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Abstract—State of the art single-phase AC traction systems
are based on a split-phase 2x25kV supply network with multiple
regularly spaced auto-transformers. The main drawbacks of this
arrangement are the unbalanced currents in the three-phase
grid and reactive power flow due to transformers and auto-
transformers. This paper proposes to solve these issues with
a completely new 3x25 kV railway power supply supported
by a power electronic autotransformer (PEAT). The PEAT
circuit comprises of single-phase back-to-back voltage source
converters, connected across different phase pairs of the three-
phase network. These voltage-source converters balance the
three-phase grid current for all traction load conditions, ensuring
grid compliant power quality performance. Over and above that,
the PEAT system enables reactive power control and ensure
unity power factor at the point of connection. Besides detailing
the control algorithm for the PEAT system, this paper also
discusses various design aspects and optimal positioning of the
PEAT unit along the railway line. The efficacy of the PEAT
topology is illustrated through extensive simulations carried out
in Matlab/Simulink environment. These are further validated via
real time hardware-in-the-loop (HIL) results obtained from a
Typhoon HIL 404 device together with a C2000 microcontroller
based interface card.

Index Terms—AC railway systems, power quality, power
electronic autotransformer, railway electrification, grid current
balancing, hardware-in-the-loop (HIL) systems

I. INTRODUCTION

S THE world battles climate change, concerted efforts
A are being made towards sustainability through transport
decarbonisation. This has led to landmark improvements in
technology areas such as more-electric aircraft, electric rail-
ways and electric vehicles. Electric railways have particularly
emerged as the most promising means of sustainable transport
due to their bulk transit capability and relatively matured tech-
nology status. However, railway electrification is recognized
to pose significant power quality challenges to the three-phase
(3-¢) AC grid, with current imbalance being the paramount
cause of concern in all AC rail networks [1]. Railway power
networks and utilities often enforce specific requirements on
parameters such as power quality, percentage unbalance, and
voltage regulation. Typically, high speed AC rails span power
levels of 2-5 MW per train. Connection to the high voltage
grid at such power levels requires stringent power quality
criteria to be met, which are often dictated by the transmission
code (or the grid code). Moreover, railway networks are also
expected to meet voltage regulation criteria, with a permissible

voltage range of 19 kV to 27.5 kV [2]. Maintaining this voltage
profile at given power levels, often restricts the length of each
feeder to about 40-60 km, demanding separate feeding stations
and hence neutral sections (or circuit breaking arrangements)
at regular intervals. Commonly, railway sub-station power
supplies are tapped from phase pairs of the 3-¢ 132 kV grid,
and stepped down to & 25 kV supply through split-phase step
down transformers [2]. In such systems, trains are connected
between the overhead line at +25 kV and running rails at 0 V,
while a negative feeder at -25 kV runs parallel to the rail line.
This split-phase arrangement reduces power losses through
autotransformers (ATs) that are placed at regular intervals
(every 5-8 km) along the line to divert returning currents to the
-25 kV negative feeder [3]. Although the 2x25 kV AT based
railway power networks are popular worldwide, they cause 3-¢
grid current imbalance, thereby resulting in voltage imbalance
at the point of common coupling (PCC). In order to maintain
uniform loading, multiple substations tap different phase pairs
of the 3-¢ grid with electrically isolated neutral sections
between substations. These neutral sections are additional to
the ones necessitated between feeding sections. Such a design
negatively affects the speed of trains in European systems,
as trains are not supplied while crossing the neutral sections,
and add complexity to Asian systems as additional heavy-duty
circuit breakers are needed to switch the train’s power supply
from one section to the next. Furthermore, regularly spaced
ATs in the network contribute towards unwanted reactive
power flow.

Several solutions have been documented to mitigate the
power quality issues posed by AT based 2x25 kV railway
supply systems [4-8]. In [4], the authors propose the com-
pensation of grid current unbalance through unconventional
transformer connections, albeit this is not effective in all load
conditions. Some literature also documents the use of static
VAR compensators with energy storage elements to compen-
sate for the negative sequence component of grid currents
[5]. However, they are prone to resonance problems besides
contributing to increased system footprint. More recent and
promising advances in railway electrification propose the use
of static synchronous compensators (STATCOMs) or co-phase
rail power flow controllers (RPFCs) for mitigating power
quality problems in traction power supplies [9-13]. Although
co-phase RPFC systems offer a fair degree of imbalance
compensation and reactive power control, they are known to



employ special transformer arrangements with Scott-T or V-
V connections where the two phase outputs are 90° apart as
opposed to classical AT based systems where the phases are
split 180 apart [14]. It is well established that Scott-T/V-V or
center-tapped 1-¢ transformers offer smaller efficiency with a
larger size when compared to 3-¢ transformers. Due to higher
conductor efficiency and reduced size, 3-¢ transformers are
preferred unanimously in all high power applications where
uniform loading is expected for all three phases.

This paper proposes new approach based on a 3x25 kV
railway supply system with a power electronic autotransformer
(PEAT) for the mitigation of grid current unbalance in railway
power supplies. The proposed system uses standard three-
phase transformers in railway substations instead of Scott or
centre-tapped 1-¢ transformers. Utilizing the same three-wire
system used by traditional 2x25 kV, the PEAT circuit enables
the existing network to operate as a balanced three-phase
system even with a 1-¢ train load. As shown in Fig.1, the
PEAT topology comprises of back to back 1-¢ voltage source
converters (VSCs), connected across different phase pairs of
the three-phase railway power supply. While maintaining a
constant DC link voltage, the VSCs are controlled to draw
balanced 3-¢ grid currents with simultaneous reactive power
compensation. The main innovative contributions of the pro-
posed PEAT system are enlisted as,

o The proposed system creates a balanced 3 x25 kV railway
supply system with 1-¢ train loads while using existing
2x25 kV railway electrification conductor infrastructure.
Previously documented literature on railway compen-
sators are mostly based on co-phase systems [9] where
the existing negative feeder is unutilized.

« Besides compensation of grid current unbalance, the
PEAT system offers reactive power and harmonic com-
pensation through appropriate control of back to back
VSC units. Although these objective are also achieved in
[15], it is at the cost of additional passive requirements
and co-phase supply with unused negative feeder.

« Unlike previously reported power converter based com-
pensation solutions that require special Scott/V-V trans-
former designs [7, 14], the PEAT system can operate with
a 3-¢ substation transformer that offers benefits of cost,
efficiency and easier multiplicity.

« By replacing the split-phase 2x25 kV railway supply
by a 3-¢ supply, the PEAT system eliminates swapping
of supply phase-pairs and intermittently placed passive
auto-transformers. As a result, the proposed system sig-
nificantly reduces neutral section requirements, thereby,
improving the speed profile and lowering circuit breaking
requirements in comparison to classical railway supply
systems described in [2].

o Finally, the paper details various design and control
aspects of the PEAT system. Through performance as-
sessment of unbalance compensation, it further arrives
at the optimal location of the PEAT unit, ensuring best
performance as the trains travel on the line, which has not
been reported for compensators proposed so far [5-12].
The analysis is well supported through simulation results

and evidenced through real time hardware-in-the-loop
(HIL) results obtained using Typhoon HIL 404 device
with a C2000 micro-controller (F28379D) based interface
card.

z

g 132/25kV,
labe [/

abc

Fig. 1.
supply

Basic structure of the PEAT augmented 3x25 kV railway power

II. DESIGN AND POSITIONING OF POWER ELECTRONIC
AUTOTRANSFORMER

This section discusses various design features of the PEAT,
specifically component sizing, selection of voltage levels, filter
impedances and overall system parameters. Different compo-
nents of the existing rail network, PEAT system, its ratings
and specifications are tabulated in Table-I. The same data has
been used in simulation and HIL analysis outlined in the later
sections of the paper. The transformer and grid impedance data
are derived from [2, 16], conductor impedances are taken from
[17], and the design values of different PEAT components are
achieved from suitable calculations as discussed in Section
IT (A). Further ahead, this section outlines different possible
installation positions of the PEAT system, and the effect of
PEAT positioning on the compensation performance.

A. Design of PEAT system

It can be seen from Fig.1, that the PEAT unit connects to
the high voltage (3x25 kV) grid via interfacing transformers,
that step-down the 25 kV (L-L) grid voltage to 1800 V on
either side of the PEAT unit. The voltage level selection is
based on a compromise between corresponding power levels
and feasible converter ratings. For the filter parameters given
in Table-I, the converter side voltage (V1) and subsequently
the minimum DC link voltage (V) are calculated.

Even though the PEAT unit handles only a fraction of the
total power of the traction substation, calculations are made
for the worst case scenario assuming the PEAT unit operating
at its maximum capacity. The converter input current ¢; is also




TABLE I
DESIGN SPECIFICATIONS OF 325 KV RAILWAY POWER SUPPLY

3x25 kV Railway Network
3-¢ railway transformer N = 132 kV/25 kV, 18 MW
Grid impedance (Rs, Ls) 1Q,32 mH
Power rating of each train unit 5 MW
Impedance of overhead line (Z;) 0.037 /km, 0.43 mH/km
Impedance of running rails (Z, )  0.023 Q/km, 0.22 mH/km
Impedance of negative feeder (Z0) 0.054Q/km, 0.63 mH/km
Length of the train line 60 km
Power Electronic Autotransformer (PEAT)
1-¢ interfacing transformers (N:1) 25000/1800 V

Filter inductance (L) 0.35 mH
Nominal DC link voltage 3000 V
Power rating 5 MW

DC link capacitor (Cqc) 8000u F

VSC switching frequency (fsw) 5 kHz

Simulation Specifications
Controller & System Implementation Matlab/Simulink

Sample time 5 us

HIL Specifications
System Implementation Typhoon HIL
Sample time (Typhoon HIL) 5 us
Controller Implementation C2000 F28379D
Sample time (Controller) 50 ps

assumed to be at the same phase as voltage, v;. Therefore from
(1), the per unit converter input voltage, V" is given as,

VEY = 1/0 — (1£0)(50.17) = 1.014352(0 — 9.65)°  (2)

C

The choice of filter inductor is a trade-off between the quality
of converter (and hence grid) currents, and the minimum DC
link voltage (V). For a modulation index of 0.9, the minimum
Ve is given as,

V2 |Va|
Vdc > 0.9
To ensure grid-compliant current waveforms, the filter inductor
has been chosen at 0.17 p.u and the DC link is maintained at
3000 V. Sizing of the DC link capacitor [18] is achieved on
the basis of constraints on DC link voltage ripple and the
regulation response time,

= Vg > 2868.87 V 3)

T x AP
Cic > 55—~ 4
9= Wae X AV, @
Here, the response time of DC voltage regulation loop (T) is
chosen to be 5 switching cycles, the maximum variation in
power (A P) is chosen at SMW, and a 5% allowable variation
in DC link voltage is assumed.

0.001 x 5 x 10°

Coe 2 5o

2 x 3000 x 150

A DC link capacitor of 8000 pF has been chosen in this work.
With the increasing commercial availability of high power
IGBT Modules, solid state device requirements of power
converters designed at traction power levels as in a PEAT
system, can now be met by a range of IGBTs from dif-
ferent manufacturers. These include press pack IGBT mod-

= Cg. > 5555.55uF  (5)

ules from Infineon (P3000ZL45X168, 4500 V, 3000 A) and
ABB Stakpak IGBT Modules (SSNA 3000K452300, 4500V,
3000A). However, to lower device ratings or to further increase
power levels, interleaved and cascade connections of PEAT
converters may also be considered. Since this paper focuses
on proof of concept, associated design of passive components,
and optimal positioning of PEAT system, back to back 2-level
VSIs are considered for the sake of simplicity.

B. Positioning of PEAT system

Compensation performance offered by the PEAT unit de-
pends on the position of its installation, and varies with the
movement of trains along the feeding section. Typically, only
one PEAT unit is required per feeding section. Fig.1 shows the
PEAT system connected to the 3x25 kV network next to the
traction transformer. However, other installation points are also
feasible. For the analysis, three positions of the PEAT unit are
considered, i.e PEAT at the start, centre and end of the line.
Each PEAT position is studied for compensation performance
when the train is at the start and when it is at the end of the
feeding section. The resulting six case scenarios are illustrated
in Fig.2. Intuitively, the closer the PEAT is installed to the 1¢
train, better is the compensation performance, indicating that
a centrally placed PEAT is optimal, as this leads to the lower
average distance from the trains. While considering PEAT
positioning, it is also important noting that this paper proposes
the use of existing conductor infrastructure for establishing
a three-phase railway power supply. Therefore, the positive
conductor, running rails, and the negative conductor translate
to phases a,b, and c, respectively, in the proposed 3x25 kV
network. The impedance data per kilometre (km), Z}, Z?
and Z_, of these conductors [3, 17] are given in Table-I, and
positioning analysis is done assuming a total feeding section
length of 60 km. Since the three conductor impedances are
not identical, they also contribute towards system unbalance
particularly for long railway lines, thereby making the decision
of PEAT positioning, even more critical. Compensation perfor-
mance for different PEAT positions is analysed subsequently
through simulations in Section IV(A).

III. CONTROL OF POWER ELECTRONIC
AUTOTRANSFORMER

As already mentioned, the PEAT system comprises of two
1¢ VSC units, each of which is controlled independently,
such that the PEAT system and the trains, together act as a
balanced 3¢ load on the proposed 3x25 kV railway network.
One of the voltage source converters, VSC; connected across
the same phases as the trains, i.e.‘a ’and ‘b °, is designated
to regulate the DC link voltage. On the other hand, VSC,
is controlled to draw current of appropriate magnitude from
phase ‘c ’in phase with the corresponding voltage. In this
way, power distribution is achieved between phases to obtain
desired balancing. The control of each converter is undertaken
in the synchronous reference frame (dg frame), which is made
possible by generating quadrature components of 1¢ signals
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Fig. 2. Positioning of the PEAT system; (a) Train at start of the line when PEAT is positioned at the start. (b) Train at end of the line when PEAT is positioned
at the start. (c) Train at the start when PEAT is positioned at the centre of the line. (d) Train at the end when PEAT is positioned at the centre of the line.
(e) Train at start of the line when PEAT is positioned at the end. (f) Train at end of the line when PEAT is positioned at the end.

wherever necessary [19, 20]. The control algorithm is detailed
in the following section.

A. Control of VSCyq

For the control of VSC;, dq reference current commands
are first generated, which are converted into a reference volt-
age command to implement pulse width modulation (PWM).
These dq current references are generated for DC link voltage
regulation and 3¢ reactive power minimization, respectively.
With reference to Fig.1, these are given as,
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Fig. 3. Controller implementation for; (a) VSCy (b) VSC2
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The transformer secondary voltage, Vi, is sensed and its
quadrature component is generated using a second order gen-
eralized integrator (SOGI) [19], which is then used to deduce
the phase angle, ;. Further, the converter input current,
i1, is measured and its dg components are determined for

0>
i2e~[SOGT -2p/dq




comparison with the reference currents generated in (6) to
yield the dq reference voltages after appropriate decoupling
compensation.

.1
Vig = ﬁ
. 1 . . : .

Vi, = 7 [O — (zlq —i1q) (k:gl + Zl> - wLled}

Finally, the 1¢ reference voltage for PWM implementation in
VSC; is given as,

ki
|:U1d — (7’>1kd — ild) (ksl + dl) + wLFilq:|
; @)

vy = vigsin(01) + vy cos(61) (8)

B. Control of VSCq

The principle of control for VSCs is to complement VSC;
in maintaining balanced 3¢ sinusoidal grid currents. This is
achieved by developing an appropriate grid current reference,
1> for the phase that is not connected to the train load.
Subsequently, a 1¢ reference voltage command for VSCs is
generated, and the converter is controlled to draw current ¢,
from the grid that follows the command current, ;.. This refer-
ence grid current, 7 for balanced 3¢ operation, is determined
from the instantaneous power drawn from the grid, and aligned
with phase voltage, v, for UPF operation.

- Vg-la + Vp-1p + Ve le Ve ©)
© 0.01s + 1 v2 + v 4 v2

Since phase ‘c *of the 3x25 kV network is not connected to
the grid, it is solely controlled by VSCsy. Therefore, 7 directly
translates to current reference, 5 for VSCa.

is = N X i} (10)

Again, using a SOGI implementation, the stationary com-
ponents and subsequently synchronous components of ¢35 are
determined using the phase angle, 6 obtained from voltage,
V5. The dq current commands are converted to voltage com-
mands as follows,

Vaq = ﬁ [Uzd — (i3q — 24) (kgd + §d> + wLFqu}
L1 L k5 .
Ugq = ch 0— (lzq —i2gq) (k’gq + ;) —wLFizqg

1L
Finally, the 1¢ reference voltage for PWM implementation
in VSCs is given as,

vy = v345in(02) + v, cos(0s) (12)

Therefore, each converter of the PEAT unit is controlled
individually, such that an overall balanced 3¢ system with
reactive power compensation is achieved. Block diagrammatic
representations of the controller implementations for VSC;
and VSC; are illustrated in Fig.3(a) and 3(b), respectively.

IV. RESULTS AND ANALYSIS

In order to validate the performance of the PEAT sys-
tem and the proposed 3x25 kV railway power network,
detailed simulation and real-time hardware-in-loop (HIL) re-
sults are presented. Computer simulations are carried out in
Matlab/Simulink environment, which are further corroborated
through HIL testing using Typhoon HIL 404 device.

A. Simulation Results

The effect of PEAT positioning on system balancing per-
formance for different case scenarios, is illustrated in Fig.4.
It represents the percentage unbalance (i.e ratio of negative
to positive sequence components) in 3¢ grid currents for
different PEAT installation points (start, centre and end) along
the feeding section, when the train is at the start of the line
(Fig.4(a)) and at the end of the line (Fig.4(b)). Fig.4(c) il-
lustrates the dynamic compensation performance of the PEAT
unit at different installation points, when a second train load is
introduced at the start of the line, with an existing train load at
the end of the line. The percentage unbalance of each case is
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Fig. 4. Percentage unbalance in 3¢ grid currents for different PEAT

installation points; (a) when train is at the start of the line. (b) when train is
at the end of the line. (c) when a second train is introduced at the start of the
line, with an existing train at the end of the line.
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Fig. 6. Compensation performance of the PEAT system (a) 3¢ grid currents
and their percentage unbalance with and without the PEAT in place (b) 3¢
grid voltage and their percentage unbalance with and without the PEAT in
place

demonstrated with respect to time. Data in Figs.4(a) & 4(b) is
captured as soon as the PEAT unit is made operational at t=0,
until steady state unbalance compensation is achieved. Fig.4(c)
is a time continuation of Fig.4(b), where initial compensation
steady state has been achieved for train at the end of the line
and another train is then introduced at the start of the line at
t=3 s. Each figure has a zoomed in version of the steady state
compensation performance to help identify the most optimum
location of the PEAT unit. Quite evidently, the most optimum
location for PEAT positioning is at the centre of the line,
irrespective of the position of the trains. Even instinctively,
a centrally placed PEAT is optimal, as this leads to the lowest
average distance of the PEAT unit from the trains in transit.

Figs. 5 and 6 show the simulation results for compensation
performance of the PEAT system, in terms of grid current and
voltage parameters. Fig.5 sequentially shows the compensating
converter currents (i1,42), the 3¢ grid currents (iq.) and the
percentage unbalance in 444, With the PEAT in place and also
when the PEAT system is disconnected at t= 3 seconds. Quite
evidently, as soon as PEAT is disconnected, the grid current
unbalance rises to 100% due to the 1-¢ train load, which is
otherwise fully compensated by the PEAT unit to appear as a
balanced 3-¢ load on the network.

In 1-¢ railway systems, grid current unbalance may also
reflect on the voltage profile of the grid, and may cause vio-
lation of the transmission grid code, especially when multiple
trains are plying on the route. By compensating for grid current
unbalance, the PEAT system also enhances the grid voltage
balancing performance. This is well illustrated in Fig.6, which
shows the 3¢ grid voltages and their percentage unbalance
with and without the PEAT in situ. It is seen that in the absence
of PEAT compensation, the grid voltage unbalance exceeds 1%
which violates the transmission grid code of most countries.
Since, the voltage unbalance is not as pronounced as current
unbalance, a vertically zoomed section of grid voltages is also
shown in Fig.6 to clearly show the balancing effect of PEAT.

Finally, to illustrate reactive power compensation offered by
the PEAT system, Fig.7 shows the individual phase voltage and
current profiles, and the reactive power flow for the 3¢, 132 kV
grid. As seen in Fig.7(a) each phase current is maintained in
phase with the corresponding voltage when the PEAT system
is in place. However, with the PEAT disconnected, the system
behaves like the traditional 2 x 25 kV suppy with single-
phasing effect on the 3¢, 132 kV grid. Not only does this cause
unbalance in grid currents, but the currents also deviate in
phase with respect to corresponding voltages. It is imperative
to note, that reactive power flow in an unbalanced system,
manifests as positive sequence (Q(1)) as well as negative
sequence components (Q(~)). From Fig.7(b), it can be seen
that the proposed PEAT compensated system has nearly zero
reactive power flow both in terms of Q(*) and Q(~). However,
with the PEAT disconnected, the system loses its reactive
power compensation capabilities. For the conventional un-
compensated system, substantial reactive power flow, Q(*) is
observed to be associated with reactive elements in the system,
such as reactance of the feeding sections and transformers.
Moreover, due to the single-phasing effect of conventional
systems on the 3¢ grid, negative sequence reactive power flow,
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Q') is also observed in the absence of PEAT.

Measurement

Typhoon HIL

HIL Launchpad 404 device

Interface

Fig. 8. Hardware-in-loop test bench with Typhoon HIL 404 device as real-
time simulator and FR28379D based controller

B. Hardware-In-Loop Testing

Hardware-in-loop (HIL) testing is conducted using Typhoon
HIL 404 device to experimentally verify the validity of
the controller. The 3x25 kV railway power supply and the
PEAT system is implemented in Typhoon HIL Control Centre,

whereas the control algorithm is developed using C2000
micro-controller (uC) from Texas Instruments. Each VSC is
operated through a dedicated pC' launchpad F28379D, that is
further integrated to the Typhoon HIL 404 device through the
Typhoon HIL TI microGrid launchpad interface. HIL results
are recorded on a Mixed Signal Oscilloscope (MSOX2024A
Keysight), and analysis is conducted in real-time using the
Typhoon platform. The implementation test bench is illustrated
in Fig.8.

HIL test results for steady state compensation performance
of the PEAT system are illustrated in Fig.9. The 3¢ grid
currents and the current unbalance, with and without the PEAT
system is shown in Fig.9(a). These are seen to corroborate
with the simulation results seen in Fig.5. Furthermore, the
effect of PEAT system in complying with the transmission
grid code, is illustrated through 3¢ grid voltages and voltage
unbalance, as shown in Fig.9(b). The figure also shows a
zoomed in version of grid voltages to clearly demonstrate
voltage unbalance upon disconnection of the PEAT system.
Again HIL validation (Fig.9(b)) is in close agreement with
simulation results shown in Fig.6.

In order to substantiate validation for the proposed system
and its control, a fair comparison of simulation and HIL per-
formance has been drawn on the basis of dynamic performance
and power quality, in Figs. 10 & 11 respectively. Simulation
and HIL test results for dynamic performance of the PEAT
system during a change of train load is shown in Fig.10.
Fig.10 (a) & (b) respectively show the simulation and HIL
based tracking performance of each VSC when a second train
is added on the line. As the train load is increased, VSCy
enables the regulation of the DC link voltage to commanded
value of 3 kV. At the same time, the reference current of

phase ‘c ’, ¢} also steps up to match the increased load



4 2690z 20008 Stop
I
i, (200 A/div {
abel AN AN AR A A
oo v
OO T
[U\J’U\/VVUVUV
[
iﬂ}.%fr (I7div) E
o abe I
- I
I
(a)
I
|
Zoom-In 4 20,008/ Stop
Fa—y AVGQCE1107-].§1{Z?121727[:1::7[77717777;77.. r

Ty

i
LA

8;’3

0

W

(0.02/div)

Fig. 9. HIL test results for steady state compensation performance of the
PEAT system (a) 3¢ grid currents and their percentage unbalance with and
without the PEAT in place (b) 3¢ grid voltages and their percentage unbalance
with and without the PEAT in place

demand, and VSCs ensures that phase current, ¢, follows the
change in command. The response time for DC link voltage
regulation is around 10 cycles in simulation and 15 cycles
in HIL. The relatively slower response time in Fig.10(b) is
attributed to the restriction in sampling rate of the control
algorithm as implemented in the C2000 micro-controller in-
terfaced with the HIL system. The grid side impact of the
PEAT system during load dynamic performance is depicted
as a comparison of simulation and HIL results in Figs.10(c)
& (d), respectively. These show the 3¢ grid currents and their
percentage unbalance during load dynamics as a second train
is introduced into the network. It can be noticed that the
new steady-state conditions are achieved after approximately
2-3 cycles in simulation and 4-5 cycles in HIL. For both
simulation and HIL results, steady state response is marginally
delayed due to the use of second order generalized integrator

(SOQGI) in the calculation of the quadrature component of the
current, which is inevitable in single-phase converters. It is
evident from Fig.10 that simulation and HIL results closely
corroborate except for mild inevitable deviations in response
time that are attributed to the relatively slower controller rate
in HIL test analysis.

Finally, a comparative analysis of simulation and HIL based
power quality performance for the proposed 3x25 kV PEAT
supported railway supply is shown in Fig.11. Simulation
results for phase voltage of the network and corresponding
grid current at near unity power factor is shown in Fig.11 (a),
and the corresponding HIL. waveforms are seen to corroborate
in Fig.11(b). Figs.11(c) & (d) respectively show the simulation
and HIL results for harmonic spectra of grid voltage. Figs.11
(e) & (f) respectively show the simulation and HIL results
for harmonic spectra of grid current. For harmonic analysis in
simulation, the fast fourier transform (FFT) tool of Matlab is
used, while the HIL SCADA tool of Typhoon HIL control
center is used for harmonic analysis in the HIL domain.
Due to the use of unipolar pulse width modulation technique,
harmonics in the current spectrum appear at even multiples of
the switching frequency. This is also reflected in the harmonic
spectrum of voltage at the point of common coupling. From
the power quality analysis of Fig.11, simulation and HIL
results are clearly seen to be equivalent, with power quality
performance conforming to IEEE Std 519.

V. CONCLUSION

On the basis of extensive analysis, simulation and HIL test
results presented in this paper, it is deduced that a 3 x 25
kV railway power supply augmented with a power electronics
auto-transformer (PEAT), is a powerful alternative to existing
railway power systems. The design procedure, positioning
and control of the PEAT system has been outlined in this
paper. The efficacy of the proposed system is verified through
simulation and HIL test results, which are seen to corroborate
with each other.

The PEAT system offers significant power quality improve-
ment in terms of unbalance compensation, reactive power
control, and grid compliant current waveforms, while using
the existing conductor infrastructure. Adding to its advantages,
the proposed system uses three-phase transformers in the
railway substation instead of specially wound Scott-T or V-
V transformers, the latter being inefficient and uneconomical
for mass production. An adequately rated PEAT system offers
compensation for the entire train line, thus circumventing
the use of regularly spaced passive auto-transformers. Fur-
thermore, due to compensation offered by the PEAT unit,
the balanced three-phase railway system has an innate ability
to operate without swapping of phase pairs, hence reducing
neutral sections and circuit breaker requirements. To further
remove neutral sections at the end of feeding sections, bilateral
railway supplies can be explored with the PEAT system, with-
out any expected deviations in its compensation performance.
Being a power converter based active solution, the PEAT
system is expected to incur more capital costs and installa-
tion complexity than traditional 2 x 25 kV supply systems.
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Again, in terms of reliability, traditional transformer based
passive systems are expected to fare better than the proposed
active solution. However, due to the wide array of benefits
offered by PEAT over conventional supply systems, coupled
with projected improvement in power converter reliability and
reduction of semi-conductor costs in the future, the PEAT is
a promising technology for long term investment. Another
impediment in this technology could be limitations on the
design of VSI based PEAT systems at higher power levels.
This could be mitigated through topological modifications of
the PEAT using interleaved and cascade connections, which
encompasses future scope of this work.
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