ¢ ccf
are positive by definition. Therefore, stablhty of (1.28b) is ensured. Now, the con-
dition for the stability of (1.28a) will be established using linearization approach.

Introducing change of variables x; = v¢ and x, = v, we get


http://dx.doi.org/10.1007/978-981-10-2071-1_1
http://dx.doi.org/10.1007/978-981-10-2071-1_1
http://dx.doi.org/10.1007/978-981-10-2071-1_1

106 5 Robust Control of an Islanded DC ...

)C.l =X (5298.)
2
. 1 Bij . &, x1 P, 1 P
_ —Luwik:blE(— I et O
X2 Ceq [Z zjquj jsj(RL +xl) R, x12)
Jj=1
2 2 2
Bii . 1 P 1 N
+ D i+ Dby ) > gliiom
i—1 2j i—1 R Ceq i—1 IBZJ
j= j= j=
1 < B x; P 2 B
3 A £ X1 £ 3j A
— —uioik;b’ (— + —)¥ + ——U ;O Vic.re (5.29b)
Ceq jgl ,BZJ JZINIT RL X1 jgl IBZJ JjOjVderef

Linearizing (5.29) about x; = v4c .y (Nominal DC bus voltage) and x, = 0, the
elements of Jacobian matrix (J) are given by

jll =0, j12 =1 (5.30a)
,B'i i Vde,re P — 1 P
IUJJ Jbgéj f‘i‘—)g’ N - 2
Vde,ref RL Vdc,ref

)

o1 =

+ Z Py U, ;] (5.30b)

P g1 P
TR S R
Vde,ref RL Vdc.ref

+Zﬂ”U +Zb ( — ] (5.30c)

dc ref

Vde,ref

’3" U jieiby €5 (

Jn =

where U ; is the duty cycles of jth RES interfacing converter, at the equilibrium
point. To ensure the system stability the trace and determinant of Jacobian matrix (J)
should be negative and positive respectively. It implies

2
1 Bij A £ Vde,ref P _1 P
_ > LUjkb/ e (=L + ——)% (__ )
Ceq ; b DT R Vde.ref L "i’c,ref
> B s !
+z 'Uj+§ bj(R__ —)]1 <0 (531a)
el =
2
L Boig o g Jerer | P 1 P
[ —UO'Kb/E( 5 + )E/ (—— )
Ceq ;ﬁw JEITIE 5T R, Vdc,ref Ry vzzic,ref

2
+> %Ujaj] >0 (531b)
=1

2j
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Therefore, with 81, B2j, Bsj, 0j,bj, P, Rp, Vacrer, kj positive by definition, it
can be seen that (5.31) is satisfied when

Vtzic,ref
P < R ; or P < Pg, (5.32)

L

Since £ > 1 for desired nonlinear droop. Here, P = W‘Z’I‘Q—L”f is the power consumed
by the resistive/constant voltage component of the load. It can be seen from (5.32)
that, the limit on CPL component of the load depends on power consumed by the
resistive component and nominal DC bus voltage.

5.1.5 Simulation Studies and Experimental Results

The validation of the proposed nonlinear control scheme using SMC to mitigate the
destabilizing effects of CPLs and to control the dc bus voltage in an islanded DCMG,
is presented in this section using simulation studies and experimental results.

5.1.5.1 Simulation Studies

The specifications of the test dc microgrid and controller parameters are provided in
Table 5.2. In simulation studies, loads CPL-1 and CPL-2 have been modeled as an
ideal CPL. The solar PV arrays have been modeled with matching parameters that
of actual rooftop PV modules (Moser Baer’s Power Series FS Bin 380), used in the
experimental setup. A constant solar irradiance of 800 W /m? is considered for both
PV arrays.

The proposed SMC scheme is validated using simulation studies. In the first case
the system is simulated with a resistive load (R = 512 2). Simulation results under
this condition are shown in Fig.5.3. Figure 5.3a shows a dc bus voltage of 375.2'V.
The voltage of both PV arrays are 150.1 V and battery voltage (V},, ) shows increasing
trend, BDC being in charging mode. The current supplied or drawn by each converter
and battery current are shown in Fig.5.3b. Both RES interfacing converters supply
a current of 2.35 A and BDC takes a current of —3.6 A from dc bus to charge the
batteries. The inductor currents of RES interfacing converters and BDC are shown
in Fig.5.3c. Figure 5.3d shows current drawn by the three components of the load.
It can be seen that the current drawn by the resistive component is 0.73 A while the
current drawn by two CPL components is zero.

To validate the dynamic performance of the system with the proposed control,
it is considered that initially system is feeding a mixed load (R, = 512 and
CPL-2 = 585 W) and then CPL-1 of 300 W is switched on at t = 0.25s. Simula-
tion results corresponding to the above operating condition are shown in Fig.5.4.
Figure 5.4a shows that the steady-state value of dc bus voltage is 363 V, which
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Table 5.2 Specifications and controller parameters of realized dc microgrid

Parameter(s) Value(s)

PV array 1,2 Voe = 187.8V, Iic = 6.54 A, Pygx = 760 W
C1, Cr, C3,and Cy Each of 47 uF

Ly, Ly, and L3 Each of 2.2 mH

Battery bank 10 batteries of 12 V, 26 Ah (in series)

R, CPL-1, and CPL-2

512 2,300 W, and 585 W

Nominal dc bus voltage, Ve ref 380V

Bi, B2, and B3 100, 400, and 10
A1 and Qg 2000 and 0.2

k1 =kpand & = & 0.7 and 1.33

Qe ccf » Ae,cvs and oy

1290, 1000, and 27 x 10*

n, N, and ng 3000, 2000, and 2000
A2 and Q) 2500 and 3 x 10°
Chus 2000 pF

Switching frequency, fs 25 kHz

reduces to 362.4V (voltage regulation = 4.6 %) when CPL-1 is switched on at
t = 0.25s. The voltages of both PV arrays (V),1, V,,2) and battery bank (V) are
152.75V and 130.5 V respectively, and reduce slightly in response to load change at
t = 0.25s. Figure 5.4b shows contributions of RES converters and BDC (working in
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Fig. 5.3 Simulation results with the proposed SMC: System feeding a resistive load (R = 512 Q)
and BDC in charging mode a Viys, Vpy1, V2, and Viars b Io1, 102, Ipac, and Ipgs; € Iy, 112, and

Ip3;d IR, Icpr—1 and Icpp—2
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Fig. 5.4 Simulation results with the proposed SMC: System feeding a mixed load (resistive
+ CPL-2) with BDC in discharging mode, and CPL-1 is switched on at t = 0.25 s; a Vg,
Vpv1s Vpvz, and Viars b Iot, o2, Ipdc, and Ipar; € Ip1, 1o, and Ip3; d IR, Icpr—1 and Icpr—2

discharging mode) in the load current, and current supplied by the battery bank. In
response to load change at t+ = 0.25s, the RES interfacing converters and BDC
accordingly increase their output currents. Furthermore, it can be seen that the RES
converters supply equal currents. Figure 5.4c shows corresponding inductor currents
of the RES converters and BDC. Figure 5.4d shows individual currents drawn by the
three load components. It can be observed that in response to reduction in the dc bus
voltage due to load change at r = 0.25 s, the current drawn by resistive load reduces
and that of CPL-2 increases.

In the next subsection, experimental results are presented to validate the
performance of the proposed control scheme.

5.1.5.2 Experimental Validation

An experimental setup of the dc microgrid as shown in Fig.5.5 was developed and
tested in the laboratory. Two PV arrays, each of 760 W maximum power were inter-
faced to dc bus through dc/dc boost converters. A BDC was used to interface battery
bank of 120 V, 26 Ah to the dc bus, to facilitate bidirectional power exchange
between dc bus and the battery bank. The load in the system consists of a resistive
load (programmable dc load in Constant Resistance mode), CPL-1 (programmable
dc load working in constantpowerload mode), and CPL-2 is a speed controlled
dc/ac inverter drive. An image of the experimental setup is shown in Fig.5.5.

The proposed controllers have been realized through ORDS. The ORDS system, is
ahigh end real-time computation system with large number of analog and digital I/Os
to interface real hardware or to conduct real-time simulation studies. The acceptable
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Fig. 5.5 An image of the
experimental setup of
islanded dc microgrid

Table 5.3 Scaling factors to

> Variables Scaling factor
determine actual values of the
variables Viuss vala V,,vz, and Vp,r |40, 20,20 and 15
All currents 1

signal range of I/Os is 16 V. The desired model intended to run on ORDS is to
be modeled in MATLAB/SIMULINK™ environment and loaded to the simulator
using RT-Lab software. The proposed sliding mode control scheme was modeled in
MATLAB/SIMULINK™™  The required state variables were sensed and interfaced to
the controller through analog inputs and computed control inputs for the system are
made available at digital output ports. The values of the controller parameters and
references are supplied by the user.

A fixed step size of 10 s is used to compute the proposed controllers. The
monitored system variables for display and analysis purpose are obtained from analog
outputs of ORDS. The values of some of the monitored variables were scaled down to
comply I/O ports specifications. Therefore, displayed variables have to be multiplied
by their respective scaling factors provided in Table 5.3, to get their actual values.

To validate the steady state and dynamic performance of the proposed robust
SMC scheme, the experimental results were recorded under the following operating
conditions

1. Systemis feeding a resistive load (R;, = 508 €2), with BDC in CV charging mode.
2. System is feeding a mixed load (R, = 508 2 and inverter drive drawing 1.6 A)
and then CPL-1 of 300 W switched on, with BDC in discharging mode.

Figure 5.6 shows plots corresponding to the Operating Condition: 1. It can be
observed from Fig. 5.6a that value of dc bus voltage is 375.68 V (voltage regulation =
1.14 %) and PV array voltages are 155 V and 148.78 V respectively. Figure 5.6b
shows output current of the two RES converters and a current of (973.3 mA) drawn
by BDC from dc bus. It can be seen that the difference in the currents supplied by
two RES converters is very small 10 mA.
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Fig. 5.6 Experimental results with the proposed SMC corresponding to the Operating Condition 1:
a Vs, vals and va2; b Io1, Iz, and Ipgc
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Fig. 5.7 Experimental results with the proposed SMC corresponding to the Operating Condition 5:
Dynamic response of (Vi,s, lo1, lo2, and Ipg.)

The dynamic response of the system to the changes in load is validated corre-
sponding to the Operating Condition: 2 as shown in Fig.5.7. The dc bus voltage is
364.8 V (voltage regulation = 4 %) and it reduces slightly when CPL-1 is switched
on. The output currents of both RES interfacing converters (/y;, lpz) and BDC ({p4.),
increase in response to the increased load current. It can be seen that in this case
BDC is operating in discharging mode.

The above simulation studies and experimental results validate the effectiveness
of the proposed robust sliding mode control scheme to control an isolated dc micro-
grid during different operating modes. The proposed control ensures desired voltage
regulation (<5 %) and stability of the system under various operating conditions, in
the presence of constant power loads.
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5.2 Summary

In this chapter, anonlinear control scheme using robust sliding mode control approach
has been presented to mitigate the destabilizing effect of CPLs in an islanded dc
microgrid. Stability of the system has been established analytically and validated
through simulation studies and experimental results. The effectiveness of the pro-
posed control has been validated through simulation studies and experimental results.
It has been shown through simulation studies and experimental results that the pro-
posed control scheme ensure stabilized dc bus voltage, i.e. it does not show any
destabilizing effect of CPLs, under different operating conditions. It has been found
that the proposed control ensures voltage regulation of less than 5 % and is robust
to changes in the load. To demonstrate the performance of the implemented charg-
ing/discharging algorithm for bidirectional dc/dc converter, experimental results have
been obtained showing its operation in different operating modes.
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