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Abstract: An exponential curve-based (ECB) control strategy has been proposed in this paper. The
proposed ECB control strategy is based on the growth and decay of charge in the series RC circuit
and the harmonic elimination by detecting the Fourier expansion series of the auxiliary equipment
power supply system’s (AEPSS) three-phase output voltage level. It can quickly adjust each duty
cycle to the best value for driving the isolated three-phase inverter (ITPI) and produce a three-
phase 380 V¢ /60 Hz output. A comparison of the AEPSS output performance using the traditional
voltage cancellation method (VCM) and the proposed ECB control strategy was performed. The
hardware implementation of the system was performed on the prototype developed in the laboratory.
These control strategies are tested under three conditions, i.e., (i) V; = 550 Vpc. (ii) V; = 750 Vpc.
(iif) V; = 800 Vpc. The total harmonic distortion (THD) is 13.7%, 14.5%, and 14.9%, and the output
voltage V,, is 372.3 V¢, 377.3 Vc, and 385.3 V¢ using the traditional control strategy at three
test conditions, respectively. However, the THD is 7.2%, 7.8%, and 8.0%, and the output voltage
Vo is 382.2 Vac, 381.2 V¢, and 381.9 V 5¢ using the proposed ECB control strategy under the test
conditions. It is obvious from the hardware results that the output voltage harmonics and output
voltage level for the proposed ECB control strategy are superior to the traditional VCM. The voltage
produced from the AEPSS using the proposed ECB control strategy is more stable and has better
quality. In addition, the filter size is also reduced.

Keywords: auxiliary equipment power supply system; exponential curve-based control strategy; rail
vehicles; isolated three-phase inverter

1. Introduction

Fossil fuel-based vehicles have been used for transportation for centuries. Fossil fuels
such as coal, diesel, and natural gas resources are limited, and their combustion emits
CO,, which leads to air pollution and the greenhouse effect [1-4]. It has severe impacts
on human health as well as global climate change. Therefore, their rapid replacement
by electric-powered automobiles is accelerating, and the demand for electric vehicles is
increasing at a rapid pace [5]. EVs are dominating the market because of their low operating
and maintenance cost, zero-tailpipe emission, and high efficiency. The electrification of
railways is a step in the direction of achieving sustainable growth and development [6].
Rail transport is one of the most convenient and smoothest modes of land transportation.
It provides convenient transportation for people, contributes to reducing environmental
concerns, helps to improve traffic congestion, and saves the public time and money [7,8].
Railway electrification has not only reduced environmental concerns but also improved
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railway performance and service quality. With the advancement of science and technology,
several additional services and systems have been adopted in the railways to fulfill the
basic requirements of passengers during the journey. Thus, making the journey more
convenient and pleasant.

Electric rails are more reliable, quieter, and more powerful than fuel-based trains [9].
In recent decades, there has been a steady growth in railway electrification. At present,
more than two-fifths of all railway lines across the world have been electrified. Three basic
criteria are used to categorize the electrical systems in electrified railways: (i) Contact point:
third rail, fourth rail, or overhead line through a catenary. (ii) Current: Direct Current
(DC) or Alternating Current (AC). (iii) Voltage: Level and frequency. Different zones need
separate infrastructures and systems. Numerous voltage schemes are used for electrified
railways globally [10]. Some of the standard and non-standard voltage schemes used in
electrified railways are mentioned in Figure 1. This shows that the electrified railways
either deploy a DC source or an AC source to power the train. The DC sources may have
different values depending upon the schemes, which may be 600 V, 750 V, 1500 V, or 3000 V.
Similarly, the AC source may have different values as well as different frequencies. It may
be 15 kV and 16.7 Hz, 25 kV and 50 Hz, or 25 kV and 60 Hz [11]. Different schemes are
used in different places. The 750 Vpc supply scheme has been adopted in this work.

Electrified Railways
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Figure 1. Several voltage schemes used in electrified railways.

An electrified railway has several electrical systems. The main electrical equipment
of rail vehicles can be classified as auxiliary equipment power supply systems (AEPSS),
propulsion systems (PS), lighting systems (LS), door systems (DS), and brake systems
(BS) [12]. This study focuses on the rail vehicle AEPSS. An excellent AEPSS has great im-
portance in rail vehicles. The AEPSS uses power electronic conversion technology to adopt
a three-rail (TR) direct current (DC) source for producing a three-phase 380 V¢ /60 Hz out-
put, a single-phase 110 V5c /60 Hz, and a 110 Vpc. Since each item of equipment may have
different input voltage specifications, therefore, the AEPSS produces numerous outputs to
provide power to different appliances in the train. Several appliances, which are usually
used to provide several facilities in the train for the convenience of the passengers, are air
conditioning for cooling during the summer season, electric heaters for heating during cold
periods, air compressors for the braking systems, and providing support to the suspension
systems and other equipment, lighting inside the train coaches, and providing electrical
supply to sockets for other utilities such as mobile phone and laptop charging, etc. First, a
three-phase 380 Voc/60 Hz power supply is needed for the rail vehicle’s air conditioning,
air compressor, and equipment blowers. Second, a single-phase 110 V¢ /60 Hz power is
required for the cab electric heater and the vehicle socket. Thirdly, a 110 Vpc power source
is required for the computer, headlight, lighting inside the cars of the train and the rail
vehicle battery charging system. All of these required power supplies are produced by the
rail vehicle AEPSS [13,14].
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Figure 2 illustrates the architecture of the rail vehicle AEPSS. In this case, the load scale
has been reduced to a lower value to perform experiment results in the laboratory. The
750 Vpc is supplied either from the third rail or from the overhead conductor depending
upon the supply system. This is passed to the isolated three-phase inverter (ITPI) through
the AEPSS input filter (Lj and C;). The ITPI may either be the traditional or any other
topology with some control strategy. However, the traditional ITPI has been used here
because of its simplicity, fewer switch counts, and easy control. The Exponential curve-
based (ECB) control strategy was proposed for controlling the output of the ITPIL. The
control strategy is based on the growth and decay of charge in the series RC circuit [15]
and the harmonic elimination by detecting the Fourier expansion series of the AEPSS
three-phase output voltage level [16,17]. The proposed ECB control strategy quickly adjusts
each duty cycle to reach the best duty cycle and thus generates the best duty cycle for
the ITPI driver. The output from ITPI is then passed through the output filter to obtain a
high-quality and stable three-phase 380 V oc /60 Hz output. Finally, the desired output from
the AEPSS provides the power supply to the rail vehicle air conditioning, air compressor,
equipment blower, electric heater, plug socket, and lighting inside the coaches of the train,
etc. [18].

f‘
D TM

l_hbébé_l
,—IYW\—l
l Y
agejjoA dinQ
"A 08¢
aseyd-¢

1-Phase Isolated 3-Ph 3-Phase
Input Filter Invel‘ter Output Filter

Figure 2. Architecture diagram of rail vehicle AEPSS.

The ECB control strategy has been proposed in this study. Its performance is then com-
pared with the traditional voltage cancellation method (VCM) by providing the hardware
results of both control strategies. The hardware result shows that the ECB control strategy
performs better than the traditional VCM under the test conditions: 550 Vpc, 750 Vpc, and
800 Vpc. The THD is enormously reduced, and the output voltage V,, is more stable using
the proposed ECB control strategy. Therefore, the system’s performance is improved with
reduced voltage harmonics using the proposed ECB control strategy.

2. AEPSS in Railways

Among the various electrical systems of rail vehicles, auxiliary equipment power
supply systems (AEPSS) have been emphasized in this study. It is very important to have
a good AEPSS in rail vehicles. An excellent AEPSS can provide a stable and high-quality
voltage supply for the rail vehicle’s electrical equipment, which will greatly improve the
quality of passengers’ rides and avoid the AEPSS problem of causing any inconvenience to
passengers. The rail vehicles provide certain facilities for the convenience of passengers to
make the journey more pleasant. Various appliances are installed inside the rail vehicle
for this purpose. Specified power supplies are required to operate these appliances. Some
appliances need AC power, while a few of them require DC power since the input power
is 750 Vpc. Therefore, some kind of system must be provided that can be used to convert
this power to the required specification. AEPSS are deployed in the rail vehicle to provide
the power of the required specification for various appliances used inside the train. Some
of the common appliances used inside the trains are air conditioners, air compressors,
equipment blowers, batteries, and plug points for charging mobile phones, tablets, laptops,
etc. Different appliances have different specifications. The AEPSS provides the specified
power to operate those gadgets. Other trains may have different numbers of AEPSS
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installed inside cars depending on the number of cars and the train size. Figure 3 shows the
rail vehicle AEPSS configuration in a medium-capacity rail vehicle system. This medium-
capacity rail vehicle system consists of four power cars. One set of the AEPSS is deployed
for each power car that produces a three-phase 380 Vac/60 Hz power source with a
capacity of 60 kW [13], and the AEPSS output provides power to two air conditioning, an
air compressor, and two equipment blowers traction container.
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Figure 3. The rail vehicle AEPSS configuration in a medium-capacity rail vehicle system.

The heavy-capacity rail vehicle system consists of four power cars and two non-power
cars, with a total of six cars. Electric multiple units (EMU) of a heavy-capacity rail vehicle
system consist of two power cars and one non-power car. Two sets of the AEPSS are
deployed for an EMU that provides a three-phase 380 V¢ /60 Hz power source with a
capacity of 120 kW [14], and the AEPSS output provides power to six air conditioning,
two air compressors, and four equipment blowers traction container.

A general AEPSS structure consists of an input filter, inverter, transformer, and output
filter fed from an input DC supply to generate the desired output required for the load or
other accessories. Figure 4 displays the schematic diagram of an AEPSS circuit structure in
a single car. First, a 750 Vpc supply is provided to the AEPSS input. This 750 Vpc supply is
provided through an overhead line conductor, which is received by AEPSS input using the
catenary. This input supply is fed to the AEPSS input filter (Lj and C;), which eliminates the
noise from the 750 Vpc supply and stabilizes the voltage. Later, this input is converted to
the three-phase alternating current power through an isolated three-phase inverter (ITPI).
This ITPI may use any effective control strategy to produce three-phase AC power. A
transformer is employed to provide the isolation. Furthermore, the three-phase alternating
current power from ITPI output is filtered using the output filter (L, and C,). Finally, a
high-quality and stable three-phase 380 V¢ /60 Hz is obtained from AEPSS output, fed
to the air conditioning blowers induction motor (IM) and traction equipment blowers IM.
The electrical specification of a general AEPSS is displayed in Table 1. It is evident from the
table that the input voltage ranges from 550 Vpc to 800 Vpc while the output voltage is
3 phase 380 Voc with a frequency of 60 Hz. Additionally, the system power is 30 kW.
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Output Filter

Rail
Figure 4. Schematic diagram of an AEPSS circuit structure in a single car.

Table 1. Electrical parameters of the AEPSS.

Parameters Value
System power 30 kW
Input voltage (range) 550 Vpc to 800 Vpc
Output voltage 3 phase 380 Vac
Output frequency 60 Hz

The specifications of the components of the AEPSS used in Figure 4 are shown in
Table 2. It has a transformer and input and output filters, which are comprised of inductors
and capacitors, the input inductor L; = 300 uH, an input capacitor C; = 500 uF, a three-phase
transformer (A — Y type) with a turn ratio of 1:1, three output inductors with L, = 500 uH
each, and three output capacitors with C, = 200 uF each. Since the output voltage is
three-phase, it requires three inductors and three capacitors; one set of filters for each
phase or a three-phase filter can be deployed to perform the filtering action. In the AEPSS
system of medium-capacity (as shown in Figure 4), the ITPI is provided with an isolation
transformer in series. The main purpose of this isolation transformer is to isolate the
overhead conductor power from the rail vehicle AEPSS output power. Thus, the AEPSS
output power is stable and safe for electrical equipment. When the overhead conductor
output power or rail vehicle AEPSS output power is unstable, this isolation transformer
helps in avoiding any damage to the mainline overhead conductor equipment and the rail
vehicle electrical equipment. Therefore, this circuit architecture has been used as the model
for testing.

Table 2. The component parameters of the AEPSS.

Parameters Quantity Value
Input inductor L; 1 300 uH
Input capacitor C; 1 500 uF
Transformer 1 1:1 (A —Y),40kVA
Output inductor L, 3 500 uH
Output capacitor C, 3 200 pF

3. Working Principle of Isolated Three-Phase Inverter

The three-phase inverter (TPI) is an important part of the AEPSS structure, which is
used to convert the input DC voltage into AC voltage at the output, which can suitably
be used for the desired applications after filtering it. Power semiconductor switches are
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used for designing a high-power TPI. These switches may be either metal oxide semicon-
ductor field effect transistors (MOSFET) or insulated gate bipolar transistors (IGBT). The
forward voltage drop in the MOSFET is high, which produces a higher conduction loss
in it. However, the turn-off time of MOSFET is smaller, which makes it suitable for fast
switching. Therefore, the MOSFETs are preferably used for higher switching frequencies
(up to a certain MHz). Additionally, they are used in low and medium-power applications
due to their lower voltage and current handling capacity. Conversely, the forward voltage
drop in the IGBT is low, which causes a lower conduction loss. However, the turn-off time
of IGBT is higher, which causes a higher switching loss, making it inappropriate for fast
switching. Therefore, the IGBTs are preferably used for lower switching frequencies (up to
a few kHz). In addition, they are often used in high-power applications due to their higher
voltage and current handling capacity.

Traditional TPIs are designed using six switches. Since this inverter is used for higher-
power applications, six IGBTs are used as the switch to design the TPI. These IGBTs require
the switching pulse to turn it on and produce the required output. These pulses control the
duty cycle (turn-on period of each IGBT) or firing angle and thus adjust the output power.
These switching pulses can be generated using any control strategy or any optimization
algorithm to produce the best result. A 750 Vpc supply is given at the input of TPI through
the AEPSS input filter (L; and C;). The TPI controller then adopts any control strategy to
drive the six IGBTs Ty, T, T3, T4, T5, and T¢ of the TPL

The TPI operates in six different operating modes. Figure 5 illustrates the different
operating modes of the AEPSS TPI. The conducting IGBTs are shown with a dark black line,
while the non-conducting IGBTs are shown with a light black line. The direction of current
flow in the circuit is depicted by a dotted pink line. Figure 5a shows the no-operation
mode of the TPI, in which none of the IGBTs are conducting, and thus the TPI is in off
mode. Figure 5b shows mode-1, in which the IGBTs Ty, Ts, and T¢ are conducting, while
the IGBTs Ty, T3, and T, are not conducting. Consequently, V,, V},, and V. are generated at
the output terminal of the TPL Figure 5c shows mode-2, in which the IGBTs Ty, Ty, and
T¢ are conducting, while the IGBTs T3, T4, and Ts are not conducting. Consequently, V,,
V3, and V. are generated at the output terminal of the TPI. Figure 5d shows mode-3, in
which the IGBTs Ty, T,, and T3 are conducting, while the IGBTs Ty, Ts, and Ty are not
conducting. Consequently, V,, Vj, and V. are generated at the output terminal of the TPL
Figure 5e shows mode-4, in which the IGBTs T, T3, and Ty are conducting, while the
IGBTs Ty, Ts, and T are not conducting. Consequently, V,, V},, and V. are generated at the
output terminal of the TPI. Figure 5f shows mode-5, in which the IGBTs T3, T4, and T5 are
conducting, while the IGBTs Ty, Ty, and T¢ are not conducting. Consequently, V,, V3, and
V. are generated at the output terminal of the TPI. Figure 5g shows mode-,6 in which the
IGBTs T4, Ts, and Tg are conducting, while the IGBTs Ty, Ty, and T3 are not conducting.
Consequently, V,, V3, and V. are generated at the output terminal of the TPIL. These six
operating modes can also be demonstrated by the switching states for AEPSS TPI in tabular
form and are concisely presented in Table 3.

Table 3. Switching states for AEPSS three-phase inverter.

States Ty T, Ts Ty Ts Te V, Vi V,
Mode-1 1 0 0 0 1 1 +V -V +V
Mode-2 1 1 0 0 0 1 +V -V -V
Mode-3 1 1 1 0 0 0 +V +V -V
Mode-4 0 1 1 1 0 0 -V +V -V
Mode-5 0 0 1 1 1 0 -V +V +V
Mode-6 0 0 0 1 1 1 -V -V +V
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Figure 5. Various operating modes of AEPSS three-phase inverter. (a) No operation; (b) Mode-1;
(c) Mode-2; (d) Mode-3; (e) Mode-4; (f) Mode-5; (g) Mode-6.

4. Traditional and Proposed Control Strategy
4.1. Traditional Voltage Cancellation Method

Numerous control strategies and optimization algorithms were proposed in the litera-
ture. Depending on the effectiveness, applications, and complexity of the control technique,
the most effective and efficient control strategy can be used for switching the IGBTs in the
inverters. These switching pulses control the duty cycle of each IGBT and thus produce
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the best result. Figure 6 shows the AEPSS architecture diagram with a microcontroller unit
(MCU). The control unit employed a microcontroller to produce the switching pulses to
control the conduction period of the IGBTs and thus regulate the output voltage. A 750 Vpc
supply is given at the input of ITPI through the AEPSS input filter (L; and C;). The ITPI
controller then adopts any control strategy to drive the six IGBTs Ty, Ty, T3, T4, T5, and Tg
of the ITPL

L

Tk faag ! o
TS0V | — :JTJ-D:_}’
- T == T8
T__g Teg Tadg o
Qutput &

Filter

Input Filter

E m m Isclated r'.:k—'_:.h ase Inverter
MCU

Figure 6. The AEPSS architecture diagram with a control unit.

The traditional voltage cancellation method (VCM) is used in several applications,
especially in the AEPSS of rail vehicles. The traditional VCM is often used in rail vehicle
systems [11]. It has several advantages. First, this control strategy is simple and easy to
maintain. It can shorten the maintenance time and improve the repair rate and availability
of the rail vehicle. Second, this method can avoid high-frequency control signals generating
high-frequency noise, which affects the performance of other electrical equipment of the rail
vehicle. It can cause the electrical equipment of the rail vehicle to perform abnormally, the
rail vehicle’s other equipment to transient abnormally, or the rail vehicle to stop running.
However, it has a few shortcomings. The AEPSS components are bulky and massive,
therefore, AEPSS maintenance is time-consuming and laborious.

Figure 7 demonstrates the schematic diagram of AC voltage square waveforms in
different lines using the traditional VCM, including the v,, vy, v., Usp, Uy, and vg,. The MCU
in ITPI produces six pulses, each with a turn-on duration of 180 degrees (7 radian). The
pulse generated for the driver circuit of IGBTs T and T3 differ by an angle of 120 degrees
(2mt/3 radian), and the pulse for the driver circuit of IGBTs T; and Ts differ by an angle of
240 degrees (4m/3 radian). The pulse generated for the driver circuit of IGBTs T; and Ty
are complimentary. Similarly, the pulse for IGBTs T3 and T4 are complementary. Likewise,
the pulse for IGBTs T, and Ts are also complementary.

The ITPI operates in six different modes, and the conduction period of each mode
is demonstrated in Figure 7. In mode-1, the conduction period is 0—3;. In mode-2, the
conduction period is 31—f3;. In mode-3, the conduction period is ,—f3. In mode-4, the
conduction period is $3—f4. In mode-5, the conduction period is 4—f5. In mode-6,
the conduction period is 35—f3¢. The ITPI generates a three-phase AC voltage which is
then isolated and filtered by the transformer and output filter (L, and C,), respectively.
Finally, the required three-phase 380 Vc /60 Hz output is obtained from the AEPSS, which
provides power to electrical appliances in rail vehicles.
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Figure 7. AC voltage square waveforms in different lines by implementing the traditional VCM
(a) voltage of each line v, vy, and v.. (b) Voltage between two lines v, vy, and vg,.

4.2. Proposed Control Strategy

The traditional VCM is often used in the AEPSS of rail vehicles as this control strategy
is simple and easy to maintain. However, the output voltage produced using this control
strategy suffers from high THD. A few additional components are added to the AEPSS
circuit to reduce the THD of the output voltage, which makes the AEPSS components
bulky and massive. Additionally, AEPSS maintenance is laborious and time consuming.
Therefore, certain strategies have been developed to overcome these shortcomings. The
exponential curve-based (ECB) control strategy has been proposed in this study. This
control strategy is based on the growth and decay of charge in the RC circuit and the
harmonic elimination by detecting the Fourier expansion series of the AEPSS three-phase
output voltage level. The proposed control strategy quickly adjusts the duty cycle of each
control pulse to reach the best value, which is used to drive the six IGBTs used in the
designing of the ITPL. The ITPI produces the output v,, v, and v, whose standard range is
380 Vac % 10%. Figure 8 demonstrates the AEPSS architecture diagram using the proposed
ECB control strategy. Since v, vp, and v, are the important parameters to determine the
AEPSS output voltage level and the number of voltage harmonics. The proposed control
strategy detects these voltages and checks whether the output AC voltage from ITPI is
with some abnormality (such as unbalanced three-phase voltage). In the case of some
abnormality in any phase, the proposed control strategy does not work. The ITPI generates
a three-phase AC power which is isolated and filtered by the transformer and output filter
(Lo and C,). Three-phase 380 Vac /60 Hz from the AEPSS output is then used to provide
power for the rail vehicle electrical equipment.

Moreover, the proposed ECB control strategy detects and measures v, Uy, and vg,. If
the AEPSS outputs v, 74y, and v, are unbalanced, the proposed control strategy does not
work. The proposed control strategy is based on the following three principles:

1.  Growth of charge in the series RC circuit;

A series RC circuit is depicted in Figure 9. When the key is at position-1, i.e., the switch
is closed, the capacitor starts charging up, and the charging current is maximum due to the
entire voltage drop across the resistance R.
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Figure 8. The AEPSS architecture diagram using the proposed exponential curve-based control strategy.

Figure 9. RC Series circuit.
Therefore, the initial charging current,

Io=E/R

At any instant, let the charging current be I = dQ/dt
The potential difference across the resistor, Vg = I-R
The potential difference across the capacitor, Ve = Q/C

According to Kirchhoff’s voltage law, we have

E=Q/C+IR

On simplifying and re-arranging, the above equation can be modified as

t
—log,(EC-Q) = - +K

RC

where K is the constant of integration,
Att=0,thenQ =0
K = —log,(EC)

)

2

®)
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Therefore, Equation (3) becomes

t

On solving this, we obtain
Q= Qo[1—e ] @
The quantity T = RC is the time constant of the RC circuit. Whent = 7 = RC in

Equation (4), Q = 0.632, Qo = 63.2% of the max. charge. Figure 10 shows the exponential
growth of charge in an RC circuit.

Qo
1
0.632
o~
J
S
[aF)
bo _
= 0.4
(&
0.2
E.ST
0 t
0.25T T 2T 3T 4T 5T -

Time (sec)
Figure 10. Exponential growth of charge in RC circuit.

2. Decay of charge in the series RC circuit;

Switch position 1 is used to charge the capacitor. After the capacitor is fully charged,
the switch is thrown to position-2 to discharge the capacitor through the resistor R. There-
fore, initially Q = Qo (maximum).

After time ‘t’, the charges on the capacitor be Q. According to the KVL, we have

Q/C+IR=0 (5)
On simplifying and re-arranging, the above equation can be modified as

t
where K is the constant of integration
Att=0,Q = 0and thus, K = —log,(Qo).
Therefore, Equation (6) becomes

t

1ogeQ = " RC

+log,(Qo)

On solving this, we obtain

Q= Qo-e"7c @)
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When t = 7 = RC in Equation (7), Q = Qo-e~! = 0.368 Qo = 36.8% of the max.
charge. Figure 11 shows the decaying of charge in the RC circuit.

Qo

Charge (C)

0.368

0 T 2T 3T 4T ST
Time (sec)

Figure 11. Decaying of charge in a series RC circuit.

3. Harmonic elimination technique;

To reduce the number of harmonics in the exponential output voltage waveform
generated by ITPI, the modulation index (MI) is presented in the Fourier expansion series
as below. The relationship between the exponential curve voltage waveform and the angle
is shown in Figure 12.

m= %[Sin(?o — sinfy +sinfy — - - - + (—1)"sing,] ®)
WV
A
[ O Os Bs M t
0 BU el 63 65 B 7 1T.|'"2 L

Figure 12. The switching angles for the exponential curve voltage waveform.

Equations (9)—(11) present the equations for eliminating the 3rd, 5th, and nth harmonics
from the output voltage. The relationship between Equations (8)—(11) and Figure 12 helps
in the adjustment of each duty cycle. Thus, the angle 6 between them is used to reduce the
harmonic amount.

4
m= E[sinSGO — sin301 + sin30y — - - - + (—1)"sin36,] )

4
m= S—H[sinSGO — sin501 + sin50 — - - - + (—1)"sin56,,] (10)
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m= %[sinnf)o — sinnfy + sinnb — - - - + (—1)"sinnb,) (11)

This ECB control strategy is based on the growth and decay of charge in the series
RC circuit and the harmonic elimination by detecting the Fourier expansion series of the
AEPSS three-phase output voltage level. When the switch is at position 1, the capacitor
starts charging due to the growth of charges in it. As soon the switch is thrown to position-
2, the capacitor begins to discharge due to the decay of charge in the capacitors. The
proposed control strategy is based on this principle which is demonstrated in Figures 9-12.
The exponential voltage waveform generation using the proposed control strategy can be
categorized into several operating modes and can be described as follows:

Mode-1: The voltage waveform across the capacitor during the charging condition is
shown in Figure 10. The voltage waveform is similar to a quarter sine wave from 0 to 7t/2.
The waveform can be represented by the exponential curve equation. This curve is further
divided into five points that help in determining the duty cycle. The curve is parted at 0.25,
0.5, 1,2, and 4, as shown in Figure 13. The duty cycle D can be determined as;

D=1—¢" (12)

Here, p represents the point of each section of the curve, which are 0.25, 0.5, 1, 2, and 4.
Putting the value of p into Equation (12), the duty cycle can be obtained as 0.22, 0.39, 0.632,
0.865, and 0.981. Therefore, the IGBT of ITPI can be operated with the switching pulse of
these duty cycles to generate an exponential output waveform from 0 to 7t/2.

A

022 039 0.632 0.865 0981 0981 0865 0.632 039 0.

-#%Lih##i
/:
N

.‘— (3]
J [R%]

N

——=
0 Mode-1 /2 Mode-2 n

Figure 13. The output duty cycle and corresponding voltage waveform from 0 to 7t using the proposed
exponential curve-based control strategy.

Mode-2: The second quarter of the output waveform is from 7/2 to 7. Since the
second quarter of the output waveform should be symmetrical to the first quarter, it is
necessary to change the parameter p and put its value into Equation (12) to evaluate the
duty cycle. During this period, the parameters p are 4, 2, 1, 0.5, and 0.25, respectively.
Thus, the corresponding duty cycles are 0.981, 0.865, 0.632, 0.39, and 0.22. Therefore, the
IGBT of ITPI can be operated with the switching pulse of these duty cycles to generate an
exponential output waveform from 7t/2 to 7 (as shown in Figure 13).

Mode-3: The voltage waveform across the capacitor during the discharging condition
is shown in Figure 11. The voltage waveform is similar to a quarter sine wave from 7 to
3mt/2. The waveform can be represented by the exponential curve equation. This curve is
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further divided into five points that help in determining the duty cycle. The curve is parted
at 0.25,0.5, 1, 2, and 4, as shown in Figure 14. The duty cycle D can be determined as:

D=e¢" (13)

Here, p represents the point of each section of the curve, which are 0.25, 0.5, 1, 2, and 4.
Putting the value of p into Equation (13), the duty cycle can be obtained as 0.77, 0.6, 0.367,
0.135, and 0.018. Therefore, the IGBT of ITPI can be operated with the switching pulse of
these duty cycles to generate an exponential output waveform from 7 to 37t/2.

077 06 0367 0135 0018 0.018 0133 0.367 0.6 0.77

rii
|
|
|
|
|
|
|

//

™
1

N e
] >t
Tf Mode-3 3m/2 Mode-4 21 '

Figure 14. The output duty cycle and corresponding voltage waveform from 7 to 27 using the
proposed exponential curve-based control strategy.

Mode-4: The fourth quarter of the output waveform is from 37/2 to 27. Since the
fourth quarter of the output waveform should be symmetrical to the third quarter, it is
necessary to change the parameter p and put its value into Equation (13) to evaluate the duty
cycle. During this period, the parameters p is 4, 2, 1, 0.5, and 0.25, respectively. Thus, the
corresponding duty cycles are 0.018, 0.135, 0.367, 0.6, and 0.77. Therefore, the IGBT of ITPI
can be operated with the switching pulse of these duty cycles to generate an exponential
output waveform from 37/2 to 27t (as shown in Figure 14). Overall, Equations (12) and (13)
are used to control the switching of the IGBTs in the ITPI and thus generating an exponential
output voltage waveform.

Later, Equations (12) and (13) are added to the parameter 4, and the angle between
each duty cycle is adjusted through this parameter a, and Equations (14) and (15) are then
used to reduce the harmonic amount. In this study, the parameter a range of 0.1 to 2.

D=1—¢ Pt (14)

D=e¢P* (15)
In this study, the equation for the resonant frequency f, can be presented in terms of

filter capacitor C, and filter inductor L, which is expressed as follows.

1

= 2nyLoCy 16)

fo

4.3. Flowchart

A flowchart is a pictorial representation of the various steps involved in a process. The
working of the proposed ECB control strategy can simply be elaborated with a flowchart.
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Figure 15 depicts the flow chart of the proposed ECB control strategy for the AEPSS. Initially,
the v,, vy, V¢, Vgo, Vpo, and v, are detected and measured. The proposed ECB control strategy
produces pulses to drive the IGBTs T to T of the ITPL. The three-phase output from the ITPI
is isolated through a transformer and filtered using an output filter. Then, the AEPSS detects
Ua, Up, Ve, Ugp, Ve, and 0¢,, ensuring that the ITPI output is a three-phase 380 V¢ /60 Hz.
If the output voltage is greater than or smaller than 380 V, MCU manipulates the duty
cycle for each switch according to the proposed control strategy. This signal thus helps
in controlling the output voltage closer to the desired voltage. This way, the proposed
controlling strategy helps in producing a stable and high-quality output voltage.

Start

Measure v, Vi, Ve Vags Vig. alld Vi,

i Yes

Duty cycle computation for MCU No
using exponential curve-based control (4—

strategy

v

MCU generate PWM control signal for
T, to T of the three phase inverter

Stabilised the AEPSS output
three phase 380V 5

End

Figure 15. Flowchart of the proposed ECB control strategy in an AEPSS.

5. Experimental Validation

Hardware implementation of the prototype of AEPSS has been performed in the
laboratory to validate the proposed exponential curve-based (ECB) control strategy. The The
laboratory hardware prototype of AEPSS used in this study is displayed in Figure 16. The
hardware setup consists of an ITPI designed by employing six IGBT (RGC80TSX8RGC11)
with the specification of 1800 V and 80 A. Microcontroller unit dsPIC33F]64GS606 generates
the controlling pulses for the gate of IGBTs. These pulses control the switching time of the
IGBT by regulating the pulse width of the signal. These controlling pulses can be generated
using different strategies. The traditional VCM and proposed ECB control technique has
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been used for this purpose. Afterward, this controlling pulse is transferred to the gate
terminal of IGBT through the gate driver circuit employing the TLP250H optocoupler.
A 15 V DC supply is required to power the driver circuit, which is provided by a DC
power supply.

gital Storage Power and | DC Power
Oscllloscope Harmonlc Analyzer ‘ S“PPly -

Boo Three Phase
Inverter Prototype

Load

%‘hreefPhase A i e aaia
ransformer = isti
Capacitor Resitive
P

Figure 16. Laboratory hardware prototype of AEPSS in rail vehicles.

Since a single DC power supply can be used for a voltage up to 600 V only. However,
800 V has been required to perform this experiment. Therefore, two DC supply has been
cascaded to increase the voltage specification of the DC supply. After cascading these
two dc power supplies, this overall system can provide the DC supply up to 800 V. The
three-phase output from the ITPI is then isolated using the transformer (1:1, A — Y), and
filtered the output voltage by employing a capacitor in each phase to obtain a three-phase
380 Vac/60 Hz output. A load is connected at the output terminal to perform the testing
and to evaluate the effectiveness of the traditional VCM and the proposed ECB control
strategy. A digital storage oscilloscope has been employed for measuring the output voltage
waveform using both the traditional techniques as well as a proposed control technique. A
power and harmonic analyzer was used to measure and record the harmonic profile of the
output voltage waveform. The specification of the experimental setup is shown in Table 4.

5.1. Hardware Result Using Traditional VCM

Traditional VCM has been implemented on an AEPSS prototype for rail vehicles at
different voltage values. Several conditions are considered here in which voltage ranges
from 550 Vpc to 800 Vpc. The performance of the ITPI was observed with three different
voltage conditions, which are 550 Vpc, 750 Vpc, and 800 Vpc, and has been shown in
Figures 17-19.
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Table 4. Specifications of the laboratory hardware setup.

Equipment/Components Quantity Specification
Microcontroller unit 1 Microchip, dsPIC33F]64GS606
Three-phase transformer 1 1:1(A —Y),3kVA
Three-phase inverter 1 V; =550 Vpc ~ 800 Vpc, Vo =380 Vac, 3 kVA
Resistive load 3 500 + 100 + 50 O3, 3 kVA
Capacitor 3 200 uF 500 uF, 450 Vac
IGBT 6 ROHM, RGC80TSX8RGC11
Gate Driver Circuits 6 TOSHIBA, TLP 250H
Power and harmonic analyzer 1 PROVA, 6830A
Digital storage oscilloscope 1 KEYSIGHT, DSOX1204A
Laptop 1 Acer, Predator Helios 300
DC power supply 2 CHROMA, 62012P
DC power supply 1 GWINSTEK, GPS-4303
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Figure 17. Experimental result of the traditional VCM for the AEPSS with V; = 550 Vpc (a) Vo
waveform (b) Harmonic profile of V.
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Figure 18. Experimental result of the traditional VCM for the AEPSS with V; = 750 Vpc (a) Vo
waveform (b) Harmonic profile of V.
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Figure 19. Experimental result of the traditional VCM for the AEPSS with V; = 800 Vpc (a) Vo
waveform (b) Harmonic profile of V.

Figure 17 shows the experimental result of the traditional VCM for the AEPSS, with
an input voltage of 550 Vpc. The output is supplied to a three-phase resistive load with
R =650 Q) in each phase. The output voltage V, and harmonic profile of output voltage are
demonstrated in Figure 17. The three-phase output of the ITPI is shown in Figure 17a. The
orange waveform depicts the output voltage in phase I whose RMS value is 381.2 Vac. The
green waveform shows the output voltage in phase I, whose RMS value is 386.9 V¢ and
the blue waveform shows the output voltage in phase III whose RMS value is 380.7 Voc.
The frequency of the output voltage is 60 Hz. The harmonic profile of output voltage V, is
illustrated in Figure 17b. It shows that the RMS value of voltage in phase 1 is 372.3 Vac,
the positive peak voltage is 468.0 V, the negative peak voltage is —465.2 V, and the THD of
output voltage in phase I is 13.7%. The fundamental frequency of output voltage is 60 Hz.

The output voltage V, and harmonic profile of output voltage by the implementation
of the traditional VCM with the input voltage V; = 750 Vpc are shown in Figure 18. The
three-phase output of the ITPI is shown in Figure 18a. The orange waveform shows the
output voltage in phase I whose RMS value is 383.5 Vsc. The green waveform depicts the
output voltage in phase II, whose RMS value is 385.5 V zc and the blue waveform shows
the output voltage in phase IIl whose RMS value is 379.7 V 5c. The frequency of the output
voltage is 60 Hz. The harmonic profile of output voltage V, is illustrated in Figure 18b. It
shows that the RMS value of voltage in phase I is 377.8 Voc, the positive peak voltage is
478.0 V, the negative peak voltage is —475.2 V, and the THD of output voltage in phase I is
14.5%. The fundamental frequency of output voltage is 60 Hz.

The output voltage V, and harmonic profile of output voltage by the implementation
of the traditional VCM with the input voltage V; = 800 Vpc are shown in Figure 19. The
three-phase output of the ITPI is shown in Figure 19a. The orange waveform shows the
output voltage in phase I whose RMS value is 381.9 Voc. The green waveform depicts the
output voltage in phase II, whose RMS value is 380.6 Voc and the blue waveform shows
the output voltage in phase III whose RMS value is 376.0 V zc. The frequency of the output
voltage is 60 Hz. The harmonic profile of output voltage V, is illustrated in Figure 19b. It
shows that the RMS value of voltage in phase I is 385.3 Voc, the positive peak voltage is
488.0 V, the negative peak voltage is —492.2 V, and the THD of output voltage in phase I is
14.9%. The fundamental frequency of output voltage is 60 Hz.

5.2. Hardware Result Using Proposed Control Strategy

From the previous section, it is obvious that the THD of the output voltage is high
using the traditional VCM on the AEPSS prototype for rail vehicles at different voltage
values. This can be seen in Figures 17-19. This high value of THD may cause several issues
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in the AEPSS of the rail vehicle. Therefore, the proposed exponential curve-based (ECB)
control strategy has been implemented on an AEPSS prototype at different voltage values.
The performance of the ITPI was observed with three different voltage conditions, 550 Vpc,
750 Vpc, and 800 Vpc, as shown in Figures 20-22.
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Figure 20. Experimental result of the proposed ECB control strategy for the AEPSS with V; = 550 Vpc
(a) Vo, waveform (b) Harmonic profile of V.
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Figure 21. Experimental result of the proposed ECB control strategy for the AEPSS with V; = 750 Vpc
(a) Vo waveform (b) Harmonic profile of V.

The result obtained by the implementation of the proposed ECB control strategy with
the input voltage V; = 550 Vpc has been demonstrated in Figure 20. The output is supplied
to a three-phase resistive load with R = 650 () in each phase. The output voltage V, and
harmonic profile of output voltage have been shown in Figure 20. The three-phase output
of the ITPI is illustrated in Figure 20a. The orange waveform shows the output voltage in
phase I whose RMS value is 380.3 Vac. The green waveform depicts the output voltage in
phase II, whose RMS value is 383.9 Voc and the blue waveform shows the output voltage
in phase III whose RMS value is 378.7 Voc. The frequency of the output voltage is 60 Hz.
The harmonic profile of output voltage V, is depicted in Figure 20b. It shows that the
RMS value of voltage in phase I is 382.2 Vzc, the positive peak voltage is 484.8 V, the
negative peak voltage is —485.5 V, and the THD of output voltage in phase I is 7.2%. The
fundamental frequency of output voltage is 60 Hz.
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Figure 22. Experimental result of the proposed ECB control strategy for the AEPSS with V; = 800 Vpc
(a) Vo, waveform (b) Harmonic profile of V.

The output voltage V,, and harmonic profile of output voltage by the implementation
of the proposed ECB control strategy with the input voltage V; = 750 Vpc are shown in
Figure 21. The three-phase output of the ITPI is illustrated in Figure 21a. The orange
waveform shows the output voltage in phase I whose RMS value is 382.3 Vac. The green
waveform depicts the output voltage in phase II, whose RMS value is 383.8 Voc., and the
blue waveform shows the output voltage in phase IIl whose RMS value is 379.9 Vsc. The
frequency of the output voltage is 60 Hz. The harmonic profile of output voltage V, is
depicted in Figure 21b. It shows that the RMS value of voltage in phase I is 381.2 Vac, the
positive peak voltage is 482.4 V, the negative peak voltage is 482.6 V, and the THD of output
voltage in phase I is 7.8%. The fundamental frequency of output voltage is 60 Hz.

The output voltage V, and harmonic profile of output voltage by the implementation
of the proposed ECB control strategy with the input voltage V; = 800 Vpc are shown in
Figure 22. The three-phase output of the ITPI is illustrated in Figure 22a. The orange
waveform shows the output voltage in phase I whose RMS value is 380.8 Vac. The green
waveform depicts the output voltage in phase II, whose RMS value is 382.0 V¢, and
the blue waveform shows the output voltage in phase III whose RMS value is 380.7 Voc.
The frequency of the output voltage is 60 Hz. The harmonic profile of output voltage V,
isdepicted in Figure 22b. It shows that the RMS value of voltage in phase I is 381.9 Vc,
the positive peak voltage is 488.6 V, the negative peak voltage is —489.4 V, and the THD of
output voltage in phase I is 8.0%. The fundamental frequency of output voltage is 60 Hz.

5.3. Comparison of AEPSS Performance Using Both Control Strategies

The performance of the rail vehicle AEPSS can be altered in different ways. Hardware
modification in the system can improve the system’s performance. However, system
modification will be time consuming. It will also add to the weight and cost of the system.
Using different control strategies is another way to bolster the system’s effectiveness.
Therefore, the ECB control strategy has been proposed in this work. A comparison of
the experimental results of the proposed ECB control strategy and traditional VCM is
depicted in Figure 23. These control techniques are tested under three different conditions.
A comparison of the AEPSS output voltage harmonics using the traditional VCM and the
proposed ECB control strategy is shown in Figure 23a. (i) When input voltage V; = 550 Vpc,
the THD is 13.7% and 7.2% for the traditional VCM and proposed ECB control strategy;,
respectively. (ii) When input voltage V; = 750 Vpc, the THD is 14.5% and 7.8% for the
traditional VCM and proposed ECB control strategy, respectively. (iii) When input voltage
V; =800 Vpc, the THD is 14.9% and 8.0% for the traditional VCM and proposed ECB control
strategy, respectively. Additionally, the THD of the AEPSS increases with an increase in the
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Figure 23. Comparison of the experimental result of the proposed ECB control strategy and traditional
VCM: (a) voltage THD and (b) output voltage level.

Figure 23b demonstrates the comparison of the AEPSS output voltage V,, using the two
control strategies. (i) When input voltage V; = 550 Vpc, the output voltage V, is 372.3 Vac
and 382.2 V5c, respectively, for the traditional and proposed control strategy. (ii) When
input voltage V; = 750 Vpc, the output voltage V,, is 377.3 Vac and 381.2 V 5, respectively,
for the traditional and proposed control strategy. (iii) When input voltage V; = 800 Vpc,
the output voltage V, is 385.3 Vac and 381.9 V¢, respectively, for the traditional and
proposed control strategies. It is evident from the table that the output voltage V,, is more
stable and closer to the required output voltage, even with the change in the input voltage
using the proposed control strategy. However, the variation in the output voltage V, is
more on using the traditional control strategy.

During the implementation of the proposed ECB control strategy and the traditional
control strategy in the laboratory on the hardware prototype, the output filter volume of the
AEPSS is different, which is obvious from Table 5. In the proposed ECB control strategy, the
filter has capacitor C, = 200 puF while the filter has capacitor C, = 500 puF in the traditional
control strategy. Hence, the size of the AEPSS output filter using the proposed ECB control
strategy is smaller than the traditional control strategy. This will not only reduce the system
volume but also reduce the system cost.

Table 5. Comparison of the AEPSS filter size using the two control strategies.

Control Strategy Capacitor Value (uF)
Traditional VCM 500
Proposed ECB control strategy 200

From the result, it is obvious that the output voltage harmonics and output voltage
level for the proposed ECB control strategy are superior to the traditional control strategy.
In addition, the filter size is also reduced.

6. Conclusions

A comparison of the AEPSS output performance using the traditional VCM and
the proposed ECB control strategy was performed. These control strategies are tested
under three different conditions, i.e., V; = 550 Vp¢, 750 Vpc, and 800 Vpc. The THD is
13.7%, 14.5%, and 14.9% using the traditional control strategy and 7.2%, 7.8%, and 8.0%
using the proposed ECB control strategy, respectively, with input voltage 550 Vpc, 750
Vpc, and 800 Vpc during hardware implementation. This result shows that the THD is
enormously reduced using the proposed ECB control strategy. The output voltage V, is
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372.3 Vac, 377.3 Vac, and 385.3 V5c by implementing the traditional control strategy and
382.2 Vg, 381.2 Vac, and 381.9 Vs using the proposed ECB control strategy, respectively,
for 550 Vpc, 750 Vpc, and 800 Vpc input voltage during the hardware implementation.
This shows that the output voltage V,, is more stable and closer to the required output using
the proposed ECB control strategy even though the input voltage is changed. During the
hardware implementation, the capacitor was deployed as the output filter with C, = 500 puF
for the traditional control strategy and C, = 200 uF using the proposed ECB control strategy.
The size of the AEPSS output filter using the proposed ECB control strategy is smaller
than the traditional control strategy. This will not only reduce the system volume but also
reduce the system cost.
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