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Preface

The First International Conference on Electromechanical Control Technology and Transportation
(ICECTT 2015) took place from October 31-November 1, 2015 in Zhuhai, China. All accepted papers
were published in Advances in Engineering Research (ISSN 2352-5401) and have been indexed by CPCI
and submitted to Ei Compendex and Scopus.

The 2017 2™ International Conference on Electromechanical Control Technology and Transportation
(ICECTT 2017) was held on January 14-15, 2017 in Zhuhai, China. ICECTT 2017 brought together aca-
demics and industrial experts in the field of electromechanical control technology and transportation to a
common forum. The primary goal of the conference was to promote research and developmental activi-
ties in electromechanical control technology and transportation. Another goal was to promote exchange
of scientific information between researchers, developers, engineers, students, and practitioners working
all around the world. The conference will be held every year thus making it an ideal platform for people to
share views and experiences in electromechanical control technology and transportation and related areas.

In order to organize ICECTT 2017, we have sent our invitation to scholars and researchers from all
around the world. Eventually, over 93 papers were submitted for publication. These papers have gone
through a strict reviewing process performed by our international reviewers. All the submissions were
double-blind reviewed, both the reviewers and the authors remaining anonymous. First, all the submis-
sions were divided into several sections according to the topics, and the information of the authors, includ-
ing name, affiliation, email and so on, removed. Then the editors assigned the submissions to reviewers
according to their research expertise. Each submission was reviewed by two reviewers. The review results
were requested to be sent to chairs on time. If two reviewers had conflicting opinions, the paper would
be transmitted to a third reviewer assigned by the chairs. Only papers that were approved by all reviewers
were accepted for publication.

With the hard work of the reviewers, only 104 papers were finally accepted for publication. These
papers were divided into three sections:

— Mechanic Manufacturing System and Automation
— Signal Processing and Computer Science
— Traffic and Transportation

To prepare ICECTT 2017, we have received a lot of help from a lot of people.

We thank all the contributors for their interest and support to ICECTT 2017. We also feel honored to
have the support from our international reviewers and committee members. Moreover, the support from
CRC Press / Balkema (Taylor & Francis Group) is also deeply appreciated. Without their effort, this book
would not have been able to come into being.

The Organizing Committee of ICECTT 2017
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Experimental research on the catalytic synthesis of hydrocarbon fuel
from Jatropha curcas oil

Y.B. Chen, Y.J. Hao, Y.Y. Zhao, S.P. Yang, Y.N. Gao & D. Souliyathai

China-Laos Joint Laboratory for Renewable Energy Utilization and Cooperative Development,
Yunnan Normal University, Kunming, Yunnan, China

J.C. Du & A.M. Zhang

Kunming Institute of Precious Metals, Kunming, Yunnan, China

ABSTRACT: In this paper, we introduce the research that takes Jatropha curcas oil as raw material, puts
it on Pd-based catalyst through catalytic cracking process for hydrodeoxygenation and catalytic cracking,
and eventually converts it into a type of hydrocarbon fuel. We focused on the effect of temperature,
hydrogen partial pressure, and catalyst dose during the catalytic cracking process under optimal catalytic
cracking conditions, including a reaction temperature of 300 °C, a hydrogen partial pressure of 2.5 MPa,
30 m(oil)/m(catalyst), a reaction time of 5 h, and a stirring speed at 100 rpm. The percentages of effective
components of converted hydrocarbon fuel and C—C,, can reach 99.52% and 73.91%, respectively.
Chemical components of the converted oils are similar to petroleum-based fuels. Furthermore, the
product can contain a large amount of hydrocarbons from C; to C,, and thus can be regarded as the

source of abundant raw material for further development of aviation biofuel.

1 INTRODUCTION

Because of the foreseeable exhaustion of fossil
resources and the increasing requirements of glo-
bal environmental protection, it has become one of
the major focuses in strategic study by many coun-
tries to turn biomass feedstock into fuel and indus-
trious chemicals (Zhang et al. 2008, Geng et al.
2014). Biomass energy is abundant and renewable
and can be recognized as a zero-emission source.
Therefore, it is an important supplement of fossil
energy and will replace fossil resources when the
crucial technology achieves maturity in the future
(Wang et al. 2012).

In response to the government’s policy of bio-
mass energy development, which dictates “not tak-
ing away grains from people” and “not taking away
land from farming”, there is great significance to
conduct studies on the conversion of Jatropha cur-
cas oil into biofuel (Li et al. 2012, Li et al. 2014).
Plant oil can be converted into biofuel by trans-
esterification, F-T synthesis, cracking, and so on
(Qinetal. 2010, Liuetal. 2013, Du et al. 2014, Chen
2015). Vegetable oils can be turned into biodiesel
through transesterification process, can substitute
diesel oil, and have the characteristics of cleanness
and renewability (Yao et al. 2010, Huang et al.
2014). The biodiesel production is expensive, has
high cloud and condensation points, lacks fluidity

under low temperature, and the engine may be
frequently damaged (Liu et al. 2013, Berenblyum
etal. 2010). It is also prone to oxidation and deteri-
oration because of its low energy density and poor
stability for storage (Carioca et al. 2009, Demirbas
2011). Therefore, scholars worldwide have con-
ducted a series of experiments on these defects,
and relevant studies to convert nonedible oil into
renewable hydrocarbon fuel through catalytic
cracking technology have earned attention widely.
Recent studies also indicate that the converted oil
by catalytic pyrolysis of vegetable oil possesses the
characteristics of high energy density, low oxygen
content, and can be recycled and used as a sub-
stitute for fossil fuels (Santillan-Jimenez et al.
2013, Morgan et al. 2012). Researchers from the
National Renewable Laboratory in the United
States have found that, using nickel as a stable car-
rier or noble metal catalysts can reduce hydrogen
consumption and improve deoxygenation rate
in the process of catalytic cracking. Transitional
metal catalysts have already been widely applied
in the catalytic cracking of oils, which has already
been reported by numerous studies. Deepak Verma
et al. (Verma et al. 2011) used NiMo as an active
metal supported on a layered mesoporous molecu-
lar sieve under the conditions of 410°C, 5 MPa,
and 1 h™' airspeed, directly added hydrogen cata-
lytic transformation of Jatropha curcas oil (54% of



the liquid-phase product was kerosene component
(Cy—C,;5); seaweed was taken as raw material under
the same condition, 78.5% of the product was ker-
osene component), and has a high heterogeneous
selectivity (isoparaffin/alkanes = 2.5). Tian Wei-
gian et al. (Tian et al. 2013) found that the main
product was C,,—C,, hydrocarbon, which accounts
for 75.6% in the liquid-phase product under the
optimal conditions, with Jatropha curcas oil as raw
material and CoMoS/AlO, as catalyst.

In this paper, we develop the Pd/SiO,-Al,0, cata-
lyst and use Jatropha oil as raw material to produce
hydrocarbon fuels through one-step hydrogena-
tion; discuss the effects of temperature, pressure,
oil/catalyst ratio, reaction time, and stirring speed
on the total hydrocarbon hydrogenation reaction
product of Jatropha oil in one-step catalytic con-
tent and the content of C—C,, hydrocarbons; and
open up more broad application prospects. Fur-
thermore, it furthers the research on biology fuel
for aviation.

2 MATERIALS AND METHODS

2.1 Equipment and material

High-temperature and high-pressure reactor sys-
tem (GS-1 L): Zhengwei Mechanical Equipment
Corporation in Weihai; electric-heated thermo-
static water bath (DZKW-D-6): Yongguangming
Medical Instrument Factory in Beijing; electric-
heated air dry oven (DHG-9203 A): electric-heated
air dry oven; GC-MS (TRACE ISQ): American
Thermo Fisher Scientific Corporation; double-
layer vapor-bathing constant temperature vibrator
(HZQ-C): Dadi Automation Instrument Factory
in Jintan.

The major fatty acid in Jatropha curcas oil pro-
duced in Shuangbai, Yunnan Province measured
by GC-MS is shown in Table 1.

2.2 Properties of the catalyst

The active component of 2% Pd was loaded on the
SiO,~Al,0;-based molecular sieve by the method
of equal-volume impregnation and through high-
temperature calcinations and cooling grinding
under specific conditions of catalyst prepara-
tion (Du et al. 2015, Rabaev et al. 2015). It has

Table 1.
curcas oil.

Relative content of major fatty acid in Jatropha

Comp()Sition Cl(x:ll Clﬁ:] C]S:() CIS:] CIX:Z

Relative content  17.01 0.85 5.83 39.01 37.23

(Wt.0 o)

an excellent cracking selectivity when the factors,
including temperature, hydrogen partial pressure,
and time, are under control.

Calculated by BET method, the Pd/SiO,~AlLO,
catalyst surface area was 225 m?%g, Kong Rong
0.43 cm®g, and the average pore diameter was
3.75 nm. To activate the Pd/SiO,~Al O, catalyst, it
needed to be activated in the hydrogen atmosphere
programmed from room temperature to 300°C and
kept for 6 h.

2.3 Catalytic cracking of rubber seed oil

The whole process of catalytic cracking was con-
ducted in a closed-tank reactor (Figure 1). A cer-
tain proportion of the catalyst and Jatropha curcas
oil was mixed at a specific ratio in the reactor. Then,
hydrogen was added into the reactor and heated to
the reaction temperature. Catalytic cracking took
place correspondingly; through heat preservation,
the temperature was held and the reaction rate was
decreased. The reaction ended after cooling. The
tank reactor was opened and the materials were
extracted. The produced liquid consisted of liquid
fuel components and water (the water analyzed
accounts for about 3-5% of the rubber seed oil
when raw materials were put into the reactor), and
the reaction products were analyzed with GC-MS
after a series of treatments.

2.4  Analysis of liquid fuel

The liquid product taken out from the tank reac-
tor needed to undergo methyl esterification first.
Then, it was sealed and sent for analysis. The
composition of the product was measured by
THRACE ISQ Gas Chromatograph—Mass Spec-
trometer. The procedure and conditions of methyl

(1) hydrogen; (2) argon; (3) booster pump; (4) air compressor;
(5) buffer tank; (6) high-temperature and high-pressure reactor;
(7) controller (adjusting reaction temperature and rotation
speed); (8) magnetic rotating stirrer; (9) gas collection and
exhaust port

Figure 1. Schematic diagram of experimental device.



esterification include: measure and pick up three
to five raw initial processing product; add it into
20 ml of 1% H,SO,-methyl alcohol solution and
shake well; place the uniformly mixed solution into
a water bath kettle to conduct backflow for 60 min
under the temperature of 70°C; then, perform
extraction by adding 15 ml of dichloromethane
and add 30 ml of distilled water for stratifica-
tion; remove the distilled water in the upper layer
of the solution after backflow comes to an end;
then, add 30 ml of distilled water into the solu-
tion and remove the distilled water on the upper
layer after stratification was completed; then, add
5-10 ml of dichloromethane once more for sec-
ondary extraction and wash it with distilled water
two to three times; finally, pour out the sample on
the upper layer, add enough anhydrous Na,SO,
into it, shake well for desiccation, and take out
the sample for analysis by filtration after 30 min
standing. Gas chromatographic analysis condi-
tions include: chromatographic column CETM-5
(30 m x 0.25 mm X 0.25 pm); injection temperature,
200°C; for temperature raising procedure: initial
temperature, 80°C; heat preservation time, 3 min
and heating to 280°C at the rate of 10°C/min, then
hold the temperature for 3 min; and flow rate of
carrier gas, 1.5 mL/min. Mass spectrum analy-
sis conditions include: Electron Impact (EI) ion
source (electron energy 70 eV); temperature of
transmission line, 280°C; detection voltage, 0.9 kV;
mass scan range, m/z 32-500; and the data acquisi-
tion time range, 1-25 min.

2.5 Data processing

Components of the product could be identified by
standard mass spectrum on the basis of data anal-
ysis through searching the spectrogram database
by GC-MS automatic; detection and verification
of the components of the product were conducted
by data processing system automatic retrieval
spectrogram database combined with the standard
mass spectrum; after quantitative analysis, the per-
centages of the components were calculated by the
analysis of “area normalization method” through
data processing system. Analysis was performed by
data processing system on the basis of “area nor-
malization method”, and then the proportion of
each component was determined respectively.

3 RESULTS AND DISCUSSION

3.1 Effect of temperature on the reaction

Experiments were conducted to test the effect of
the reaction temperature on the composition of
hydrocarbon fuels in the liquid product generated

by catalytic cracking, with reaction temperature
between 290 and 340°C. The results under differ-
ent temperatures are shown in Fig. 2.

The contents of hydrocarbons and C,—C,, in the
liquid product were 99.31% and 70.67%, respec-
tively, when the temperature was maintained at
300°C. However, with the increase of temperature
from 300 to 340°C, the proportion of hydrocar-
bons component decreased accordingly. As the
temperature rose, it would promote the occur-
rences of both cracking reaction and other side
effects, and the proportion of each component
changed with the increasing temperature. It can
also be seen from the morphology of products that
they exhibited solid or semisolid state, not fully
converted and cracking extent below 300°C, and
not completely converted and the cracking extent
was not enough; when the temperature was main-
tained above 300°C, the product mainly consisted
of short-chain alkanes in liquid state. However, if
the temperature gets too high, the catalyst would
end up with an obvious coking phenomenon.
Furthermore, as the coking normally takes place
at the bottom of the reactor, more and more cata-
lyst would adhere to the inner wall of the reactor
as the temperature increases, which is shown in
Fig. 2. When the temperature was in the range of
290-340°C, the content of each hydrocarbon com-
pound increased first, then decreased, and finally
became stable with increasing reaction tempera-
ture. Consequently, the optimal reaction tempera-
ture was 300°C.

3.2 Effect of hydrogen partial pressure
on the reaction

Experiments were conducted to test the effect
of hydrogen partial pressure on the content of
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Figure 2. Effect of reaction temperature on the com-
position of each hydrocarbon fuel in liquid product (P:
3 MPa; ratio of oil and catalyst: 10; reaction time: 5 h;
stirring speed: 100 rpm).



hydrocarbon fuels in the liquid product, with
hydrogen partial pressure from 1.5 to 4.0 MPa.
The results of materials under different hydrogen
partial pressures are shown in Fig. 3.

When the hydrogen partial pressure was
2.5 MPa, the contents of liquid hydrocarbon and
C¢C, were 100% and 72.89%, respectively. Dur-
ing the experiment, it was obvious that the higher
the hydrogen partial pressure, the higher the sever-
ity caused by coking of the catalyst in the reactor
tank. Iva Kubickova et al. (Kubickova et al. 2010)
studied this phenomenon and concluded that
the reaction can proceed in an inert atmosphere
without H,. However, during the experiment, the
hydrogen partial pressure had certain effects on
coking of the catalyst during the reaction process
of selection, recombination, and polymerization
of unsaturated hydrocarbon. The saturation and
deoxygenation reaction of double bond generally
proceeds in acid sites on the surface of the cata-
lyst, where the cracking reaction of hydrocarbons
proceeds in the channels of the catalyst. Conse-
quently, if the particle size of the formed molecules
is smaller than the pore size of catalyst, then the
molecules can flow through the channels when the
reaction completes. However, if the particle size of
molecules is too large, generated molecules would
tend to block the channel of the catalyst, resulting
in inactivation of the catalyst, and the inactivated
catalyst would congeal to form a clot and will be
adhered at the bottom of the reactor.

The key point of this study was to get maximum
fuel components, namely the C—C,, hydrocarbon
components. In this experiment, C,—C, hydrocar-
bon components obtained included alkanes as the
majority and a little of aromatics, tiny amount of
cycloparaffin hydrocarbon, and methyl isomeriza-
tion alkane, as shown in Table 2.
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Figure 3. Effect of hydrogen partial pressure on the
content of hydrocarbon fuels in liquid product (tempera-
ture: 300 °C; ratio of oil and catalyst: 10; reaction time: 5
h; stirring speed: 100 rpm).

Table 2. Product components under different hydrogen
pressure distributions.

Jatropha curcas oil

Hydrogen C,—C,, content CC,, Aromatic
pressure/  of hydrocarbons/ alkane/ hydrocarbon/
MPa Y % %

1.5 72.59 49.97 22.62

2 71.97 51.69 20.28

2.5 72.89 56.47 16.42

3 70.67 54.84 15.83

3.5 68.8 52.51 16.29

4 66.09 48.77 17.32

Table 2 shows that the change of hydrogen
partial pressure has no obvious effect on C-C,,.
Under the condition of low hydrogen partial pres-
sure, the proportion of Ci—C,, components is
high; however, the proportion of hydrocarbons in
C¢C,, hydrocarbon is also high. Therefore, when
the hydrogen partial pressure is high or low, experi-
ments cannot make ideal amount of product. At
2.3 and 3 MPa, C—C total hydrocarbon and
product of alkanes are relatively high in the peak,
and the content of aromatic hydrocarbons is low.
Therefore, 2.5 MPa is the optimal hydrogen partial
pressure to produce the most content and the least
aromatic content.

3.3 Effect of catalyst dose on the reaction

Experiments were conducted to test the effect of
catalyst dose on the content of the hydrocarbon
fuels in the liquid product, from 10 to 90 of m(oil)/
m(catalyst). The effects of different catalyst doses
on the reaction products are shown in Fig. 4.

When m(oil)/m(catalyst) was 30, the contents
of liquid hydrocarbons in product and CC,,
were 99.16% and 78.06%, respectively. As shown
in Fig. 4, if the ratio was lower than 30, that is to
say, even if the dose of catalyst is increased, rather
than increasing continuously, the content of each
component of hydrocarbons would not match
the increasing but tend to decrease slightly. That
is why the reaction would not be promoted obvi-
ously when the dose of the catalyst reaches certain
extent. Consequently, the optimal ratio of oil and
catalyst is 30.

3.4 Effect of reaction time on the reaction

Experiments were conducted to test the effect of
reaction time on the component content of the
hydrocarbon fuels in the liquid product, from 4 to 8
h of reaction time. The effects of different reaction
times on the reaction products are shown in Fig. 5.
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Figure 4. Effect of the dose of catalyst on the content
of hydrocarbon fuels in liquid product (temperature:
300°C; P: 2.5 MPa; reaction time: 5 h; stirring speed:
100 rpm).
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Figure 5. Effect of reaction time on the content of the
hydrocarbon fuels in liquid product (temperature: 300°C;
P: 2.5 MPa; ratio of oil and catalyst: 30; stirring speed:
100 rpm).

As can be seen from Fig. 5, when the reaction
time was 5 h, the total hydrocarbon content and
CC,, content reached a peak volume. With the
increase of reaction time, the content of each
hydrocarbon compound decreased slowly, and
when finally the fluctuation was relatively sta-
ble, the content of the product was not changed.
Therefore, the optimal reaction time was 5 h.

3.5 Effect of stirring speed on the reaction

Experiments were conducted to test the effect of
stirring speed on the content of hydrocarbon fuels
in liquid product, with the stirring speed from 50
to 200 rpm. The effects of different stirring speeds
on the reaction products are shown in Fig. 6.
Stirring speed affects the effective contact time
of the catalyst and the grease. The higher the speed,
the higher the centrifugal force; the shorter the
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Figure 6. Effect of stirring speed on the content of
hydrocarbon fuels in liquid product (temperature: 300°C;
P: 2.5 MPa; ratio of oil and catalyst: 30; reaction time:
5h).

effective contact time, the lower the conversion rate.
Fig. 6 shows that, when the speed was 100 rpm, the
contents of hydrocarbon in the liquid product and
C—C,¢ were 99.45% and 73.96%, respectively. On
the basis of the reaction results of Jatropha oil in
Fig. 6, the higher speed led to lower conversion
rate and target component content, which complies
with the results of laboratory experiment. There-
fore, the optimum speed is 100 rpm.

To conclude, the idealist conditions include:
reaction temperature, 300°C; hydrogen pressure,
2.5 MPa; 30 m(oil)/m(catalyst); reaction time, 5 h;
reaction speed, 100 rpm; and by catalytic hydro-
genation reaction under the conditions, the con-
tent of hydrocarbon oil in the total hydrocarbons
was up to 99.52% and that of Ci—C, hydrocarbons
was up to 73.91%.

4 CONCLUSION

With the new Pd/SiO,~AlLO, catalyst, we studied
the effects of temperature, hydrogen pressure, cata-
lyst dose, reaction time, and stirring speed on the
distribution of the product and deoxidation and
identified the optimal parameters of every fac-
tor: reaction temperature, 300°C; hydrogen partial
pressure, 2.5 MPa; 30 m(oil)/m(catalyst); reaction
time, 5 h; and stirring speed, 100 rpm. Under these
parameters, catalytic cracking yields 99.52% of the
total hydrocarbon and 73.91% of Ci—C in the lig-
uid product.
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Measurement of the lithium battery internal resistance using

the sampling integral method
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ABSTRACT: Lithium battery is the most potential EV battery in the field of EV. Accurate detection of
the state of battery charge is a problem to be solved. The detection of the battery’s internal resistance is of
the utmost importance for the detection of the battery state. In this paper, the weak signal detection tech-
nology is introduced. On the basis of AC impedance method, the measurement of the lithium battery’s
internal resistance is based on the sampling integral method. This method is modeled by using the DSP
builder module in Simulink. Under the disturbance of 20 dB Gauss noise, the measured signal detected by
the sampling integration method is close to the original signal. The method of hardware circuit is realized
by software, which reduces the hardware noise and makes the measurement more precise.

1 INTRODUCTION

In the 1950s, American scientist Klein achieved
sampling integral in California and named it as
BOXCAR integrator. Sampling integrator is used
to extract the signal submerged in strong noise. The
principle is to use the signal accumulation method
to amplify useful signals and suppress noise sig-
nals. With the development of science and technol-
ogy, the use of sampling integration is becoming
more and more mature. It is very effective for the
identification of fast changing signals with strong
noise interference. Moreover, the method is widely
used in the fields of physics, biology, and medi-
cine. According to this principle, focusing on the
question of the research and application of lith-
ium battery is more and more extensive, and its
future prospect is very broad. However, the meas-
urement of internal impedance is also a serious
technical problem. The study found that there are
great relationships between the size and the inter-
nal structure of internal resistance. In this paper,
the internal structure of lithium battery is ana-
lyzed. The equivalent impedance of lithium bat-
tery is obtained by the principle of electrochemical
impedance spectroscopy. Moreover, on the basis of
the AC impedance method, the internal resistance
is detected by sampling integration method.

2 RESISTANCE MODEL OF A LITHIUM
BATTERY

At present, electrochemical impedance method is
the best way to measure the internal resistance of

the battery, which plays an important role in the
study of lithium-ion batteries and its materials.
Many experts worldwide have made great achieve-
ments in the research of battery using the AC
impedance method. The principle of AC imped-
ance method is summarized as follows. Under
the normal working condition of battery, input a
small sinusoidal voltage (current) signal to the bat-
tery system at different frequencies. Because the
batteries are working in a DC state, the input of
small amplitude AC signal is not enough to affect
the normal operation of the battery system. Then,
the four-line method is used to measure the output
current (voltage) signal, and the frequency imped-
ance spectrum of the lithium battery is obtained
from the ratio of the different voltage signal to the
current signal. Electrochemical Impedance Spec-
troscopy (EIS) can reflect the subtle changes of
lithium batteries, especially the study of battery
materials; therefore, it is very important to estab-
lish the equivalent model of the battery.

2.1 Impedance spectra of a lithium battery

Under different frequencies, the size of internal
resistance is different, but the resistance change
is very little. The small signal waveform of AC
impedance method can avoid other nonlinear
interference, so the result will be more accurate.
Electrochemical impedance spectroscopy is shown
in Figure 1. It can be seen from the diagram that
the impedance spectrum of the lithium battery is
divided into three parts. The value of each sec-
tion changes with the frequency, and the magni-
tude of impedance changes nonlinearly. However,



the small signal waveform of the AC impedance
method can avoid other nonlinear interferences,
which can further improve the accuracy of meas-
urement results. Through research and analysis, at
low-frequency bands, it mainly includes the dif-
fusion impedance of the lithium-ion in electrode;
at middle-frequency bands, it mainly includes the
impedance of the electrolyte; at high-frequency
bands, it mainly includes the impedance of solid
electrolyte interface. Different impedances have
different structures and exhibit different character-
istics in different environments. In this paper, the
equivalent model of Li-ion battery is constructed
from the structural characteristics of each part,
which can more accurately reflect the characteris-
tics of lithium-ion battery.

2.2 Equivalent impedance of a lithium battery

Before the analysis of lithium battery, it is neces-
sary to analyze the existing equivalent model of
lithium battery. The existing equivalent models
usually consist of the series—parallel system of
capacitance and resistance. The internal resistance
of lithium battery is a resistor in the actual opera-
tion, so it can be equivalent to a value in simula-
tion. From the above analysis, the impedance of
lithium batteries mainly includes Ohmic resistance,
solid electrolyte interface impedance, and charge
transfer impedance. According to the character-
istic of the impedance spectrum, the composite
elements of different series—parallel systems are
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Figure 1. Impedance spectra of a lithium battery.
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Figure 2. Impedance equivalent model.
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respectively used to replace the impedance of dif-
ferent frequency bands. As shown in Figure 2, R,
is the Ohmic resistance that represents the lithium
battery electrolyte resistance, interface resistance,
and so on. The parallel circuit composed of Q and
R, represents the capacitance effect and diaphragm
resistance SEI. The series—parallel circuit com-
posed of C,, R, and Z_ represents the transfer
resistance and diffusion impedance of lithium ion.

3 SAMPLING INTEGRAL METHOD

3.1 Principle of the sampling integral method

Sampling integral method is one of the weak signal
detection technologies. And it is also a branch of
synchronous accumulation method. In general, it
is mainly used to detect weak signals in noise. The
principle is sampling the same phase of the differ-
ent periods of the input signal. The sampling sig-
nals obtained by time-sharing are accumulated in
turn. Because of the influence of noise, the result
of the integration is different each time. However,
accurate results can be obtained by repeated sam-
pling. The principle is shown in Figure 3.

3.2 Algorithm used in this paper

The working of sampling integral can be divided
into single point and multipoint. This paper uses
single point, and the circuit is relatively simple
because the method takes only one time for each
signal cycle. Single point is divided into fixed and
scanning. Fixed point operation is used in this
paper, whose characteristic is that the peak value
of the measured signal is repeated. In this paper,
on the basis of AC impedance method, a small
amplitude sinusoidal signal is input to the system.
According to the principle of sampling integral
method, the voltage value of the phase near the
peak of weak sinusoidal signal is sampled. There-
fore, the peak signal with noise is obtained. How-
ever, through integration and averaging, the noise
signal is filtered. Finally, the peak value of sine sig-
nal is obtained. The advantages of this algorithm
are relatively less sampled data, quickness, and
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Figure 3. Principle of the sampling integral method.
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high precision. The flowchart of the method used
in this paper is shown in Figure 4. In the diagram,
the input signal of the system is based on the AC
impedance method, sampling method, and output.

4 SIMULATION OF THE BATTERY
INTERNAL RESISTANCE
MEASUREMENT

4.1 Simulation model of the impedance of the
lithium battery measurement

The simulation model of the lithium battery resist-
ance is shown in Figure 5. According to the actual
measurement, the simulation model is composed
of a signal module, sampling module, and display
module. According to the principle of sampling
integration, we add a reference signal to the sys-
tem. The picture is shown in the Cankao wave-
form module. The Cankao signal is the same as the
measured signal. The main function of the quy-
ang module is sampling and integrating, which is
equivalent to a filter. The output signal is displayed
by Scope 1. Because the simulation is established
by using the module of DSP builder, the model
generates digital signals. In other words, it can be
implemented in the actual FPGA system and lay a
good foundation for follow-up study.

The system-mixed signals are collected from
the two poles of the battery. The signal is com-
posed of a sine wave module and a band-limited
module. The size of white noise is 20 dB. The
waveform of mixed waveform is displayed by
Scope in Figure 5. The actual waveform is shown
in Figure 6.

4.2 Subsystem of quyang

According to the principle of sampling integral
method, the quyang simulation model is shown
in Figure 6. The amplitude of the input sine wave
is 63 and hence the trigger condition is 62. When
the amplitude of the reference signal is larger than
62, the system begins to sample. That is to say, the
peak signal is the only signal to sample. The quyang
module structure is shown in Figure 7. Because the
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Figure 7. Internal structure of the quyang model.

model system is established in DSP Builder, there
is digit position in the graph. As we know, this is
the basis of digital signal simulation.

4.3 Output signal waveform

The amplitude of the input sine wave signal is 63.
It can be seen from the Display module that the
output signal is 62. The waveform of the simula-
tion process is shown in Figure 8. It can be seen
that there are fluctuations in the presampling
data. However, after a period of acquisition and
integration, the fluctuation will be decreased in
the process. Through the analysis, there are differ-
ences to the amplitude of the same phase in each
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Figure 8. Output signal.

cycle because of the interference of noise. After a
period of sampling, the noise interference will be
decreased and the true amplitude of the measured
signal can be detected. Through the comparison
of the output signal and the input signal, it can be
proved that the method has high accuracy. From
the above analysis, we know that the sampling
integral method is the same as the accumulation
method. The more the accumulation, the greater
the Signal-to-Noise Ratio (SNR). However, the
sampling data of sampling method is very little, so
too many sampling integrations are not necessary.

5 CONCLUSION

In this paper, we studied the measurement of inter-
nal resistance. The feasibility of this method has
been verified by the result of the simulation. First,
according to the relationship between the imped-
ance of the lithium battery and internal structure,
the impedance model is established. It lays a foun-
dation for further measuring the internal imped-
ance. Then, on the basis of AC impedance method,
the sampling integral method is used to detect the
mixed signal. Finally, a simulation of the digital
module using Simulink shows that the sampling
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integral method has a high filtering ability. It can
accurately restore the amplitude information of
the original signal. From the result of the simula-
tion, it is possible for the algorithm to be imple-
mented in FPGA.

REFERENCES

[1] Wang. FL. 2014. The summary of the status and
application development of the global lithium bat-
tery market [J]. Journal of power sources.

[2] Jin. K. 2012. The optical integrator design based
on Virtual Instrument Technology [D]. Changchun:
Changchun University of Science and Technology.

[3] Peng. F. 2014. Research and implementation of
lithium ion battery state estimation [D]. Chengdu:
University of Electronic Science and technology of
China.

[4] Li. EP. & Mao. J.G. 2009. Battery internal resistance
measurement based on AC impedance method [J].
Journal of Chongqing Institute of Technology.

[5] [America] Mark. O. (Mark E. Orazem); Yong. X.X.
Zhang. X.'Y et al. 2014. electrochemical impedance
spectroscopy [M]. Beijing: Chemical Industry Press.

[6] Li. Y.F. & Ge JLF. 2015. Micro ohm battery inter-
nal resistance measurement method [J]. Instrument
Technique and Sensor.

[7] Jiang. J.C. & Wei. W. et al. 2014. Analysis of imped-
ance parameters of LiFePO, battery [J]. Journal of
Beijing Institute of Technology.

[8] Jiang. Z.J. & Yu. S.B. 2007. Data sampling integral
technology acquisition system [J]. Journal of Jilin
University: Based on Information Science Edition.

[9] Gao. J.Z. 2011. Weak signal detection [M]. Beijing:
Tsinghua University press.

[10] Sun S.P. 2013. Weak signal detection and applica-
tion [M]. Beijing: Publishing House of electronics
industry.

[11] Yang. Q & Zhou. H. Q, et al. 2012. The design of
resistance test system of lithium ion battery based
on LabWindows/CVI [J]. Journal of power sources.

[12] Jiang. X.Y. 2013. The application of MATLAB/
FPGA/DSP Builder in the teaching of “digital sig-
nal processing” [J]. Software Guide.



Electromechanical Control Technology and Transportation — Jia & Wu (Eds)
© 2017 Taylor & Francis Group, London, ISBN 978-1-138-06752-3

The influence of fiber angle on the mechanical performances

of a composite cylindrical part

Hanjun Gao, Yidu Zhang, Qiong Wu & Wenbing Zhou
State Key Laboratory of Virtual Reality Technology and Systems, School of Mechanical Engineering

and Automation, Beihang University, PR. China

ABSTRACT: Carbon fiber composites have been widely used in aerospace, automotive, shipbuilding
and other fields. As an anisotropic material, Carbon fiber angle has a significant effect on the mechanical
properties of the composite. In this paper, the Finite Element Model (FEM) of a typical cylindrical thin-
walled composite part (cylindrical part) is established in ANSYS. By using the FE model, the vibration
modes and buckling modes of the cylindrical part are calculated with the fiber angle 0°, 30°, 45°, 60°
and 90° respectively. The results showed that when the fiber angle is 90°, the cylindrical part has optimal
dynamic performance among the five fiber angles. And the buckling resistance is the best when the fiber

angle is 0°.

1 INTRODUCTION

Carbon fiber composite materials have been widely
applied to aerospace, automobile, shipbuilding
and other fields (Bao L R, 2002; Sastri S B, 1996 &
Marban G, 2003) because of the light weight,
high strength, and anti-fatigue capability. There
have been many studies on the effects of different
carbon fibers on the properties of the composites
(Kumar S, 2002; Shen G, 2006 & Patton R D,
1999), influence of composition of materials on
the properties of composites (Sheehan J E. 1989 &
Xiao Y, 2000), and effects of carbon fiber on the
kinetics of composites (Kenny J M, 1991). Rahm-
ani H, Najafi S H M, Saffarzadeh-Matin S, et al.
(Rahmani H, 2014) studied the effect of fiber con-
tent, the number of layers, and the orientation on
the mechanical properties of Multi-axial Multi-
ply Fabric (MMF) composites. In this paper, the
effect of fiber angle on the natural frequency and
buckling behavior of carbon fiber composites are
investigated.

2 MODELLING AND SIMULATIONS
2.1 Cylindrical part material properties and
geometry

The cylindrical part is made of the carbon fiber
composite material, the mechanical properties of
the carbon fiber composite material are presented
in Table 1.
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Table 1. Mechanical properties of the carbon fiber
composite material.

Young’s E1 120000 Shear GI12 8200
modulus E2 8800 modulus G13 8200
(MPa)  E3 8800  (MPa) G23 8200

Poisson’s  u12 0.31  Density DENS 1.62E-9
ratio nl3 0.31 (ton/mm?®)

u23 031

The workpiece is a hollow cylindrical part and
manufactured by the layer technology of carbon
fiber composite material. Its main geometric
parameters include cylinder radius, cylinder height
and wall thickness. The specific geometric dimen-
sions were 900 mm, 1000 mm, 4 mm.

2.2 Development of the cylindrical part FEM

The FE model is established by using the shell ele-
ment (SHELL181). In order to study the effect of
fiber angles on the vibration modes and buckling
modes of the cylindrical part, the FE models of
the cylindrical part is built with 5 fiber angles,
which are 0°, 30°, 45°, 60° and 90°. Fig. 1 shows
the specific values of the 5 fiber angles. The angle
between the carbon fiber and the axis of the cylin-
drical part is defined as the fiber angle.

The thickness value of the shell element is the
wall thickness of the cylindrical part. The FEM is
established with 0° fiber laying angle as shown in



Fiber angle=0° Fiber angle=30°

Figure 1. The specific values of the 5 fiber angles.

Figure 2.

The FEM of 0° fiber angle.

Figure 3. Meshing results of the cylindrical part.

Fig. 2. The cell size is an important parameter for
cell division. For the cylindrical part, several exper-
iments show that it has both high computational
efficiency and sufficient calculation accuracy when
the grid size is 20 mm. The meshing result is shown
in Fig. 3.

Fiber angle=45°
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Fiber angle=60°  Fiber angle=90°

3 FEM SIMULATIONS RESULTS
AND DISCUSSIONS

3.1

The most commonly method for calculating the
undamped mode is the block Lanczos method.
The method will also be used to analyze the
cylindrical part. The boundary condition is to
constrain all degrees of all nodes on the cylindri-
cal part bottom surface. Finally, the first 10 order
natural frequencies and modes of the cylindrical
part are extracted from the simulation results. The
first 10 order natural frequencies values for 5 fiber
angles of the cylindrical part are shown in Table 2.

In order to avoid the cylindrical part resonance
phenomenon occurs, the cylindrical part 1st order
natural frequency needs to be enhanced. As is seen
from the simulation results in Table 2, the 1st order
natural frequency of the workpiece is the largest
when the fiber angle is 90 degrees. In addition to
the 4th order natural frequency, the natural fre-
quencies of the workpieces were determined to be
the largest with the 90 degree fiber angle.

Modal analysis

3.2 Buckling analysis

Buckling analysis is a technique that determines
the critical load and buckling mode shape when
the structure begins to become unstable. By setting
boundary conditions, the buckling analysis of the
cylinder is simulated and the simulation results are
analyzed. The first 10 order buckling critical loads
for 5 fiber angles of the cylindrical part are shown
in Table 3.

The 1st order buckling critical load is the maxi-
mum load that the workpiece can bear without
buckling, so it is an important index to measure
the structural stability of a workpiece. The 1st
order buckling of the cylindrical part occurs when
the actual load is between the Ist order and 2nd



Table 2. The first 15 order natural frequencies values for 5 fiber angles.

Fiber angles (°) 0 30 45 60 90

1st order natural frequency (Hz) 64.25 61.78 62.66 65.25 68.75
2nd order natural frequency (Hz) 65.64 65.09 64.81 65.52 70.76
3rd order natural frequency (Hz) 67.04 66.41 65.29 69.16 71.84
4th order natural frequency (Hz) 71.29 66.62 70.51 73.17 72.81
Sth order natural frequency (Hz) 73.51 70.96 76.50 74.26 82.75
6th order natural frequency (Hz) 73.56 71.39 77.34 80.67 98.81
7th order natural frequency (Hz) 73.95 72.28 80.18 91.46 98.91
8th order natural frequency (Hz) 74.02 81.45 80.22 92.25 99.19
9th order natural frequency (Hz) 79.17 90.04 85.06 105.00 114.62
10th order natural frequency (Hz) 88.34 90.78 99.37 106.49 115.94
Table 3. The first 10 order buckling critical load for 5 fiber angles.

Fiber angles (°) 0 30 45 60 90

Ist order buckling critical load (N) 1518473.18 1012101.95 1022074.27 1075348.36 1428938.21
2nd order buckling critical load (N) 1521345.03 1012752.56 1022832.7 1076206.42 1431626.98
3rd order buckling critical load (N) 1527735.89 1036425.07 1054288.94 1098584.35 1432047.17
4th order buckling critical load (N) 1529721.30 1037050.83 1054845.11 1099185.21 1434316.92
5th order buckling critical load (N) 1530101.24 1042105.54 1066944.72 1132236.68 1439492.37
6th order buckling critical load (N) 1536100.71 1042486.19 1067779.17 1133342.06 1440399.64
7th order buckling critical load (N) 1537753.49 1114907.09 1167055.9 1225170.17 1440625.97
8th order buckling critical load (N) 1538285.78 1115747.47 1167964.54 1226756.44 1442317.93
9th order buckling critical load (N) 1540500.99 1125894.71 1184953.28 1234965.61 1450896.38
10th order buckling critical load (N) 1543702.14 1126533.11 1185475.24 1236428.59 1452274.52
order critical loads. From the simulation results in ~ Development Program (A0520110009). The

the table, the 1st order buckling critical load of the
cylindrical part is the highest when the fiber angle
is 0 degrees.

4 CONCLUSIONS

In this paper, the FE model of a thin-walled car-
bon fiber cylindrical part are established with five
fiber angles, which are 0°, 30°, 45°, 60°, and 90°.
And the vibration modes and buckling of the
cylindrical parts are calculated. The results show
that when the fiber angle is 90°, the cylindrical part
has optimal dynamic performance among the five
fiber angles, and the buckling resistance is the best
when the fiber angle is 0°.
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SmartFES: Reliable retreat route selection and navigation for indoor
firefighters using exit signs
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ABSTRACT: In this paper, we present a novel indoor communication system that leverages the Fire
Exit Sign (FES) for firefighting. We named it SmartFES. This work is motivated by the increasing fire-
fighter deaths that happen because of their inability to find proper routes within the building on fire.
This unfortunately remains a challenging task. SmartFES uses exit signs as anchor nodes to provide
landmarks for indoor localization and navigation. Despite most pre-deployed sensors failing to work in
buildings on fire, we argue that a fire exit sign is a good choice, as they have independent power sources
and can be made available in almost all buildings. SmartFES dynamically seeks an optimal retreat route
for each firefighter, which consists of a sequence of FESs. The technical novelty of SmartFES mainly lies
in a reliable heading estimation approach, with the help of body-shadowing effect and an optimal route
selection algorithm in real time. We fully implemented SmartFES and conducted extensive experiments
in an office building environment. Evaluation results show that SmartFES provides efficient and reliable
route selection and navigation.

1 INTRODUCTION and death in some situations, while getting lost is a
common cause of accidents in firefighting.
Our society relies on a multitude of public safety If we could build a reliable route map, update it

personnel, for example, firefighters. Unfortu- in real time, and localize firefighters on the map,
nately, firefighter safety remains a challenging task  incident commander outside the building could
worldwide. The 9/11 disaster in New York killed  then give more precise orders according to the map
343 American firefighters in 2001, and the 8/12  information. Although previous work has taken
explosion in Tianjin took 95 Chinese firefighters’  initial steps toward this goal, it remains limited
lives away in 2015. A fair amount of tragedies are  to vocal reports from firefighters inside the build-
because firefighters are unable to find the route out  ing, which has poor reliability due to time-varying
of the building in time (R. F. Fahy, 2002). For fire-  harsh environments.

fighters inside on-fire large commercial buildings, Academic Research utilizes Wi-Fi (S. Kumar,
searching retreat routes generally is not accom-  2014) and lights (Z. Yang, 2015) to help localiza-
modated with standard GPS technology (H. Liu, tion and navigation; infrastructure-free solutions
2010). Current standard approach for firefighter  like Pedestrian Dead Reckoning (PDR) (J.-O. Nils-
retreat is mainly based on memorizing the routes  son, 2012; A. R. Jimenez, 2009) have also been
they entered the building, while it is not easy to dis-  explored, however, neither of them is applicable in
tinguish landmarks along the route, especially when  firefighting scene.

the building is filled with smoke. Moreover, those In this paper, we argue that Fire Exit Sign (FES)
landmarks may be burned up by fire, which is often  (S. Pu, 2005) is a good candidate to help achieve
the case. A slightly better way is to take a rope for  this goal as Fig. 1. FESs are mandatory devices
marking the trace. However, it is still questionable,  in almost all buildings in modern societies. They
as the rope may easily tangle when walking deep  have separate power sources and thus work well
into the building, especially when going upstairs/  even when power in the building is down due to
downstairs. Because heat and fumes are com- fire. Typically, they provide LED lights to show the
mon in burning environments, firefighters have to  direction to get out of the building (M. Kobes, I,
wear breathing apparatus, which provide support ~ 2010). We envision that FESs have huge potentials
only for a short period (L. Ramirez, 2012). Find-  to play a more important role in firefighting with
ing a way out of the danger zone before complete  additional sensors equipped inside. Especially,
exhaustion of the air supply can be a matter of life  a large amount of FESs in the building form a
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sensor network that senses the dynamic indoor
environment, localizes firefighters when they are
close, and selects an optimal and reliable route for
each firefighter.

With this insight, we present in this paper Smart-
FES, a novel indoor communication system that
leverages the Fire Exit Signs (FESs) inside buildings
for firefighting. By accounting for exit signs as land-
marks and the interactions between firefighters and
FESs, the system significantly increases the efficiency
and robustness of indoor navigation. Furthermore, it
utilizes a novel body shadow-effect-based approach
that accurately estimates the heading, providing
an invisible rope for directing firefighters along the
route. In addition, SmartFES employs an optimal
route selection algorithm in real time that addresses
the dynamic changes in the indoor environment. We
fully implemented a prototype of the SmartFES
system, including the wireless FES system and the
heading estimation components. We evaluate the sys-
tem by comparing our solution to the state-of-the-
art pedestrian dead reckoning approach. The results
demonstrate that our system provides efficient and
reliable route selection and navigation.

The main contributions of this paper include:

A practical and reliable solution for retreat route
selection and navigation to help save lives of
firefighters.

A novel accurate heading estimation strategy that
utilizes the body-shadowing effects and an optimal
retreat route map updating algorithm in real time.
A prototype of hardware and software system,
which further can be embedded in FES for a
quicker and smarter firefighting blueprint.
Empirical results show that our solution out-
performs alternative solutions by reducing
accumulative error and is capable of adapting

Instruction

W
- ol

Base Station

Exit sign

Figure 1. SmartFES generates the optimal retreat route
map for incidence commander use to provide an optimal
retreat route for firefighter inside the on-fire building.
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to dynamic environment by updating the retreat
map in real time.

The remainder of this paper is organized as
follows. A detailed description of SmartFES is
provided in Section 2. The implementation and
evaluation for our system are discussed in Section 3.
Finally, we conclude this paper in Section 4.

2 SYSTEM DESIGN

2.1

Figure 2 demonstrates a use case of SmartFES,
where exit signs function as landmarks, combined
with intersections of route segments, giving a full
route map of the on-fire building. When the fire-
fighter inside the on-fire building receives the
retreat instruction from the incidence commander,
SmartFES locates the firefighter to the nearest exit
sign and provides a retreat route with minimum
effort. The retreat route is represented as a sequence
of exit signs for firefighter to follow. As soon as he/
she comes across an exit sign, his/her location can
hence be calibrated accordingly. When he/she leaves
for the next exit sign, SmartFES tells the heading
and decides if he/she is on the route toward it.

Overview

2.2 FES network

Exit signs are distributed at known positions of the
building, which can be used as landmarks just as
mentioned before. SmartFES extends those as wire-
less sensor nodes functioning as reference signs,
which are further employed to represent the route
on the retreat map. The system also contains other
two types of devices: the mobile sniffer and the base
station. The base station or coordinator is a ter-
minal device, which gathers information collected

A
O——0->—0

O—t—+—0

* Firefighter . Route intersections ’ Exit sign

Route segment

Figure 2. When a firefighter moves close to an avail-
able exit sign, his/her location is captured and the system
quickly finds an optimal retreat route as a sequence of
signs.



by the sensor network and provides visualization
results for commander use. The mobile sniffer is a
wearable device carried by firefighters, which sniffs
wireless signals from the reference sign. The sniffing
process can be described as follows: First, the sniffer
broadcasts querying messages. After the reference
sign receives the message, it sends back query con-
tents together with the signal strength to the sniffer.
In this way, the reference sign functions in a pas-
sive mode, avoiding multibroadcasting. Besides, it
makes the communication easy and smart.

2.3 Route selection

Route map Because of volatile decorations such as
furniture and shelves, floor plan cannot describe
real-time distribution accordingly, making most
floor-plan-based localization system unavail-
able (S. Beauregard, 2008). We do not put much
emphasis on the details of the building, and just
focus on the route map consisting of lines and
intersections, shaping the indoor navigation prob-
lem into a binary choice of walking either forward
or backward, which we would describe later.

As SmartFES provides firefighter a route as a
sequence of exit signs, a natural thought is to rep-
resent the graph with exit signs as vertexes; how-
ever, this would make the problem rather difficult.
First, this would lead to judge the existence of
edges among signs; second, weights of the edges
would be very hard to decide, as some edges con-
tain several turning points while others not. Finally
yet importantly, the derived graph cannot reflect
the physical routes correspondingly. To address the
problems above, we propose a graph model, which
treats intersections as vertexes and exit signs along
route segments as landmarks.

To model the map mathematically, we denote
route segments by edges E, intersections of route
segments by ¥, length and status of route segments
by weights I, and get a weighted graph G(V, E,
W). Then, we search the cost-based optimal route
from the graph we get. We represent the cost for
starting from an exit sign ¢ in the middle of edge
(v, v;) by the following formula:

cost(t)=min {cost (v,)+w, cost (vj ) Tw, } ()
where w,, w, and w; are defined as:
R
! w(d,.,,m,,)+w(d +m, ) !
Jt Jt
@
W, = W(d”' m/.,) w
i i
w(d,, m,)+ w(d”. m/.,)
W, =W, +w,

where cost(v) and cost(v) are the cost to retreat
from intersection vi and v, w; is the weight of the
edge (v, v), and wit and w, are the cost for exit sign
¢ to achieve v, and v, respectively. It is obvious that
if an exit sign coincides with an intersection, then
it should have the same cost as the intersection for
retreating.

Next, we present an algorithm for building a
retreating map embedded in the physical route
map and represent the retreat route as a sequence
of exit signs and intersections.

Route Search Dijkstra algorithm is a classical and
powerful algorithm for searching the shortest path
between one single source and many destination
vertexes; however, it cannot be applied here directly.
As there are usually more than one emergency exits,
it is tedious to search routes toward each emergency
exit for every exit sign. Besides, some path segment
of the on-fire building may be destroyed while the
firefighter is walking, which would lead to update
the graph and start over the entire route searching
process before. As firefighting is a critical real-time
issue, the above problem would call for much effort,
leading to time delay. To address the problems, an
alternative solution is to search the optimal route
with the exit sign as the start point, which works
better, but iterating emergency exit is not smart
enough, too. To make it smarter, we propose a con-
cept as destination set as Fig. 3.

Algorithm 1 first merges all the exits as a big ver-
tex, which is denoted by start, and treats all the edges
adjacent to emergency exits as the adjacent ones to
start; hence, start is a destination set DS. Then, it
searches the shortest path toward all the other ver-
texes from the stzart as Dijkstra algorithm processed.
The reverse order of vertexes along the result path is
hence the shortest path toward the emergency exits
accordingly. Now we get a retreat map with the min-
imum cost attached to each intersection vertex. Get-
ting a retreat map with exit sign denotes the retreat
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Figure 3. Merge all emergency exits into one vertex as
destination set.



routes, we should do more effort. Since the exit signs
are distributed along the retreat route, the cost can
hence be determined by the two neighbor intersec-
tions at the end of the route segment; formula 1 is
hence applied here. The algorithm avoiding iterating
emergency exits one by one, making it smart and
efficient as Figure 5. If any route segment shall fail,
algorithm 1 removes the route segment and starts
over the path searching process for one time, then all
the optimum retreat routes for all the firefighter are
acquired. Hence, the algorithm is capable of adapt-
ing the violate environment and provide optimal
retreat map in real time.

2.4 Heading estimation

After we derived the retreat route map, the retreat
process for each firefighter shall be as follows.

Algorithm 1: Cost based optimal retreating route map
Data: Weighted graph #(V, E, W), Landmarks M ,
EmergencyExit SV .
Result: A cost based retreating map with exit signs as
landmarks
begin

Merge EmergencyExit into one vertex as
start. T «—— V' \ EmergencyExit U start adja-
cenl(T, start)«—— @
foreach vertice es € EmergencyExit do adja-

cent(T, start) «—— adjacent(T, start) U

_adyacent(V, es)
foreach vertex v € T do
cost(start, v) «—— o
Se——g
Q—T
cost(start, start) <—— 0
parent(start, start) «—— start
while O f= Zdo
u min-cost-vertex(Q,
start) S —— S Uu
Q—Q\u
for v € adjacent(Q, u) do
newD «—— cost(u) + w(u,
v)
if newD < cost(start, v) then
cost(start, v) «—— newD
_ parent(start, v) <—— u

——

result < RetreatRouteMap(cost, parent, M, tt)
n result

Definition 1 (Destination Set). A destination set DS is a
set of destination vertexes {dv;|i = 1,2, ..K. DS } is treated
as a big vertex, the adjacent edges of the big vertex are the
union of adjacent edges for all the vertex in the set.

Definition 2 (Cost based Optimal retreating Graph). For
a given graph G(V, E) with cost w(di;, mi;) attached to the
edge, where dij is edge length, m;j is collected information
by exit signs on edge (v;,v;). DestinationVerteres
{dvy,dvy,...,dvc},|V| = n,|E| = m, search a route as a
sequence of exit signs on the route towards an emergency exit
dv € Destination Vertexes with minimum cost.
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Figure 4. Body shadow effect for heading estimation.

First, the firefighter would select an accessible
exit sign with minimum cost when received the
retreating command. After reaching the exit sign,
he could follow a sequence of exit signs just as
the optimal retreat map provided, and the retreat
process is hence be described as hopping from one
exit sign to another and eventually can be divided



Compare SmartFES with Dijkstra iteration method
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Figure 5. Comparison of SmartFES and Dijkstra
iteration.

into several repeating hopping steps. To address
hopping problem, we proposed a novel strategy,
which utilizes body shadow effect of wireless sig-
nal propagation.

Received signal strength exit sign (RSSI) is an
important parameter in describing the quality of
wireless link, which can also be used as the meas-
urement of distance. Several studies in indoor
application use this technology to fulfill the goal.
Previous works mainly focus on the position to
locate, while paying little attention on heading,
but heading is very essential to accurate and robust
navigation, knowing whether the intended exit sign
ahead or behind is very useful for fire fighters to
take the first step. To the best of our knowledge,
currently, the most available solution counts on
compass or gyroscope; however, none of them is
stable or reliable for indoor application. Others
can only conclude heading from the localization
information, like a trace, but it would bring a time
delay for navigation, especially when the initial
heading is wrong.

Considering the body shadow-effect on wireless
signal, we present a novel strategy for determining
heading. Figure 4(b) gives a schematic diagram of
the strategy as two receivers are set separately at
the front and the back of the body, sniffing wire-
less signals from anchor nodes. Because of the
body shadow effect, two receivers would result in
different signal strengths, which can easily tell if
the anchor nodes is ahead or behind. We denote
RSSI of front receiver by frontRSSI and that as
the back by backRSSI.

When the firefighter is on the route, only two
directions remain for determining as front and
back. We examine the effect by carrying two receiv-
ers in the front and back. The results are shown in
Figure 4. It is obviously from the figure that the
side facing to the anchor node results in a greater
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RSSI value; hence, it is easy to distinguish the
direction toward the intended exit sign.

3 EVALUATION

We have built a prototype of our proposed system
to navigate firefighters for retreat routes in harsh
indoor environments. As shown in Figure 6(a), the
hardware set includes a mobile sniffer, reference
exit signs, and a base station. The communication
is based on 2.4 GHz chips and the Zigbee protocol.
The mobile sniffer and heading estimator are wire-
less sensor nodes with the same hardware design
but different embedded software. Next, we pre-
sent the performance evaluation details. We first
describe the experimental setup and then examine
our system in several aspects. Finally, we discuss
several observations and explain the evaluation
results in detail.

3.1 Experimental setup

We conducted extensive experiment in an office
building. Figure 6(b) displays the distribution of
the floor, with yellow lines for route segments, cap-
ital letters for intersections, and green diamond for
exit signs. The whole floor is 120 m long and 80 m
wide, with 13 intersections (A, M) and 3 of them
are exit stairs (L, H, M).

3.2 Methodology

We evaluate our system in an office building from
several aspects as efficiency, accuracy, and robust-
ness. SmartFES updates route segment states
according to the collected environment informa-
tion. The result is then delivered to the base sta-
tion to present the retreat route map in real time.
Algorithm 1 calculates the cost-based optimal
routes and assigns each exit sign a direction to next
route segment and a value to represent the mini-
mum cost to reach the emergency exit. The result

(b) Floor plan and distribution

(a) Hardware prototype

Figure 6. Experimental setup.



Position F1 Name: lingie
-40 Next Hop: 1 Name: Allen =
T Route:1,3,4,9 ::::::::93 o o
| 34,
50t ?_e =
@ Q % oH -§ O "o ?o PN Route:7,8
e o Sk, 4
= | 8 N
S -70r 7 8 Fig gt o ® Fo S - e? | PS
% 4 4 g i % |
[0} .80} 8 v 8 : 2
4 8 7T 8 =
Q - P J § =2
-90 1 = = 8
I R A S et o
12345678 910111213
(a) RSSI between exit signs and position F1 (a) Searching the retreat route according to the map
Position F2
-40 ] T —
= R:z:iz,é,7,8 Next Hop: 5 . [
'50 [ g Rowes738 o a Name: Jack
8 o Y— Next Hop: 7
Z 60/ T . ; Og L 0 ¢ ?Q b o il
E $ FE % F‘Z*o o ? (’
g 7015 &5 B g e o 0 & 0% 9 o
? ﬁ e = o ¢
L 80 H LI '
i YR Y =R o
o K | g I8 ? >
) S ° T o
12345678 910111213
(b) Exit sign 3 sensed the danger, SmartFES updated retreat map
(b) RSSI between exit signs and position F2 5 +°
Position F3 %o . .o &
-40 0 *
¢ o e 00 )
&0l ; : ° ¢
- 50 c s .
S 50l P L i °
(0] B l g £ ¢ 8 = g (c) Trace record by the raw data  (d) Trace record by SmartFES
% | i 3 of IMU
> -70¢ 8 S 1 -‘; ! 1 i
%) T - 3 D a 8 Figure 8. Benefit of retreating exit sign for calibration.
%) = 5 1
O goje2 gI;JgT Jroo 10
118 3 Lt
-90 T s to test if our system is capable of adapting to the
12345678 910111213 situation in real time. F3 is used to verify the selec-

(c) RSSI between exit signs and position F3

Figure 7. RSSI of F1, F2, and F3.

is presented as Figure 8(a), which is also the user
interface of the base station.

Then, we use the acquired map to provide the
retreat routes for three firefighters from three dif-
ferent positions, denoted as F1, F2, and F3. We
record the retreat trace of F1 and compare it with
PDR method. We also set exit sign 3 broken so as
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tion strategy when several exit signs are available.

3.3 Results

The mobile sniffer on firefighter’s body keeps
sniffing the wireless network to detect the signal
strength so as to determine the accessible exit
sign. Figure 8 shows the retreat trace with differ-
ent methods. SmartFES is far better than the PDR
method mainly because exit signs can calibrate
the navigation errors and give firefighters contin-
ues notification toward the emergency exits, while



the PDR method can only locate the firefighter by
recording the walked trace, which is easily affected
by drift error.

Figure 7 shows the RSSI value from different
sensor exit signs for F1, F2, and F3. We observe
that, for position F1, exit sign 1 gives the maxi-
mum RSSI mainly because the exit sign 1 is the
nearest one, and so is exit sign 3 for position F2.
The result implies that we can use the RSSI value
to determine which exit sign is the nearest one
to reach. Situation for F3 is a little different: the
system chooses exit sign 7 as the next one; this is
mainly because it takes minimum cost to reach the
emergency exit from sign 7, and it is also not dif-
ficult to reach.

According to the collected sensed danger infor-
mation, the system can update the retreat map in
real time, as the map search problem is as efficient
as the Dijkstra algorithm. We remove indicator 3
to simulate sensing the danger on the route seg-
ment. The system updates the map accordingly
and presents the result in Figure 8(b). The result
shows that the updated map also provides an opti-
mal retreating route selection.

4 CONCLUSIONS

In this paper, we presented the design, implemen-
tation, and evaluation of a robust communication
system motivated by the importance, while chal-
lenging firefighter safety issues. All previous work
failed to provide an efficient, accurate, and reliable
solution to navigate firefighters to a safe retreat
route in real-time. We also proposed a novel wire-
less sensor network system to achieve this goal, by
leveraging exit signs as landmarks combined with
body shadow effect for heading use. We described
the details of an efficient algorithm for building
and updating the retreat map. We fully imple-
mented this system and evaluated it in an office
building environment.

We compared our solution to the state-of-the-
art pedestrian dead reckoning approach. Evalu-
ation results show that our approach reduces the
maximum firefighter location errors and provides
a reliable navigation guidance.
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ABSTRACT: The main research content is the fault detection circuit for high-voltage current-limiting
fuse. This paper analyzes the current fault current detection methods including its advantages and
disadvantages, and proposes a new detection method for short-circuit current by using the comprehensive
criterion of absolute value of current, rate of change, and curvature. According to the experimental data,
it has been verified that this method can accurately detect the short-circuit current in a very short time.

1 INTRODUCTION 2 GETTING STARTED: THE BASIC
WORKING PRINCIPLES OF CLF
The method of setting current threshold has been
often used for the detection of short-circuit in  CLF consists of the following four parts, as shown
traditional current limiter, considering the on-off  in Figure 1.
difficulty of current caused by the rising of short-
circuit current, and the problem of the increase of
electric power. Previous work has put up a detec-
tion method based on the raising rate of current.
Once the current changes, the short-circuit will be
cut off immediately, which can avoid huge ther-
mal shock and electric power effectively for the
protected equipment and current limiter itself.
However, the practice has proved that the current
limiter is unable to avoid the high order harmonic
component of power grid, and may generate false
action. In order to effectively avoid the system
flow and the interference of higher harmonic,
while avoid adding system testing time and reduce
the burden of circuit, the paper introduces the cur-
vature which is the derivative of the current, using

e Rogowski Coil.
In the proposed method, Rogowski coil and the
basic principle of electromagnetic is used to sam-
ple the current in a wide range of changes, and
to complete the change of huge voltage and high
current from the primary side of coil to the sec-
ondary side of low voltage, low current signal.

e The Detection Circuit of Current.
The main research of this topic is about com-
pleting the recognition function for the fault
identification of sampling current signal, send-
ing control signal to capacitor discharge circuit
and driving the control pole (K) of thyristor
when recognizing the short-circuit current.

the absolute value of current, the rate of change ; Rogowski Coil . Current-
of current and curvature as a criterion to detect 1 L limiting
the coming of the short-circuit current. For the Current | [ Capacitor | |—Fuse
different periods of short-circuit, we propose to Detection| | Discharge

use different combinations in different angles of C‘;““‘t C'g“““

the short-circuit current by analyzing the rate of
change and the size of the impact for detection the  Figure 1. The structure principle of current-limiting
rate of change of current. fuse.
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e The Capacitor Discharge Circuit.

The capacitor discharge circuit consists of thyris-
tor, capacitor and sub-closing coil. After the con-
trol pole receives the drive signal, the thyristor is
conducted, and capacitor discharges to the coil
through the thyristor, to generate, electric repul-
sion and drive, that drive the vacuum switch.
Current-limiting Fuse.

The current-limiting fuse is made up of vac-
uum switch and arc-suppressing fuse in par-
allel. Under normal circumstances, a pair
of contacts of vacuum switch is often in the
closed state by the external force and vacuum
self-closing force. When a fault occurs, the vac-
uum switch will get electromagnetic repulsion
under the function of discharge coil; separates
actuator quickly; compete the transfer process
of current; transfers the current to the arc-sup-
pressing fuse in parallel; compete the recovery
process of dielectric strength; and breaks the
circuit successfully.

The key of the reliable action of the CLF is
the response time of the detection current. The
accurate detection for the occurrence of the
short-circuit current in the shortest time has an
important practical significance for the effective
circuit protection and avoiding the damage of
circuit by huge current.

3 THE CALCULATION METHOD OF
SHORT-CIRCUIT CURRENT

When the short-circuit fault occurred, the equiva-
lent circuit of the system is shown in Fig. 2. In this
figure, Uy is the equivalent voltage source of sys-
tem. R, L, are the equivalent resistance and the
equivalent inductance in the power side respec-
tively. R,, L, are the equivalent resistance and
inductance of load respectively.

Before short-circuit fault occurs, the voltage is
set at u = UZ0°, and the initial phase is zero. The
current in the system can be expressed as

ie U0 UL0
Zz  jo@+L)+([R+R,)
R La
R:
Us{ ~
©
Figure2. Equivalentcircuit diagram of the short-circuit.
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oL+ L)

If ¢, =arctan , then

1 + 2
Us-¢
[@(L,+L,)P +(R+R,)?
U sin(wt— ¢)
Jo@L+L,)F +(R,+R,)

=2 Isin(wt-¢)

In the equation, i is rated current Effective
value

I U
J@(L+L)P +(R+R,)

The derivative and second derivative of I are

di_ V21 weos(at— ¢)
dt
.
dzzl = —21a*sin(wt-4)

When the fault of the short-circuit occurred at
the time w, = ¢, then

i =21Isin(a-¢)

0

If t"=t-%£, then the short-circuiting time is
t' =0, according to single-phase short-circuit cur-
rent calculation formula

R
_R,

+A4e h

e x/EUsin(wt— #)
J(@L)*+R?
R,
=21 sin(wt- #)+ Ae B

wL;

In the equation, ¢, = arctan—+, the short-
circuit current effective value is
, U
J(@L)? +R}?
The short-circuit occurred time is

i = V2 I'sin(er— ¢,) + 4, because of j_ =i, then
A= \/EIsin(a— @) — \/El’sin(a— @)
Thus

i=\2Vsin(wt'+ a— ¢,)
+[V2Isin(a— g) -2 Usin(er— ¢zﬂ€7ﬁr’



If the ratio of the steady-state value of the
short-circuit current to the steady-state value of
the short-circuit current is N, then

1l + L] + (R + R,

N=—=
I J(@L)y +R?
_ R, + R, cos ¢,
R, cosg

The expression of short-circuit current, rate of
change, change the curvature are

i =2 NIsin(wt’+ a— 4,
+ [\/Elsin(a/— 4)- V2

NT
IN1

unl 7

Sty & —

¢2 ):| @t dxt’

i

;; =2 Nl wcos(at’+ ar— &)
~[V21sin(e— ¢) ~ V2 NIsin(e— ¢) ]
X efwcothxt’wcot ¢2

i o

a = V2Nl@sin(@t+ a- )

+[V21sin(a— ¢) - V2 NIsin(o - g,) |

—wcot Xt ;32 xyt2
X e @t gft cot? @,

‘We can normalize the above equation and obtain
the following expression

i=Nsin(wt'+ o—¢,)
+[sin{e—4)—-N

— N Sin(&’* ¢2 )]e—wcolmxt’
di ,
— = Nawcos(wt'+ a—¢,)

dt
—[sin(er— ¢) — Nsin(er— ¢,)]e=“= > ot @,

4 THE ANALYSIS OF SHORT-CIRCUIT
CURRENT

4.1 Impact of different short-circuit angle on

short-circuit current

Short-circuit current, the raising rate of short-
circuit current and the second derivative of the
current have different forms at different short-
circuit time. For the convenience of analysis, tem-
porarily take I = 1250 A, N =15, ¢, = 60°, ¢,=80°,
short-circuit angle o for the case 0°, 60°, 120°,
180°, 240°, 300° calculating i, di/dt, d*ildi* with
the time change, calculation time of short-circuit
current is taken as 20 us, and it can be shown in
Figure 3.

In Figure 3(a), the reactions of current, cur-
rent change rate, and current change curvature
on different short-circuit current is different,
when the short-circuit angles are 60, 120, 180,
240, 300, and 360 respectively. When the short-
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Influence of different short-circuit time on current
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Figure 3. Comparison for rate of change of current
and path of current.

circuit angle ranges from 60 to 240, the change
is relative small. Otherwise, the change is more
intense which can faster reflect the arrival of
short-circuit current.

As shown in Figure 3(b), the change rate of
current change rate is small when the short-circuit



Table 1.  Short-circuit current detection time.

Normal 1.5 times of the Short-circuit angle is different, more than normal time

max normal max
Parameter value value 0 30 60 90 120 150 180
i 0.1 0.015*e+2 0.2 0.2 - 0.6 0.2 0.2 0.2
dildt 3.1397 45%e+2 0.4 0.01 0.01 0.01 0.01 0.01 0.4
dPilde? 0.9864 0.15¢ +6 0.013 0.01 0.011 0.68 0.01 0.01 0.01

angle ranges from 180 to 360. Otherwise, the
current change rate varies dramatically, which can
accelerate the reflection of short-circuit current
coming.

In Figure 3(c), the second derivative of current
change has no obvious change when the short-
circuit angles are from 60 to 240. Otherwise, the
current change rate varies dramatically, which can
accelerate the reflection of short-circuit current
coming.

4.2 Criterion analysis of short-circuit
current

When ¢, = 60°, ¢, = 80°, N = 5, in order to avoid
the influence and operational errors to the circuit
of the inrush current and high harmonics, under
normal circumstances, we can use the same order
of magnitude to calculate the maximum value of
the current, derivative and second derivative in
the normal range. At the same time, we increase
the value for the discriminant threshold, taking
more than 1.5 times the normal operation as the
judge criteria, and improving the anti-interference
performance to ensure the any short-circuit angle
can go through the i, di/dt, &i/dt*. The results are
shown in Table 1.

As shown in Table 1, for most of the short cir-
cuit current, the circuit can react in 0.2 ms. For
extremely unfavorable conditions such as when
the short circuit angle is 90 degrees, the system can
make correct reactions within 0.6 ms.

4.3 The impact of short-circuit current multiple N
on detecting short-circuit current

Under different short-circuit current where
¢, =60°, ¢,=80°, or=90°, we explore the impact of
different N including 5, 10, 15. The dynamics of i,
dildt, d*ildf* are shown in Figure 4.

We can see from this figure that a higher short-
circuit current will increase the absolute value, rate
of change, and rate of curvature correspondingly.
The determination speed will also be accelerated.
Such observation indicates that the proposed
method is suitable for judging short-circuit current
with N > 5.
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short-circuit current
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Figure 4. The impact of N on the current, current
change rate, and current change.



5 CONCLUSION

In this paper, we introduce the current curvature,
which is the derivative of current change rate
to detect the short-circuit current. Our method
take advantage of current absolute value, cur-
rent change rate, and current change curvature
to judge the arrival time of short-circuit current.
We analyze the change rate and the impact of
various factors under different short-circuit time.
Meanwhile, we adopt different combined meth-
ods regarding to different short-circuit angles
and realize the fast detection of current change
rate. This method is very suitable and can judge
the short-circuit current within extremely short
time based on both theoretical analysis and actual
simulation testing.

Detecting the short-circuit current through
utilizing the absolute value of a current, current
change rate, and current change curvature, not
only can it effectively avoid the system inrush
current and higher harmonic components, but
also detect the short-circuit current within an
extremely short time. Our method possesses
important practical significance in effectively
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protecting the circuit and avoiding the harm of
large current to a circuit.
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ABSTRACT: A 1200 V/40A SiC JBS diode is fabricated on the basis of 4H-SiC epitaxial wafer and a
newly developed processing sequence. The 4H-SiC epitaxial wafer is grown by Chemical Vapor Deposi-
tion (CVD) on commercial 4H-SiC substrates. The epitaxial structure and manufacturing process were
optimized. By using Ti Schottky metal and Ti/Ni/Au multilayer metal bond pad structure, the double-side
Au process 4H-SiC JBS diode is formed. A good balance between blocking voltage and conduction cur-
rent was successfully obtained, especially at a high temperature. The leakage current of the 1200 V/40A
SiC JBS diode was less than 1 pA at the reverse voltage of 1200 V at room temperature, which increased
to 250 nA at 1200 V at 250°C.

1 INTRODUCTION ity of high-temperature applications. In this paper,
the design and fabrication of 1200 V/40A SiC

SiC has a wide band gap, high breakdown electric ~ Schottky diode, which can work at a high temper-
field, high saturation drift velocity, and high ther-  ature of 250°C are introduced, and the blocking
mal conductivity, which make it an ideal material  and conducting performance at different tempera-
for making high-power, high-frequency, high-tem-  tures are analyzed.
perature, and radiation-resistant devices. The SiC
devices in the blocking performance compared to
the traditional Si power electronic devices have =~ 2 STRUCTURE DESIGN
great advantages. The breakdown voltage and
switching frequency of SiC Schottky diode have  The basic structure of a SiC JBS diode is shown
surpassed those of the Si PiN diode. The JBS in Figure 1. In order to reduce the blocking-state
structure in the active region is formed by p* ion  leakage current, active region is designed with
implantation, which greatly reduces the electric
field intensity on the surface of the device, result-
ing in a reduced leakage current at a high reverse
voltage. The JBS structure is formed along with
the Floating Field Limiting Ring (FFLR) in the
same process of high-energy ion implantations (K.
Vassilevski, 2006 & Eugene A, 2009).

SiC devices often work under extreme condi-
tions such as high temperature. It is very valuable
to study the device characteristics in different tem-

perature environments. The lower the conduction

loss, the smaller the switching loss and higher the N*
thermal conductivity, making SiC devices more

suitable to work at high temperatures. According

to theory, SiC devices can operate at a very high CathOde
temperature. However, in fact, there are many pro-

cess and technical difficulties that limit their abil-  Figure 1. Schematic of JBS diode.
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a JBS structure, in which the pn junctions in the
active area can reduce the electric field intensity of
surface area and thus reduce the leakage current
under high reverse voltage.

The edge protection uses an FFLR structure, by
adding a plurality of p+ doped rings in the periphery
of an active area to reduce the electric field strength.
The FFLR termination structure is currently widely
used in SiC power electronic devices with breakdown
voltage under 3000 V. Although the theoretical effi-
ciency of the FFLR termination is lower than that
of some other structures, such as JTE, the protec-
tion efficiency is not affected by the interface charge.
For the 1200 V SiC JBS diode, the total width of the
FFLR termination area is about 50 um, the single
ring width is about 2.5 um, and the ring spacing
increases gradually from inside to outside.

3 EXPERIMENT

SiC epitaxial wafers (4 inch) were grown in-house
using a hot-wall CVD by high-temperature and
low-pressure homoepitaxial growth technology.
The SiC epitaxial layers were grown on n-type
conducting SiC substrates. The thickness of the
epitaxial layer is 12 um, and the doping concentra-
tion is 6E15 cm™. The highest Al* ion implanta-
tion energy is 320 keV for the formation of both
the p* region in the active region and the floating
field limiting rings. The activation of ion implanta-
tion was completed by high-temperature annealing
at 1850°C. The Ti and Ni metal was used as the
front-side Schottky contact metal and the back-
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Figure 2. Fabricated 1200 V/40A 4H-SiC JBS diode

walfer.
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side Ohmic contact metal, respectively. Both the
front-side and back-side electrodes were finished
with thick gold. The passivation layers were
formed by using the Silicon Nitride (Si;N,) and the
Silicon Dioxide (SiO,) multilayer composite struc-
ture. The process of SiC JBS diode mainly includes
lithography, ion implantation, etching, oxidation,
passivation, and metal lift off. The key processes
include Al* ion implantation, Schottky contact,
Ohmic contact, and passivation (H. Bartolf, 2014).
A finished 4-inch wafer of 1200 V/40A SiC JBS
diodes is shown in Figure 2. The size of the single
die is S mm * 5 mm.

4 RESULTS AND DISCUSSIONS

The static characteristics of the packaged devices
were tested using a Tektronix 370B transistor tester.
To obtain the high-temperature characteristics of
the SiC JBS diodes, special designed heating equip-
ment was used to heat the devices. The reverse and
forward characteristics were obtained at room tem-
perature and elevated temperature. As shown in
Figure 3, the leakage current of the 1200 V/40A SiC
JBS diode was less than 1 pA at a reverse voltage
of 1200 V at room temperature. With the gradual
increase of the temperature, the leakage current
increased accordingly. Even at a high temperature
of 200°C, the device showed a fairly low leakage cur-
rent of less than 50 LA at a reverse voltage of 1200 V.
The leakage current increased rapidly at both high
and low reverse voltages, when the temperature was
over 200°C. At 250°C, the leakage current increased
to 250 pA at the reverse voltage of 1200 V, which
is still too small to cause reliability concerns. The
results of the reverse characteristics showed that the
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S 1ES /22.}’ 4
O g6 75 C
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g 125 //
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Figure 3. Temperature-dependent reverse I-V charac-

teristics of 1200 V/40A SiC JBS diode.



Schottky barrier of SiC diode based on Ti metal can
work at 250°C (Runhua Huang, 2014).

Figure 4 shows the forward conduction per-
formance of the 1200 V/40A SiC JBS diode at
temperatures covering the range of 25-250°C.
The decrease of forward voltage with increasing
temperature showed a clear positive temperature-
dependent coefficient. At 25°C, the forward volt-
age at 40A was 1.6 V, and the turn-on voltage was
about 0.8 V. When the temperature was increased
to 250 °C, the forward voltage increased to 2.7 V
at 40A, and the turn-on voltage reduced to 0.5 V.

Figure 5 shows a dynamic test curve of the
1200 V/40A SiC JBS diode at room temperature.
The test result showed a reverse recovery time of
44ns and a reverse recovery current of 5.5A. Because

45 75C | 175C
10 %5C 12¥C 200C | 250C
irz-
. 177
~ % / pd
S 20 // //’:/
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0 1 2
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Figure 4. Temperature-dependent forward I-V charac-
teristics of 1200 V/40A SiC JBS diode.
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Figure 5. Reverse recovery waveform of the 1200 V/40A
SiC JBS diode measured at 25°C.
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Figure 6. Reverse recovery waveform of the 1200 V/40A
SiC JBS diode measured at 150°C.

of the limitation of the test equipment, high-tem-
perature dynamic test was conducted only at 150°C.
The test result is shown in Figure 6, which showed a
reverse recovery time of 45ns and a reverse recovery
current of 6.0A. As the SiC JBS diode is a majority
carrier device, it does not have any stored minority
carriers. Therefore, there is no reverse recovery cur-
rent associated with the turn-off transient of the
diode, but only a small amount of displacement cur-
rent required to charge the Schottky junction capac-
itance, which is independent of the temperature.

5 CONCLUSION

In summary, we have fabricated SiC JBS devices
on n+ conductive 4H-SiC substrates. Design and
fabrication of 1200 V/40A SiC JBS diodes were
reported, and both static and dynamic character-
istics were obtained at different ambient tempera-
tures. At temperatures as high as 250°C, a good
combination of blocking and conducting charac-
teristics is achieved. At 250°C, the forward volt-
age drop was controlled to be below 2.7 V, and the
blocking voltage is more than 1200 V. The experi-
mental results show that the SiC material is a good
candidate for making devices working in high-tem-
perature environments.
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Thermal design and simulation analysis of rectifier cabinet for nuclear
power generating stations

Qiang Yin, Ze-cheng Xiong, Chuan-tao Zhu & Yong-feng Wang
XJ Power Co. Ltd., State Grid Corporation of China, Xuchang, Henan, China

Rong-huan Li
XuChang Third Senior High School, Xuchang, Henan, China

ABSTRACT: In order to obtain directly and accurately the distribution characteristics of temperature
field and the temperature of main elements of rectifier cabinet for nuclear power generating stations, the
components composition of the topological structure are analyzed, the loss of main components are calcu-
lated, the thermal resistance and heat dissipation effect of the radiator is discussed, the overall layout of the
device and fan selection are considered, and the 450 kVA physical model is proposed. The operating process
of ANSYS software in handling such thermal problems is summarized. According to the simulation results,
the thermal design is analyzed and optimized, and the reference scheme for thermal design is given.

1 INTRODUCTION 1

HaESY
With the development of power electronic tech- @? mol
nology, especially the development and success- . ) mz@%ﬁnf
ful application of high power thyristor devices, it =5
brings a new prospect to the power system. How-  o—=* wfrfeg
ever, in the case of high power, the power dissipa- g
tion is very large and the heat energy generated @ "l
is very high. If the way of the heat dissipation is vz

blocked, it will seriously affect the safe operation

of rectifier cabinet for nuclear power generating

stations. Figure 1. The principle diagram of 12 pulse rectifier.
In this paper, in order to obtain directly and

accurately the distribution characteristics of

temperature field and the temperature of main  and parameters, which has the advantages of low

elements of rectifier cabinet for nuclear power cost, a transformer and a switch. where T is the

generating stations, based on the analysis of the  fundamental frequency phase shifting transformer,

components composition of the 12 pulse rectifier =~ AC/DC1 and AC/DC?2 are the converter circuit of

topology, the loss of main components are cal- the two groups rectifier bridge, VT11~VT16 and

culated and the thermal resistance and heat dis-  VT21~VT26 are thyristors, L1 and L2 are the fil-

sipation effect of the radiator is discussed. The ter inductor, C1 and C2 are the filter capacitor, R1

450 kVA physical model is proposed. The operat- and R2 are the false load, and D1 and D2 are the

ing process of ANSYS software in handling such  blocking diode.

thermal problems is summarized. According to the

simulation results, the stability and reliability of

the system are ensured. 3 THE THERMAL DESIGN

3.1  The loss calculation

2 THE TOPOLOGICAL STRUCTURE 3.1.1 The transformer loss

The transformer loss is composed of the iron loss
The principle diagram of 12 pulse rectifier circuit  and copper loss. The loss generated in the core
is shown in Figure 1. The 12 pulse rectifier cir-  excitation resistor is called iron loss, related mate-
cuit is consisted of three phase phase-controlled  rials and quality of transformer. When the current
rectifier bridge in parallel, with the same structure  enters into the transformer winding, the loss gener-
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ated in the one or two winding resistance is called
copper loss.

It is difficult to calculate the transformer iron
loss, so the iron loss can be approximately calcu-
lated through the table based on per kg core in the
magnetic induction intensity and frequency. The
transformer iron loss is approximately propor-
tional to its working frequency. The transformer
copper loss is proportional to the square of the
current and the winding resistance.

The formula of the transformer copper loss is
given.

P = (I ) * R +25(1, ) * R, (1)
where I, . is the effective value of the transformer
primary current; R, ., is the copper resistance
from the transformer primary winding; I, _ is the
effective value of the transformer secondary cur-
rent; and R, , is the copper resistance from the
transformer secondary winding.

The formula of the transformer iron loss is

given.

P

T Fe—

P

v

Ve )
where PV is the loss from the unit volume of the
transformer magnetic core; and VFe is the volume
of the transformer magnetic core.

3.1.2  The thyristor loss
The formula of the thyristor loss is given.

+F*x Iz

PT(AV) :VTU ><]T(/IV) T(AV

(©)

)XrTO

where V, is the threshold voltage; ry, is the slope
resistance; F is the wave factor which is the ratio
between the RMS current and average current on
state; and I ,,, is the average current on state.

3.1.3  The filter inductor loss

The filter inductor loss is divided into the copper
loss and iron loss. The filter inductor copper loss is
proportional to the square of the inductor effective
current and the inductor winding resistance. The
effective value of the inductor current is given.

L_rms

I 1,2 +(AL,) €

where I, is the output current; and A, is the rip-
per current.

And then, The formula of the inductor copper
loss is given.

}*R(‘u

P

L_Cu :[]02 "'(A]o)2 (5)
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The formula of the inductor iron loss is given.

P (6)

T
where P, is the loss from the unit volume of the
inductor magnetic core; Vy, is the volume of the
inductor magnetic core; and R, is the inductor
copper resistance.

3.1.4  The filter capacitor loss

The filter capacitor loss is mainly caused by the
ripple current and the capacitor equivalent series
resistance, and the effective value of the ripple cur-
rent can be obtained by the integral method.

Lo =\(AL) )

And then, the formula of the capacitance loss
can be given.

PC = (I(',rm,\' )2 * R( (8)

where I . is the ripple current; and R is the
equivalent series resistance of the capacitor.

3.1.5 The diode loss

The diode has the forward voltage and forward
current which is exist on state, at the same time it
has the on state resistance. so the formula of the
diode loss is given.
P,=V.oxI.+R,xI2 ©)
where Vi, is the voltage of the diode pressure drop;
R, is the diode resistance on state; and I, is the
current flowing the diode.

3.2 The selection of radiator and fan

3.2.1 The selection of radiator

The component junction temperature is can’t be
measured in fact, so it can be determined with the
operating temperature T. and thermal resistance
R,,. The formula of the thermal resistance can be
given.
T;=PR, +T; (10)
where T, is the component junction temperature;
and P is the component heat dissipation.

R/u = R/'z' + Ru.v + R.w (1 1)

where R, is the thermal resistance from the com-
ponent core to the component surface; R, is the
thermal resistance from the component surface to



the radiator; and R, is the thermal resistance from
the radiator to the air.

The value of Rcs is relative to the component
surface, the fastening force, the radiator surface
and the radiator installation, which is more com-
plicated. So, The value of Recs is ratio to the R;,
about 1/3 ~ 1/5 in formerly.

3.2.2  The selection of fan

The wind pressure has a great influence on the heat
dissipation effect. Firstly, in view of the existence
of the pressure head loss, when the wind pres-
sure is lower than the loss of the radiator pressure
head loss, the cooling wind is not blowing into
the passageway. Secondly, there is a big difference
between the gap of the radiator fin space and the
gap between the wind passageway and the radia-
tor. When the wind pressure is too low, the cooling
wind does not flow through the radiator fin space.
It can be flow through the big gap, resulting in
the “short circuit” phenomenon. Finally, the heat
exchange rate can be increased between the radia-
tor and the air, with heightening the air pressure
which the wind speed of the radiator micro surface
can be increased.

The wind passageway has a great influence on
the heat dissipation effect. According to the prin-
ciple of heat transfer, the heat transfer efficiency
is much higher than the laminar flow through
the air in the form of turbulent flow. At the same
time, it can be careful to reduce the debris attached
the wind passageway in order to reduce the wind
resistance of the wind passageway. In view of the
enlargement of the wind resistance, the velocity
flow can be decreased.

The wind resistance of the single wind passage-
way can be given.

AR =(0.314*Re "™ * H* @* * p)/ d? (12)
where Re is the Reynolds number; H is the forced
air cooling coefficient; @ is the flow speed in the
cabinet; p is the air density; and d is the equiva-
lent diameter of single wind passageway.
AP =w** pl2 (13)

The wind passageway distributing layout is used
to enlarge the heat dissipation in the cabinet, with
increasing series fan to improve wind pressure in
the cabinet, at the same time, the external suction
fan can be fixed on the top of the cabinet.

4 SIMULATION AND ANALYSIS

The 450kVA physical model of rectifier cabinet
for nuclear power generating stations is proposed.
The operating process of ANSYS software in

handling such thermal problems is summarized.
The system parameters can be given. The funda-
mental frequency transformer primary voltage is
380VAC * 15%, the fundamental frequency trans-
former secondary voltage is 250VAC * 15%, the
output voltage is from 198VDC to 254 VDC, and
then, the output current is 1200 A. At the same
time, the filter inductance is 1 mH, and then, the
filter capacitor is 10 mF.

The loss specification table of the main compo-
nents of the rectifier cabinet is shown in Table 1.

The fan specification and quantity in the rec-
tifier cabinet are shown in Table 2, and then, the
P-Q diagram of fan specifications is given from the
corresponding relation in the P-Q panel of Table 2.

The external temperature of the rectifier cabi-
net is set 40°C, and then, the output power is the

Table 1. The loss of the main components.

Name Loss NumberTemperature
Transformer  4.6(P; )+1.4(P; ) 1 140
Thyristor 0.356(Py ) 2 105

Filter inductor 1.1(P,_,)+0.3(P ) 2 120

Filter 0.03(P.) 2 70

capacitor
Diode 0.6(Pp) 2 130

Table 2. The specification and quantity of fan.

Positation  Type Number P-Q diagram
Thyristor ~ SKF 16 A-230-11 2 Figure 2.
Cabinet top W2E200-HK38-01 2 Figure 3.
Diode AA1752HB-AW 3 Figure 4.
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Figure 3. The P-Q diagram of the cabinet top fan.
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Figure 5. The temperature of main elements.

rel

Figure 6. The stereoscopic distribution diagram of iso-
thermal surface.

maximum power output. The temperature of main
elements of rectifier cabinet for nuclear power gen-
erating stations is shown in Figure 5 by computer
simulation.

It can be seen that the maximum temperature of
the transformer core is close to 125°C, the surface
temperature of the thyristor is 75°C, the surface
temperature of the filter inductor is 110°C, the
surface temperature of the filter capacitor is 52°C,
and the surface temperature of the diode is 120°C.
So, the surface temperature of the main heating
elements are in the scope of the maximum allow-
able temperature requirements.

The stereoscopic distribution diagram of iso-
thermal surface is shown in Figure 6, and the pla-
nar distribution diagram of isothermal surface is
shown in Figure 7.
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Figure 7. The planar distribution diagram of isother-
mal surface.

5 CONCLUSIONS

In this paper, the components composition of the
12 pulse rectifier topological structure are ana-
lyzed, the loss calculation of the main components
are given, the thermal resistance and heat dissipa-
tion effect of the radiator is discussed, and the 450
kVA physical model of rectifier cabinet for nuclear
power generating stations is proposed. The oper-
ating process of ANSYS software in handling
such thermal problems is summarized. It can be
seen from the simulation results that the surface
temperature of the main heating elements are in
the scope of the maximum allowable temperature
requirements. It provides some references for engi-
neering application.

This work was financially supported by Science
and Technology Project of State Grid Corporation
of China and Science and Technology Project of
XU JI GROUP CO.,LTD..
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ABSTRACT: The series capacitive compensation is added to AC transmission line which can improve
the power transmission capacity effectively. However, the series capacitive compensation may cause sub-
synchronous resonance and damage of the generator shaft system. Supplementary excitation damping
controller is widely used in practical engineering which could restrain SSR as an economic and effective
way. This paper proposed a SEDC based on projective theorem which is from the perspective of system
transfer functions. Firstly, the system transfer functions of every natural torsional vibration frequency
need to be identified. Then, the corresponding output feedback damping controller will be designed based
on projective theorem. IEEE second benchmark model is used and simulated by PSCAD/EMTDC. The
simulation results show that the designed SEDC based on TLS-ESPRIT and projective theorem can
restrain subsynchronous resonance effectively, and the controller order is lower which could be applied to
the practical projects easily.

1 INTRODUCTION tation system as an economic and effective way.
The synchronization component was added to

Series capacitive compensation is widely used the exciting voltage through SEDC, which could
in long-distance AC transmission as a kind of  produce damping of subsynchronous frequency,
effective method which could improve transmis-  and the SSR would be restrained (Liu Shiyu, 2008
sion capacity of power system. However, the risk & Tang Fan, 2010). Reference (Tang Fan, 2010)
of Subsynchronous Resonance (SSR) would be  designed a SEDC based ant colony algorithm, the
increased when the series capacitive compensa-  simulation results on the IEEE second benchmark
tion is added to the power system (Kundur P, model showed that the SEDC was effective and
1994). When the system was disturbed, the energy  robust. However, this SEDC is difficult to applied
exchange may be caused between electrical system  in practical projects which is based on intelligence
and generator unit in a frequency which is less  algorithm. Reference (Guo Xijiu, 2008) adjusted
than the normal operation frequency. And then the  parameters of SEDC based on the field testings,
generator shafting fatigue accumulation would be  the designed SEDC had good damping effect to the
caused. Finally, the generator shaft fracture may  SSR through little interference test. However, this
be caused, in which that phenomenon would affect  reference did not demonstrate the effectiveness of
the safe and stable operation of power system  SEDC with large disturbance. Reference (Wu Xi,
greatly (Cheng Shijie, 2009) 2013) designed SEDC based on the genetic algo-
SSR could be restrained through the FACTS  rithm, simulation results showed that this SEDC
devices effectively (Xiang Changming, 2013 &  could restrain SSR effectively. However, the genetic
Zhao Xin, 2012). However, the FACTS devicesmay  algorithm needs multi-iterations to obtain an opti-
cause adverse effect to power system and increase  mized solution, so this method had little benefit to
the project investment. So the FACTS devices have  engineering practicality. Reference (Dong Baifeng,
a lower economic benefit (Jiang Zhenhua, 200 &  2011) designed SEDC and Supplementary Subsyn-
Lu Jiancheng, 2015). Supplementary Excitation chronous Damping Controller (SSDC) based on
Damping Controller (SEDC) is used for the exci-  phase compensation method, the Subsynchronous
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Oscillation (SSO) could be restrained through
these controllers which caused by HVDC. This ref-
erence got conclusions that SSDC could produce
greater electrical damping than SEDC. Most lit-
eratures on the design of SEDC are based on the
mathematical algorithm or mechanism of SSR.
However, there is little research about the system
transfer function based on system state equation,
and the SEDC which designed based on transfer
function are undertaken.

The generator shafting torsional vibration fre-
quency between the cylinder blocks can be calcu-
lated by stiffness coefficient, inertia time constant
and torsion coefficient among the cylinder blocks
(Cheng Shijie, 2009). SEDC is designed in this
paper based on projective theorem, and IEEE
second benchmark model is built for simulation
by PSCAD/EMTDC. Firstly, the system transfer
functions of every natural torsional vibration fre-
quency need to be identified which are based on
TLS-ESPRIT. Then, the SEDC transfer functions
will be calculated by projective theorem. Finally, in
order to verify the effectiveness of the SEDC, the
damping characteristics of main vibration modes
with and without SEDC are identified. The simu-
lation results show that the designed SEDC can
restrain SSR effectively.

2 FUNDAMENTALS

2.1

Because of the generator shafting torsional vibra-
tion frequencies between the cylinder blocks can
be calculated, so the vibration frequency could be
used as the retained characteristics root of SEDC.

The state equation of the controlled system is
denoted by

Projective theorem

{x:Ax+Bu )

y=Cx

where x, y and u represent state vector, output vec-
tor and control vector. 4, B and C are state matrix,
control matrix and output matrix.

The state feedback is added to closed loop sys-
tem which can be denoted by

{x =(A-BK)x )

y=Cx

Characteristic root decomposition of system (2)
is denoted by

(A- BK)X = XA 3)
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where A represents the characteristic root triangle
array, and X represents eigenvector matrix.

The state equation of SEDC which is based on
projective theorem can be denoted by
w=Aw+B.y
{u =Cw @)

where w represents the state vector of SEDC, 4,
B, and C, represent state matrix, control matrix
and output matrix of SEDC

Simultaneous equation (1) and equation (4)

x/ — A/x’

s )

where

L4
w u

A BC. C 0

A = “lC’= @)

BC A 0 C,

The equation (5) represents closed loop feed-
back system of controlled system which is based
on the projective theorem. And the characteristic
root decomposition of 4’ is denoted by

A BC

x| [x
BC A

e Lo

where A’ represents the keep characteristic root
of system, which is the generator shafting natural
torsional vibration mode. X’ is eigenvector of the
shafting inherent characteristic root.

®)

(A= BK)X’ = X'\’ )
The system order is increased because of the
state feedback is introduced and form closed loop
system. Where W’ represents the introduced eigen-
vector, and define P=W’"'B,.
Simultaneous equation (8) and equation (9)

A =W'(A' - PCX" W'
B =W'P
C =—KX'W"

(10)

It can be seen from equation (10) that the state
matrix, control matrix and output matrix of
SEDC are obtained through state feedback gain
matrix K, and then the transfer function of SEDC
is obtained.



2.2 Solving the state feedback matrix

The concept of SEDC is to design the corre-
sponding controller respectively of every shaft-
ing natural torsional vibration frequency. Every
independent controller could restrain one or two
shafting natural frequencies. The state feedback
matrix K can be solved through the transforma-
tional matrix T.

In the controlled system (1), the characteristic
polynomial of matrix A4 is denoted by

(11

[sT—A|=s"+as""+--+a, s+a,
The value of q,, a,, ..
equation (11).
The system state equations can be changed to

the transformational matrix which is controllable
and standard.

., a, are obtained through

T=MW (12)
where
M=[B AB A B] (13)
an—l an—Z al ]
a,, a,; ... 1 0
w=| : : o (14)
q, 1 0 0
1 0 0 0

The characteristic root polynomial is denoted
by

(5=t )(s—pt)(s - u,) (15)
=s"+as" + o, s+,
The value of o, o, ..
through equation (15).
The state feedback gain matrix is denoted by

., a, can be obtained

K=[e,-a, «,  -a

n n—1 n—1

o —a, o—a|T"

(16)

2.3 Controller design

Firstly, the generator speed deviation is got. Then
the natural torsional vibration frequencies can be
obtained when the speed deviation pass the fourth
order Butterworth filter. The transfer functions
of SEDC could be got which are based on projec-
tive theorem. Finally, the output of the controller
is put into the generator exciter. The structure of
SEDC is shown in Figure 1.
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Mode 1
band-pass filte

Mode 2
band-pass filtel

SEDC

band-pass filte

Figure 1. The structure of SEDC.
HP LP GEN  EXC
RLl XLl X c
T, Wy — Infinite bus
RLZ XLZ
Figure 2. IEEE second benchmark model.

3 SIMULATION EXAMPLE

The IEEE second benchmark model for simulation
is built based on PSCAD/EMTDC, and the topo-
logical structure diagram is shown in Figure 2. It
can be seen from Figure 2 that the model has four
cylinder blocks. So the natural torsional vibration
frequencies can be calculated, and the frequencies
are 24.4 Hz, 32.3 Hz and 51.7 Hz.

A step is added to the V,, of the generator
excited system when the power system running
to 3 s stably. Then the generator cylinder speed
deviation is treated as the observed signal, and the
transfer functions of shafting natural torsional
vibration frequencies are identified based on TLS-
ESPRIT. The system transfer functions of IEEE
second benchmark model are denoted by

—1.793e 5% —0.01203s

mod! T 7152 12735+ 241 e
_1.889e%5? — 0.0005261

mod2 —

17
_ 6.375e 852 +5.777¢ s
mod3 T 152 _1.638s+2.41e*

The state feedback gain matrix K could be calcu-
lated through the system transfer functions which
correspond to natural torsional vibration frequen-
cies based on transformational matrix 7.



K, =[2.6131 1.2228]

K, .., =[4.088 3.4886]
K, . =[3.0378 -0.7369]

(18)

The controller transfer functions could be deduced
based on projective theorem and denoted by

8.608s5—8.376
G = o
TR
~358.75+36.
G,(s)=—; 7 (19)
B
- LS+ .
Gy(s)=

 s2+3.085s+2.411¢*

3.1 Without SEDC

A three-phase grounding fault happened on the
AC line at  =2.5's, and the fault duration is 0.075 s.
The generator cylinder speed deviations are shown
in Figure 3 without SEDC.

It can be seen from Figure 3 that the generator
shaft speed deviations show a trend of divergence
when the system is disturbed.

3.2 With SEDC

The designed SEDC which shown as equation (19)
is added to the excitation system. The generator
cylinder speed deviations are shown in Figure 4
with SEDC.

It can be seen from Figure 3 and Figure 4 that
SEDC could restrain SSR effectively, and the
generator shaft speed deviation decrease rapidly.
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Figure 4. The speed deviation of shafting with SEDC.

Table 1. Identified by TLS-ESPRIT method.
attenuation damping
Mode  f(Hz) factor ratio(%)
Without Model 24.6239 -0.0064 0.0041
SEDC  Mode2 32.8375 —0.0084 0.0041
Mode3 51.1735  0.0071 —-0.0022
With Model 24.3139 -1.1849 0.7756
SEDC  Mode2 32.9479 -0.7294 0.3523
Mode3 51.7498  —0.0023 0.0007

The SEDC controller order is lower and could be
applied to actual engineering easily.

3.3 Characteristic root analysis

The system main vibration mode parameters are
identified based on TLS-ESPRIT with and with-
out SEDC. The identification results are shown in
Table 1.

It can be seen from Table 1 that the damping
ratio of main vibration modes are greatly improved
with SEDC, and the identification results consist-
ent with the results of Figure 3 and Figure 4.

4 CONCLUSION

The transfer functions of generator shafting natu-
ral torsional vibration frequencies are obtained
based on TLS-ESPRIT. In order to restrain the
SSR, this paper designed the damping controller
aim at every transfer function based on projective



theorem. IEEE second benchmark model is used
for the simulation and results show that designed
SEDC could restrain SSR effectively. The charac-
teristic root analysis also indicates that, the system
damping could be improved significantly if SEDC
was added into the system

The added SEDC could restrain SSR, which
avoids increasing primary equipment and reduces
the engineering investment. This controller based
on projective theorem has a lower order, facilitates
the actual engineering and has practical engineer-
ing significance.
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ABSTRACT:

In order to study the eddy current losses in the end region of damper winding thoroughly,

a 3D moving electromagnetic field FE model of tubular hydro-generator is built. Furthermore, the flux
density and the eddy current loss in the damper winding end region of a 36 MW tubular hydro-generator
are calculated and analyzed. The study also provides a more rational calculation model to assess the eddy
current loss in the damper winding end region of large hydro-generators, which helps improve the design

standard of tubular hydro-generators.

1 INTRODUCTION

Damper winding is one of the key components of
hydro-generator and plays an important role in
the safety and stability of the generator and power
system. Tubular hydro-generators have then been
applied widely in hydro-power stations with water
head is lower than 20 m (Chao-Yang Li, 2006). In
order to avoid the end region overheat failures of
damper winding and improve the generator design
of tubular hydro-generator, it is necessary to carry
out an in-depth study on the amount and distribu-
tion of loss within the damper winding end region
of tubular hydro-generators.

2 CALCULATION MODELS

To solve the eddy current loss in the end region of
damper winding, the 3D moving electromagnetic
field model of the hydro-generator end region is
built.

According to the periodicity of the magnetic
field, a pair of poles at the end region is chosen as
the 3D electromagnetic field calculation region, as
shown in Fig. 1.

Considering the core saturation, by Coulomb
norm V-A =0 and the boundary condition of the
problem region, the 3D boundary value problem
of nonlinear time-varying moving electromagnetic
field is then obtained.
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where A4, is the normal component of A, S, is the
symmetric boundary surface, which is parallel to
the flux line, S, is the end shade, S, is the end cover
idealized boundary with p =0, which contains only
the tangential component of magnetic field, and S,
and S; are periodic boundary surfaces, which meet
the cyclic boundary condition.

For solving the 3D moving electromagnetic field
model of the hydro-generator end region, the rea-
sonable consideration of the stator current phasors
is the key point of the stator winding excitement.
Only if the phasors are accurate, can the operating
state of the generator be simulated correctly.

Therefore, the stator currents and their phasors
at the rated load can be obtained as follows:

In Fig. 2, when the load resistance R, and induct-
ance L, have rated values, the rated load operating
state can be simulated by the multislice moving
electromagnetic field—circuit coupling model built
in Zhen-nan Fan (2013) and then the rated currents
and their phasors are obtained, as shown in Fig. 3.



(a) Problem region of 3D moving electromagnetic field computation

(b) FE meshes of 3D moving clectromagnetic field computation

(c) Coils of generator

Figure 1. Problem region, FEM meshes and coil distri-
bution of the end region of hydro-generator.

The waveform and the stator current phasor
in Fig. 3 are used as the excitement on the sta-
tor winding for the 3D FE analysis. And with the
application of DC exciting current in the rotor
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Figure 2. Coupling circuit of the stator.
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Figure 3. Waveforms of stator currents at the rated

load.

field winding, the 3D moving electromagnetic field
model of the hydro-generator end region can be
solved.

According to the computation of 3D moving
electromagnetic field model of end region, the
instantaneous value of eddy current density and
eddy loss density per element are obtained:
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within a period is as follows:
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The average value of eddy loss in the volume is
as follows:
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3 RESULTS AND DISCUSSION

Some calculation results are shown in Figs.4-6 and
Table 1.

Figures 3 and 4 show that, in the calculation
results of this paper, the closer to the end, the air
gap magnetic field density is smaller and the mag-
netic density of the slot is less than that of the
teeth. These indicate that the calculation result S
of magnetic density is in accordance with the phys-
ical reality of generator.

Figures 5 and 6 show that whether it is the end
of the damper bars, or the damper winding end
ring, the eddy current distribution is not uniform,
so we can see that the calculation result of this
paper is more reasonable than that of the magnetic
circuit method.

Table 1 shows that, in the rated operating condi-
tions, the eddy current losses of the damper wind-
ing end region components in pole of the 36 MW
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Figure 4. Magnitude of air gap flux density of the end
region.

Figure 5.
region of generator.

Electromagnetic field distributions in the end

Vs -

Figure 6. Eddy current density distributions in the end
of damper bar.

Figure 7.
ring.

Eddy current density distributions in the end

Table 1. Calculation results of the eddy current loss in
damper winding end region.

End of damper bar End ring

Loss (W) 22 9

tubular turbine generator are not more than 30 W,
which for a 36 MW large tubular turbine genera-
tor, is very small.

4 CONCLUSIONS

In this paper, a 3D moving electromagnetic field
FE model is established for the calculation of the
eddy current losses in the end region of a 36 MW
tubular turbine generator. Then, the eddy losses
in the damper winding end region are obtained.
The research work is helpful to improve the
level of electromagnetic analysis and design of
hydro-generator.
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ABSTRACT:

In order to solve the problem of loss and heat of shifted damper winding of a large hydro-

generator for a 600 MW large hydro-generator, a 2D moving electromagnetic field—circuit coupling model
of a generator and a 3D temperature field model of the rotor are built, and the influences of the structure
on the damper winding loss and heat are computed and analyzed. This study helps enhance the design

standard of the hydro-generator.

1 INTRODUCTION

As a kind of structure design scheme for optimizing
the no-load voltage waveform of the hydro-gener-
ator, the damper winding shifting structure is used
in the design and manufacture of the integer slot
hydro-generator (Xi-fang Chen, 2011 & Zhesheng
Li, 1983). However, the influences of the structure
on the damper winding loss and heat, so far, has
not been fully studied (Lingyun Shao, 2014; Wang
Ting-ting, 2013; Qudsia, J., 2010; Bastawade, P,
2012; Ranlof, M., 2010; Whei-Min Lin & Bruzzese,
C., 2011; De-Wei Zhang, 2012; Stefan Keller, 2006;
Zhen-nan Fan, 2013; Yong-gang Luo, 2012; Hong-
lian Wang, 2013 & Guang-hou Zhou, 2009).

In order to solve the above problems, in this
paper, for a 600 MW large hydro-generator, a
2D moving electromagnetic field-circuit coupling
model of generator and a 3D temperature field
model of rotor are built, and the influences of the
structure on the damper winding loss and heat are
computed and analyzed. This study helps enhance
the design standard of hydro-generator.

2 CALCULATION MODELS

2.1

The basic data of the generator are shown in
Table 1.

In this paper, t, is the stator tooth pitch, which is
invariant, and t, is the pitch of damper bars.

Basic data of the tubular hydro-generator
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Table 1. Basic data of the generator.

Parameter Value

Rated power (MW) 600

Rated voltage (kV) 18

Rated current (A) 21383
Power factor 0.9

Number of magnetic poles 64

Number of slots per pole per phase 4

4/t 0.83,0.87,1.0

2.2 Boundary value problem of moving
electromagnetic field

To solve the eddy current loss of damper winding,
a 2D moving electromagnetic field-circuit coupling
model of the hydro-generator is built.

According to the periodicity of magnetic field,
the area of a pair of poles is chosen as the elec-
tromagnetic field calculation region, as shown in
Fig. 1.

In the 2D moving electromagnetic field
model, the current density and vector magnetic
potential have only the axial z components, and
the speed has only the axial x component. By
Coulomb norm V-A = 0 and the boundary con-
dition of the problem region, the 2D boundary
value problem of nonlinear time-varying moving
electromagnetic field for the generator is then
obtained:
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2.3 Coupling circuits

To considering the influence of the end winding
of the stator and damper end rings of rotor, the
coupling circuit models are established. The exter-
nal circuit equation and electromagnetic equation
should be combined in the calculation (Sarikhani,
A., 2013 & Youpeng Huangfu, 2014).

And the coupling circuits of the stator and
damper windings are shown in Figs. 2 and 3,
respectively.

The stator and rotor coupling circuit equation
of generator and the electromagnetic equation are
combined, the magnetic vector (A.) is calculated in
time-step finite-element method and then the flux
density, voltage, and losses can be obtained.

2.4 Boundary value problem of rotor 3D
temperature field

Considering the anisotropic heat conduction of
the rotor core, the boundary value problem of
3D steady-temperature field can be expressed as
follows:
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where T is the temperature, 1, /ly, and A, are heat
conductivities on each direction, ¢, is the heat
source density, which is obtained by the loss cal-
culation mentioned above, S, the rotor middle pro-
file and the interface between rotor core and rim
related with the thermal insulation boundary con-
dition, S, is the outside surface of the rotor related
with the heat dissipation boundary condition, o
is the heat dissipation coefficient of S;, and T} is
the environmental air temperature. The problem
regions are illustrated in Fig. 4.

3 RESULTS AND DISCUSSION

Some calculation results are shown in Figs. 5-7
and Table 2.

In Table 2, P,; is the loss of damper winding of
the two poles in the problem region of electromag-
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Figure 5. Distribution of flux density.

Figure 7. Distribution of eddy current density.

Table 2. Losses and heat of damper winding.

Shift Ppp e
t/t, degree (W) (°C)
0.83 0 864 66.2
0.25t, 846 66.07
0.87 0 790 66.06
0.25¢, 776 65.99
1.00 0 576 65.58
0.25¢, 567 65.44

netic field, and the T, is the highest temperature
of the two poles.

It is evident from the table that, when the center
line of damper winding is shifted, the eddy current
loss and the highest temperature of damper wind-
ing have almost no change.

The above results indicate that, as a kind of
structure design scheme, the damper winding shift-
ing scheme not only improves the no-load voltage
waveform quality of the integer slot hydro-genera-
tor, but also not increase the loss and heat of the
damper winding.

4 CONCLUSIONS

In this paper, a 2D moving electromagnetic field—
circuit coupling model and a 3D temperature field
model of the rotor of a 600 MW hydro-generator
are built, and the influences of the damper winding
shifted structure on the damper winding loss and
heat are computed and analyzed. The study helps
enhance the design standard of a hydro-generator.
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ABSTRACT: With the development of the Chinese economy, the demand for electricity from all walks
of life has gradually increased. People also put forward higher requests regarding the reliability of power
supply. Feeder automation can quickly cut off the faulty line to ensure the safe and stable operation of the
line. Under the sustainable development of modern society, people attach great importance to all aspects
of smart power grid construction, which is also significant for the smart grid distribution work. To ensure
the reliable and high-quality power supply environment, the scientific and reasonable design and planning
of the power distribution automation system shall pay attention to arranging the power distribution, and
the appropriate feeder automation operation mode shall be selected. Only in this way can we ensure that
the power outage is short once a fault occurs in the power grid system. At the same time, the line loss rate
can be reduced, the efficiency of the power supply can be increased, and the issues in power equipment
investment can be effectively treated. This paper mainly discusses the design and implementation of feeder
automation, puts forward some practical application measures, and provides a reference for the stable
operation of feeder automation.

1 INTRODUCTION of the judgment of other fault signals. If the fault
in the feeder line is single, the fault section is the
The developing Chinese economy has promoted  power supply in the last switch side direction that
the further development of power system mod-  flows from the fault current to the end, and the
ernization, and the continuous improvement and  first switch section that did not flow any fault cur-
development of distribution network automation  rent is important.
system has been the development trend of modern
power enterprises. The monitoring management
function equipped with the distribution network
automation system of control backstage has an  Distribution main station system constitutes its
excellent integration and perfection. The feeder  elements by using distribution network defined by
automation and the combination of intelligent ter-  the user, such as the relationship between power
minal can effectively measure the operation results  point, the subsection switch, feeder section, sec-
of distribution network automation system. The tional switch, and power point connection. After-
continuous development of power system makes  ward, the matrix for describing the relation of
the problems of distribution network become  distribution network topology structure shall be
more and more serious, and the development of  automatically generated. Then, use various fault
power demand and power facilities is not coordi-  signals collected by SCADA system that flow
nated. For instance, we can easily find the problem  through the segmentation switch to ensure the
in recovery, processing, and load of distribution  timely formation of the appropriate fault matrix.
network fault, which cannot adapt to the needs of  Results obtained by multiplying the two matrices
the development of modern society. Therefore, it  shall be normalized and then the fault section shall
is of great practical significance for the safe opera-  be accurately located.
tion of feeder automation to discuss the design
and implementation of feeder automation.

2.2 Failure estimation algorithm

2.3 Starting conditions of the failure
estimation algorithm
2 PRINCIPLES OF DISTRIBUTION

The distribution main station system uses the
NETWORK AUTOMATION SYSTEM SCADA system to collect the state of the outlet

switch of each power point and the total signals of
the fault. As a result, if the power point is faulty
We can determine whether any fault current passes  and the tripping problem occurs, the fault location
through the switches on feeder line on the basis  algorithm module can be started immediately.

2.1 Principles of fault diagnosis
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2.4 Power restoration by the distribution main
station system

When the distribution network system fails, the
power switch will trip, which results in nonfault
lines outage. However, in order to ensure the nor-
mal and stable operation of the circuit, and the
improvement of the safety and efficiency of power
supply, we need to resume power supply of the
nonfault lines in time. The distribution main sta-
tion system puts forward relevant ways to restore
power automatically and manually by combining
specific problems with graphs.

3 DESIGN OF FEEDING SYSTEM
IN DISTRIBUTION NETWORK

3.1
The design scheme should be based on the follow-
ing aspects in designing feeding system in the dis-
tribution network:

Design scheme

1. Layers of master station generally receive FTU
terminal data, in which the integration work of
SCADA system data and FTU terminal data are
very critical. We can use the network hardware
equipment to realize the integration of two kinds
of data, but the software system shall be built
based on Windows/UNIX hybrid platform so as
to carry out deep analysis of all kinds of informa-
tion in the system, monitor system fault conditions
in real time, and carry out effective coordination of
all aspects of the work of the power. In realizing
the system optimization, layers of master station
should focus on improving the application func-
tions and functional modules, storing the data in
the relevant functional modules, and generating
reports with relevant data by graphics and model-
based software, which shall make it possible for the
user to access the information at any time.

. Slave station of distribution network automa-
tion. In designing slave station of distribution
network automation, we should fully integrate
the WEB server and the company MIS net-
work so as to provide the corresponding WEB
browsing service. Afterward, we can use them
in substation, the open and close operation,
which can effectively control the WEB server
in the information area, meanwhile collecting
and filtering all kinds of information during
this period. Furthermore, it will put forward the
corresponding warning signal when the infor-
mation being integrated, which shall provide
CSOE, fault location, and other functions for
the operation of the distribution network and
achieve the purpose of fault isolation.

. Distribution terminal layer. In designing
this layer, we should strictly integrate data
information, and strictly screen information,
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and send the useful information. Traditional
distribution network construction mode cannot
meet the needs of modern social development,
so we should build feeder automation system
according to this and create a good system to
monitor the environment.

3.2 Terminal design of fault detection

We should focus on creating a good fault detection
terminal environment when designing the feeder
automation system. Sheathing materials should be
PC/ABS alloy materials, which shall be stored at
—60 to —120°C, and electroplated with TUNGK-
OUPC/ABC so as to improve fault detection. We
should take single chip as the core in the terminal
design of fault detection, whose operation speed
is 5 million times per minute. Afterward, we carry
out the sampling with 10 digits to judge the exist-
ence state of fault. We should use solar energy
storage battery and supply power with lithium
thionyl chloride battery to ensure the accuracy of
the results, and power consumption shall not be
more than 0.1 mA in dormancy. We use GSM net-
work to collect and screen fault information and
effectively transfer it to supervision center to solve
problems in the system. We should strictly analyze
the data to determine whether the line is in the
case of short circuit, or if the ground-phase volt-
age drop is greater than 3 kV. Zero sequence cur-
rent mutation is also greater than 10 A, then some
faults exist in the operation of the system. Deter-
mine whether the alarm signal needs to be issued
according to the results, and if there is a power fail-
ure. If the voltage is 0 and the current is 0, power
failure occurs in the monitoring points.

3.3 Communication structure design

GPRS has been widely used in major industries with
its own economic advantages. When building the
GPRS data communication mode, we connect related
terminal in communication structure, pack the data
into IP packets, and send GPRS to power system
and the data to SCADA. Finally, we make reasonable
decisions and strictly implement terminal tasks after
making a full analysis. Design of GPRS correspond-
ence network should be connected with special-line
and router, and transmission time delay should be
strictly controlled within 1 s. We forward the corre-
sponding data with the GPRS data center service sys-
tem to form a perfect communication space.

3.4 Automation system design

We should focus on the following aspects in design-
ing automation system:

1. Regard GIS as master station layers of feeder
automation so as to ensure that it shall have



telemetry, remote control, remote communica-
tion, and other functions. Furthermore, regard
intelligent permanent magnetic mechanism
coincidence device as the basement so that
when a fault occurs, GPS collects data about
the voltage, current, power, and composite
power flow simultaneously, strictly implements
the corresponding data instructions, and carries
out a comprehensive analysis of the differences
between different states. As a result, we ensure
that the fault information in GIS can have
timely feedback.

2. Use SGSN to design mobile terminal, use SGSN
to send APN to HLR to query mobile terminal,
and make a chart with the feedback data so that
users can query related data on the network. At
this point, we can form a one-to-many or many-
to-many data delivery model.

3. In designing automation system, we should
combine GPRS with GGSN and set APN point
in GGSN so as to achieve the purpose of pass-
ing private information data.

4 IMPLEMENTATION OF FEEDER
AUTOMATION

4.1 Fault in main loop

If a fault occurs between systems, the outlet posi-
tion of the substation will immediately trip, then
re-close it. If the fault is transient, re-closing starts,
while if the fault is a permanent fault, it will trip
again, at the same time, it will be in a closed state.
The information collected by the master station
system is the basis of the network topology, by
which we can quickly determine the fault sec-
tion and send the remote command promptly to
achieve the purpose of opening and then closing
up. We can achieve the purpose of separating and
transferring power supply from 45 to 60 s after
determining the location of the fault. When a fault
occurs in the relevant section of the main loop,
the fault treatment process is similar to that of the
above operation. Thus, it is desired to repeat the
above operation.

4.2 Fault in branch line

If a fault occurs between systems, the circuit
breaker in the front position of the outlet of the
substation will take immediate actions. The substa-
tion outlet after tripping will produce returns when
the circuit breaker will overlap again. If the fault
is transient, re-closing starts, while if the fault is
a permanent fault, it will trip again, at the same
time, it will be in a closed state. After the failure is
cleared, it can run stably; thus, there is no need to
isolate and transfer the power supply.

Main loops of the distribution network trans-
mission line of X city are equipped with load
switches, and the branch circuit is equipped with
the corresponding circuit breaker. The principle
of dealing with the fault of the circuit structure is
mainly that the branch line fault is eliminated by
the tripping of branch line circuit breaker; while
faults in the main loop are controlled by a cen-
tralized mode. Therefore, if there is a fault in the
system, the substation will start tripping thus to
determine the location of the fault according to
the information collected by the main station and
promptly issue a command to remove the fault
as well as achieve the purpose of separation and
transfer of power supply. The design scheme is
simple, and because master station involves little
work, the overhead line fault handling can be fast
and accurate. Table 1 refers to the project evalu-
ation index of distribution feeder automation in
power enterprises in X city.

This is the project evaluation index of distribu-
tion feeder automation in power enterprises in X
city, from which we can find that when it comes
to the popularization and application of feeder
automation, people lay stress on the output value
per unit of electricity, cost of the unit substation
capacity, cost of unit capacity, and load ratio of
main transformer and regard them as important
evaluation indexes so as to create a stable supply
space; while feeding system in distribution network
operates, the corresponding fault state variables
are all installed in the intelligent terminal unit. If
the fault current exceeds the setting value, the state
variables shall be represented as 1, and if the fault
current is less than the value of the whole set, the
state variable shall be represented as 0. Further-
more, the system protection end will give timely
variable feedback to the terminal, where fault

Table 1. Project evaluation index of distribution feeder
automation in power enterprises in X city.

First-level indexes Secondary indexes
Output value per unit
of electricity B11
Power supply load net
asset B12
Cost of the unit substation
capacity B13
Load ratio of main
transformer B14
Average outage time
of users B15
Voltage deviation B16
One-family one-standard
rate B17
Power consumption
rate B18

Secondary indexes

Technical efficiency
index U2

Social benefit
index U3




location is analyzed after changing the number
of state parameters, and then immediately send
trip command to the next protection system to
be activated. When judging the state variables, we
can transmit information through GPRS, calcu-
late the related power and voltage value, and take
corresponding protection measures. Furthermore,
we should improve the operating efficiency of
feeder automation to ensure stable operation of
power system.

5 CONCLUSIONS

With the rapid development of modern society
and economy, the level of information technol-
ogy has also been promoted, and traditional feeder
design of power enterprises cannot meet the needs
of modern social development. Therefore, in order
to create a good environment for a distribution
network, we should pay much attention to the
design of feeder automation and focus on the strict
analysis of the automation system structure, sys-
tem communication structure, fault detection ter-
minal, and so on in order to ensure that the design
is scientific and effective, scientifically controls
problems in the distribution, and ensures the safe
and stable operation of the distribution network.
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In addition, we should rapidly remove all the faults
occurring in the operation of the feeder system to
improve its operating efficiency.
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ABSTRACT: With the attractive advantages of high stability and controllability, the MMC-HVDC
system has become a key development direction for the HVDC. Dynamic operation and controllability
features of the MMC-HVDC system differ significantly from those of conventional AC and DC trans-
missions. During the grid fault, the MMC-HVDC system exports various short-circuit currents to the AC
system, which can be a threat to the correct operation of distance protection. On the basis of the control
principle of the MMC-HVDC converter station, the voltage and phase features of the MMC-HVDC
short-circuit current are analyzed. The measured impedance variation of the MMC-HVDC distance
protection in the AC side is also analyzed. The influence and interrelated factors of the MMC-HVDC
system to distance protection are proposed. Digital simulation of PSCAD/EMTDC is done to verify the
validity of the analysis.

1 INTRODUCTION when AC system faults on inverter side especially
on near side occur, the inversion station will have
The MMC-HVDC system can supply power to  a consequential commutation failure and is diffi-
passive network, adjust the active and reactive pow-  cult to restore by itself. Thus, the low-voltage limit
ers separately, and does not have the problem of  current instruction is usually adopted to reduce the
commutation failure. All of these advantages have  current temporarily, and the AC short-circuit cur-
made it develop quite fast worldwide. It is widely ~ rent may be smaller than the load current (Dong
applied to send renewable energy and interconnect 2014, Zhang 2012). In the MMC-HVDC system,
large-scale AC systems (Xu 2012). Although the as the converter station and the control mode are
application of MMC-HVDC increases the stabil-  different, during the AC system fault, the system
ity and flexibility of the power system, its large  exhibits different fault characteristics. Therefore,
amount of power electronic equipment makes the  the AC/DC system protection characteristic analy-
system more complicated and bring potential risk  sis theory for conventional DC transmission is not
to the safe operation of power system. Especially  suitable for the MMC-HVDC interconnection
under the condition of fault, current AC/DC sys-  system.
tem protection is equipped only on the basis of At present, the research on MMC-HVDC sys-
simple AC/DC system fault features. As the spread  tem protection is focused on the protection prin-
of fault impact in AC system and the influence of  ciple of converter station and DC line. A new
power electronic equipment control and blocked  principle of MMC-HVDC transmission pilot pro-
effect to protection features are not taken into con-  tection based on modulus model identification was
sideration, the reliability of protection operation  proposed by Jin (2014). Feng (2015) established a
may be decreased, and cascading blackouts may  multilevel converter valve protection system from
even occur. the submodule and the valve control system to
With the development of DC transmission, the DC control protection. Xu (2012) presented a
the relay protection of AC/DC hybrid intercon-  control and protection strategy for multiterminal
nected power system gains more and more atten-  transmission system DC-side fault. At present, the
tion. However, related research is mainly focused ~ AC-side fault characteristic analysis of MMC con-
on those based on conventional DC transmission  verter station is mainly based on simulation analy-
(Shen 2015, Fei 2015). In conventional DC system,  sis, and no analytical work has been done to analyze
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the AC side short-circuit fault characteristic of the
MMC converter station. Thus, it is unable to guide
relay protection and LVRT control research and
implementation of flexible DC interconnected sys-
tem. There are no reports on the operation charac-
teristics of AC-side protection for MMC-HVDC
systems. Distance protection is a commonly used
principle, which is based on the distance between
the fault point to the protection equipment to
estimate the transmission line malfunction. Its
correct action is crucial to the safe operation of
the entire power system (Zhang 2010). However,
the influence of the converter station on the AC
short-circuit current in the MMC-HVDC system
changes the measurement impedance characteris-
tics of the distance protection, which may lead to a
mistaken action of the distance protection.

Therefore, in view of the AC system distance
protection operation characteristics under MMC-
HVDC interconnection, the characteristics of
short-circuit current in the converter station of
the MMC-HVDC system under AC system fault
are analyzed on the basis of MMC-HVDC system
operation and control principle. In this paper, we
analyze the change of distance protection charac-
teristics of AC line and converter station and its
influence on distance protection. The theoretical
analysis is verified by PSCAD/EMTDC.

2 THE STRUCTURE AND CONTROL
OF MMC-HVDC SYSTEM

The MMC-HVDC interconnection system is
shown in Fig. 1. It includes the rectifier-side con-
verter station, inverter-side converter station, DC
lines, and both sides of the AC system. The con-
verter station consists of a converter valve, DC
capacitor, phase reactor, AC-side filter, connec-
tion transformer, AC circuit breaker, DC isolation
switch, and control system (Lu 2015).

The MMC-HVDC converter station generally
adopts vector control method, which includes
inner current loop control and outer loop control.
Common outer loop control methods are constant
DC voltage control, constant active power control,
constant reactive power control, constant AC volt-
age control, and so forth. The control block dia-
gram of the converter station is shown in Fig. 2.

C D
SLA g B koS
o p BB
Figure 1. AC-DC interconnected system based on
MMC-HVDC.
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Figure 2. Control diagram of converter substation.

For a double-terminal MMC-HVDC transmission
system, there must be one side of the converter
station using the constant DC voltage control
strategy (Chen 2007).

In the d,q coordinate system, the dynamic state
of the inverse converter station can be described
as:

di, . .
Ld—“’ =—Ri,+®Li,+u,—u,
? : s U,
di ™
Ld—‘"’ =-Ri, -wLi,+u, ~u,
; : sa TU

where u,,and u,, are the d and ¢ components of the
converter station AC side voltage, respectively; u,,
and u are the d and ¢ components of the receiving
end AC system S2, respectively; i,, and i, are the
d and ¢ components of the converter station AC-
side current; wis the synchronous angular velocity,
R and L are the AC-side filtering inductance and
equivalent resistance.

In order to eliminate the coupling influ-
ence between the d, q axis of the converter, the
feedforward decoupling and PI control is adopted:

K\ . . .
_(K rt TI) (i =i+ a}Llﬂ, +uy,

X @

(e
S

where i, and i, are the d and ¢ current instruc-
tive values, respectively; and K, and K; are the cur-
rent inner loop proportional gain and the integral
gain, respectively.

The inner loop current command value is pro-
vided by the outer loop controller, and the outer
loop controller tracks and controls according to
the reference values, such as active power, reactive

u,

j(l:q - i.w) - a)Lisd + usq
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Figure 3. Outer loop active power, reactive power, and
DC voltage controller.

power, and DC voltage. The d-axis is oriented
to the receiving-end grid voltage (U,), according
to the instantaneous power theory, the inverter
output active power and reactive power can be
expressed as:

{P = le..w[

0=-U,i @)

Therefore, the active and reactive powers can be
independently controlled by i, and i, respectively.
The PI regulator is instructed to eliminate the
steady-state error, and the active power and reac-
tive power controller structures are shown in Fig. 3
(a) and 3 (b), respectively.

The constant DC voltage controller is used to
balance the DC system active power and keep the
voltage stable. Ignoring R and converter losses, the
active power on AC/DC sides of converter station

is equal. Therefore:

P= Usixtl = sz' = ut/(‘itlz‘ (4)
In steady state:
Ui
iy, ==L )
u

de

When the active power on both sides of the
converter station is unbalanced, the DC voltage
will fluctuate. At this point, the active current will
charge (discharge) the DC capacitor until the DC
voltage stabilized at the reference value. Fig. 3 is
the schematic diagram of the outer loop DC volt-
age controller.
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3 FAULT CHARACTERISTICS OF
CONVERTER STATION IN THE
MMC-HVDC SYSTEM

Ignoring the signal sampling, delay time of
filtering, converter switching, and other factors,
decoupled converter station control system control
block diagram shown in Figure 4, where 1/(R +sL)
represents the transfer function of the AC filter. In
this case, the closed-loop transfer function of the
d-axis current is:

iy K, s+ K,

i LS+ (R+K,)s+ K,

G(s) = (6)

o

lsd

Set K,/K, = L/R, the closed-loop transfer func-
tion of the current control can be simplified as:

1

N
I+ —
@,

K
G(s)= —2

_r 7
Kp+Ls M

where @, = K, /L.

At this time, the current inner loop is a
first-order inertia link. Let the pre-fault active
command be i},; the active current command after
the voltage dip is #};, and the d fault component of
the converter output is:

] ®)

By the inverse Laplace transform, the time-
domain expression of the fault current component
can be obtained as:

Ai4/ (5) = G(S)ijll(s) - G(S)i;o (5)
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When the switching frequency is high enough,
the current inner loop has a high response
speed, so the transient process can be ignored

. + \ X ) I

i +— [}
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. + . P K, | .
= P s R+sL “

Figure4. Simplified control diagram of inverter substa-
tion inner current loop.



(Kong 2013). In this case, the d axis component
of fault current is:
i~ (10)

As the d, q axis has the corresponding control
structure, the q axis component fault current can
also be expressed as:
i (O~ (11
where i,, is the reactive current command after the
voltage dip.

Before the fault, the inverse converter station

runs in unity power factor, and the output current
of the converter station is:

imO ([) = lt;O COs(a)lt + 6])

2z
aﬂt+6¥—?] (12)

MOES i:io COS(
. . 2z
i.o()=1) cos[a)lt + 6+ 3

where 6, is the initial phase of a phase current.

After the three-phase voltage drops in the AC
side, the estimated d and q components of the out-
put short-circuit current of the inverter substation
are:

i = k(P = P)+ K [(P, - P)dt

. (13)
i =k, (0, ~ Q)+ k [0, ~0)dt

As the inertia time constant of the converter sta-
tion is very small, the output transient component
of the converter station can be neglected. There-
fore, the output three-phase short-circuit current
of the inverter station is:

i, (=1

m

cos(at+ 6 + p)

(14)
i 2r

i, (t)=1,cos d)it+‘9l+?+¢

o

where @=arctan(iy,/iy,) and 1, = J(i;))> + (i)

Through a comparison of the short-circuit cur-
rent before and after fault, it can be seen that the
output fault current of the MMC-HVDC system
inverse converter station is quite different from that
of the traditional AC system and conventional DC
converter station. In the traditional AC system, the
amplitude of the short-circuit current provided
by the servo power is large, and its phase keeps
unchanged. The amplitude of the short-circuit
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Figure 5.
substation.

Short-circuit current limiting measure of

current provided by the conventional DC con-
verter station may be less than the steady-state
operating current, and its phase varies with time
and the severity of the fault. According to equa-
tion (14), when the converter current limit is not
reached, the short-circuit current amplitude of the
MMC converter station is determined by the con-
verter station control command, and its phase is
affected by the reactive power control mode during
converter station failure. In addition, as the MMC-
HVDC system has weak overload ability, excessive
short-circuit current may lead to the damage of
converter station IGBT components. Fig. 5 is the
short-circuit current restriction formula diagram
of the converter station, when the magnitude 7, of
the fault current exceeds the short-circuit current
limit value i, the reference value of the active and
reactive current components will be limited.

Therefore, when considering the current-limiting
control of the converter station, the output short-
circuit current expression of the converter station
can be expressed as:

I (V) =iy, cos(at+ 6 + @)

. . 2r
lz‘bl(t):llimcos(d)lt-‘rﬁl _T"'(ﬂ) (15)

2
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After the current-limiting control, the converter
station output short-circuit current is limited to a
certain amplitude to ensure the safe operation of
the converter station.

4 ANALYSIS OF AC SYSTEM DISTANCE
PROTECTION OPERATION
CHARACTERISTICS

After the AC system failure, based on the short-
circuit current expression of the converter station
in AC system failure, depending on whether the



current-limiting protection start condition is reached
or not, the output short-circuit current amplitude of
the converter station can be expressed as:

[P+, I <i,
Im — (dx) (ql) m 'hm (16)
] Im 2llim

l]im ’

When the converter current-limiting condition is
not reached, the output short-circuit current of the
converter station is determined by the outer loop
power reference value. The MMC converter station
can be considered as the voltage source. When the
fault current reaches the current-limiting condition,
the converter station output short-circuit current
is constant. In this case, the MMC-HVDC com-
mutation station and the inverter station can be
equivalent to a current source with respect to the
AC system. The influence of MMC-HVDC on the
distance protection of AC system is analyzed with
the system as shown in Fig. 1, where k1 and k2 indi-
cate different fault positions and A, B, C, and D bus
outlets are all equipped with distance protection.
They are called the sending-end system side, recti-
fier station side, inverter station side, and receiving-
end system side distance protection, respectively.

Assuming that a ground short-circuit fault
occurs on the receiver AC line, the equivalent cir-
cuit of the inverter and the receiver AC system is
shown in Fig. 6. Because of the introduction of the
transition resistance at the short-circuit point, the
measured voltage and impedance of the distance
protection measuring elements of the inverter sta-
tion C are:

U-=1,Z, +(,+1,)R,=1(Z,.+R)+IR,

a7
ZC:£=ZLC+(1+QJR
1 1 &
d 1 d (18)
=Z,-+R +|F2R |26
d
I
Z, =R, 20 (19)
d

where U,. is the measured voltage of the relay loca-
tion of C side bus; 7, and I, are the short-circuit

Figure 6. Equivalent circuit for faults at receiving-end
AC system.
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current flowing into the short-circuit point of the
inverter station and receiving-end system, respec-
tively; Z,. is the line impedance of the C-side
protection to the failure point; Z, is the measured
impedance of the distance protection elements; R
is short-circuit transition resistance; 6 is the phase
difference between I, and I,; and Z,is the addi-
tional measured impedance.

After the fault, the ampl