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Steady State Analysis for Power System of HSR with Active
Transformer
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Abstract — In this paper, new electric railway feeding system which has active transformer is
modeled for evaluating the steady state analysis using PSCAD/EMTDC. Equivalent models including
power supply, feeder, train and transformers are proposed for simplifying the model of the feeding
system in high speed electric railway. In case study, simulation results applied to proposed model are
compared with the conventional and new systems through the catenary voltage, three-phase voltage of
PCC (Point of Common Coupling) and the efficiency of regenerative braking energy.
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1. Introduction

The electric railway has been considered as the best
alternative to the resolution of future traffic problems since
it is safe, rapid and eco-friendly. In recent years, due to the
increased passengers, the number of high-speed trains is
also expected to increase, and the existing electric railway
system could be adversely affected by the increased train
loads. In case the intensive train loads is concentrated on
phase of SCOTT Transformer and AT (Auto Transformer)
in the conventional power feeding system, several
drawbacks are brought such as unbalanced voltage and
current, in addition significant voltage drop at catenary. In
the high-speed rail (HSR) built in recent years, AT is
applied to the power feeding system with a single-phase
power supplied via a SCOTT Transformer to prevent an
unbalance in the three phases. However, in these systems,
the parallel feeding is difficult to be adopted in the
conventional system due to the phase difference between
the SCOTT Transformers and sectioning post (SP), and
moreover, the existence of SP makes it unable to recover
the regenerative braking energy due to the disconnected
power feeding line by SP. Also, the increased load causes
the voltage drop and power quality problems due to the
inherent characteristics in SCOTT Transformer and AT as
mentioned above. In order to prevent these problems such
as unbalance, voltage drop and power quality, it has been
proposed to install the compensation devices such as AC
boost chopper, SPC (static power conditioner), SVC (Static
VAR Compensator) and STATCOM [1-8]. However, these
devices makes additional harmonic resonance problem in
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the system and are not able to solve the problems
fundamentally. Recently, the back-to-back converter
technologies have been applied to renewable energy
system which generates single-phase power and needs to
be converted to three-phase from single-phase in order to
connect to the grid [9-13]. This technology could be
applied to the railway power feeding system to prevent the
unbalance of the three-phase and enabling to reuse
regenerative braking energy. Therefore, it is advantageous
to the conventional system that replacing the SCOTT
Transformer with back-to-back converter.

In this paper, an equivalent model is proposed for new
high speed electric railway power feeding system with
back-to-back converter, which is called by Active
Transformer, and is evaluated for the steady state analysis
using PSCAD/EMTDC. In the case study, simulation
results using proposed model are compared with the
conventional and new systems through the catenary voltage,
three-phase voltage of PCC (Point of Common Coupling)
and the efficiency of regenerative braking energy.

2. System Descriptions
2.1 Conventional electric railway system

The conventional power system for HSR (High Speed
Railway) in Korea consists of 10 substation (SS), 9
sectioning posts (SP) and 26 sub-sectioning post (SSP) or
parallel post (PP) as shown in Fig. 1. The SP is installed
between SSs and it is always open at normal for protecting
the system stability because of phase difference in voltages
supplied from both sides of SS. Due to the normal open SP,
there exist dead sections at SP and the train moves without
power feeding at this section (coasting). The large
unbalanced current is produced by the sudden changes in
load when train is entering or exiting into the dead section.
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Fig. 2. Typical feeding configuration of AC HSR system

This causes 3 phase unbalance voltage of the PCC (Point
of Common Coupling) which denotes the point at the
primary side of SS. In addition, it is difficult to use
regenerative braking energy because the circuit is separated
by SP[14-16]. When the fault is occurred at one of SS,
another SS performs the extended power feeding, which
causes voltage drop too much at the opposite side of SS.
Parallel power feeding means the power feeding from both
sides of SSs is available only if the difference phase angle
is not exceeded 3%. However, parallel power feeding is not
implemented generally in the conventional system since
the difference of phase angle is usually over 3%.

SCOTT Transformers are installed at every SS (50km)
and transform 3-phase 154kV into two single phases 55kV
which are called M-phase (Main) and T-phase (Teaser).
Each voltage (55Kv) from M and T phase is divided into
two voltages (27.5kV/AC) by AT (Auto Transformer) and
supplied to the catenary and feeder as well. Typical feeding
configuration of AC HSR system is described in Fig. 2[17].

2.2 Electric railway system with Active Transformer

As mentioned above, the conventional power feeding
system with SCOTT Transformer and AT has several
drawbacks such as unbalanced voltage and current due to
the dead section at SP, significant voltage drop at catenary
in case of extended feeding, and no regenerative braking
due to the separation of catenary and feeder in pieces by SP
and SS. Therefore, the need for new system is recognized,
which replaces the conventional system with step-down
transformers and back-to-back converter which is called as
“Active Transformer”. As shown in Fig. 3, transformer 1
converts 3-phase AC 154kV to 55kV as same as the SCOTT
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Transformer in conventional system. This stepped-down
AC voltage is rectified to DC 75kV and inverted to single
phase AC 55kV through back-to-back converter. Finally, it
is stepped down again to AC 27.5kV by transformer 2 and
is fed into railway power system. In this system, there are
no dead sections by SS and SP, and Active Transformer
enables to control the system frequency, voltage, phase
angle and reactive power by controlling IGBT switching,
therefore all drawbacks in conventional system could be
disappeared in one stroke.

3. System Modeling

In case that Active Transformer introduced in this paper
is replaced with SCOTT Transformer in the conventional
power feeding system, it is necessary to compare the
system performance between the conventional and new
systems. To prove it, the HSR system is modeled by
PSCAD/EMTDOC for analyzing steady state such as voltage
unbalance, voltage drop, and energy -efficiency by
regenerative braking for both cases of constant and variable
train loads which mean constant acceleration all the time
and repeated acceleration and deceleration by turns
according to the driving mode, respectively.

3.1 Transmission line and power supply

Transmission lines before PCC are owned by utility and
usually are composed of underground cables rather than
overhead lines. Fig. 4 shows the PSCAD model of typical
underground transmission line for three-phase 154 kV and
is connected to SCOTT Transformers in the substation
after PCC, which is owned by Railway Company. The
details of SCOTT connection diagram is shown in Fig. 5.

3.2 Catenary, Feeder and rail
Equivalent model of catenary and feeding line can be

established by using the typical feeding configuration
shown in Fig. 4, where substations at the both ends of line
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denote ATs with the distance between them of L km,
typically 50 km. As shown in equivalent model at Fig. 6,
AT is tapped at the mid-point to divide into two reduced
voltages, and one is connected to catenary and another one
is connected to feeder. The neutral point of tapped AT is
connected to the rail. Z; is one half of the impedance of
tapped AT, and Z,, Z, and Z; are the line impedances in the
catenary, rail and return feeder, respectively. Catenary and
rail impedances are subdivided into several intervals
depending upon train positions and the number of trains in
the same power-feeding section, and the amount of
impedance in each interval is continually changed by
moving train.

Let v7(#) and vy(¢) be the speed of the trains and the
second train is assumed to enter the same power-feeding
section after alpha seconds later, then position of each train
can be represented by (1), and subdivided catenary and rail

Fig. 7. PSCAD model of AT and power feeding section

impedances by the train position can be calculated using
(2) and (3), respectively.

Ly ()= Lio vp(t+a)

L =] v, v
z,0=2"m07,
Za( =200 7 @)
z,0-20z,
z,0=2"n0 7
7,0 =005 )

L
L. (t
er (t) = Tz( ) ZR

Egs (1), (2) and (3) are applied to PSCAD model for
evaluating the time-varying impedances of R and L. Fig. 7
shows the PSCAD model of AT and power feeding section
including the time varying resistance and inductance,
which is implemented practically for the equivalent model
shown in Fig. 6 in detail.

3.3 Train load

Typically train is driven under coasting without any
power consumption after being accelerated up to maximum
speed. It is reaccelerated for maintaining speed and then
decelerated to stop at destination. The characteristic of
train speed change between stations is described in Fig. 8.
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Train load is simply modeled with impedance and
controlled current source as shown in Fig. 9 Impedance is
inversely proportional to the acceleration of the train as
shown in (4), and the switch BRK in Fig. 9 is closed when
accelerated.

% . max Acc
TP dv, (1) dt

for Acceleration 4)

rate

where Ry, V¢, and P;“* are resistance of train, catenary
voltage and rate power of train, respectively

When decelerated, two cases are considered; generative
and regenerative braking. The former means the braking
energy is lost by heat through the braking resistance, and
for the latter case, regenerative braking energy is supplied
to another train in the same section. The ‘train control’ in
Fig. 8 denotes the control signal to determine the amount
of regenerative braking energy. The switch scheme is
summarized in Table 1 according to the driving modes.

3.4 Active transformer

Active transformer is a kind of back-to-back converter to
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Fig. 9. Train model including regenerative braking

Table 1. Switch scheme of train

.. Switching state
Driving mode BRK RBE
Acceleration ON OFF
Deceleration Regenerative braking OFF ON
Generative braking OFF OFF
Coasting OFF OFF

260 | J Electr Eng Technol.2016; 11(1): 257-265

MMC converter

MMC inverter

o e [T oed [T LeE el T
o [ s [ e U [mE o]

N Lot LT P gs%i;@
oo [ [mE
& ;‘f%} :
o a1 N e ¥
B RLENELTH L [ENE RELT
Moo Tl e
el [ el [ |l el

R R R

Fig. 11. (a) Sub-module of Half-bridge and (b) Full-bridge

convert 3-phase AC from a single phase AC, and is divided
by rectifier and inverter sides with MMC (Modular
Multilevel Converter) which includes N sub-modules as
shown in Fig. 10.

Fig. 11 shows the detailed PSCAD models for half and
full-bridge sub-modules corresponding to rectifier and
inverter sides.

Using the simplified model [18, 19], a sub-module can
be represented by resistors and capacitor voltage source
as shown in Fig. 12. Since the parallel connection of an
IGBT and a diode acts as a bidirectional switch, only one
out of two IGBTs is conducting at a given instance with
the values of R, or R,. Capacitor resistance R, varies
depending upon the switching mode, and is simply
calculated by using the values of capacitor current and
voltage (V¢,,) at the instant of simulation.

Then the equivalent resistance of a sub-module can be
represented by (5)

R2
} &)

R =R |l-— 2
i R +R,+R,

Terminal voltage (V,,) of a sub-module is obtained by
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superposition of two voltages; one is the voltage due to the
external current ([, ) and another is the contribution from
the internal capacitor voltage, given by (6).

&y (6)

V. =R I, +— 2
MR +R +R.

eq

This N sub-modules are stacked to construct MMC and
create output voltage by summing up the voltage of each
sub-module.

4. Case Study

Fig. 13 shows the overall PSCAD model of conventional
HSR power supply system based on the electric railway
system configuration as appeared on Fig. 1. For the new
system, SP is not required anymore due to introduction of
Active Transformer, and SCOTT Transformer and AT are
replaced by MMC and step up and down transformers
appeared in Fig. 2 and Fig. 10, respectively. Furthermore,
SS can be installed widely than existing distance (50km)
since the parallel feeding is possible from the Active
Transformers installed at both ends. However, in this paper,
in order to make the comparison, it is assumed that SSs
have the same distance (50km) of both systems.

Data for all components are given in Table 2 to simulate
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e

the steady state of catenary voltage, three-phase voltage at
PCC, and regenerative braking energy according to the
distance from substation. .

4.1 Catenary voltage

In order to consider the worst case of voltage drop, it is
assumed at first that the train is operated with constant
rated power at all positions to measure the catenary
voltages according to the moving train position.

Fig. 14 shows the change of catenary voltage in
conventional and new systems where the train load has
constant rated power. When the train moves from a SS to
the other SS, it can be observed that the catenary voltage
(27.5 kV) at the beginning SS drops to near the 24.8 kV at
the end of another SS, and the drop rate is 90.2% which
barely meets the minimum voltage criteria of IEC. When
SP is closed due to failure of transformer and parallel
power feeding is required, voltage is decreased more and
more where trains moves to opposite side of transformer.

Table 2. Data for simulation

Main feeder Rated voltage 154 .kV
Impedance 0.3876+j1.7278
Rated capacity 90 MVA
T SCOTT Rated voltage 154/55 kV
ransformer
Impedance 12.5%
Catenary 0.1940+j0.7310[€V/km]
Catenary Feeder 0.1220+j0.5870[Q/km]
Rail 0.0990+j0.4670[V/km]
Length 50km
Rated capacity 10MVA
AT Rated voltage 55/27.5 kV
Impedance 8%
Spacing 10 km
Rated capacity 14[MW]
. Rated voltage 27.5kV
Train
Power factor 1.0
Impedance 50.42
Rectifier inverter
Nominal power 30 MVA 30 MVA
Active DC voltage 75 kV 75 kV
transformer Resistance 3.6 kQ 3.6 kQ
Switching Hz 1.2 kHz 1.2 kHz
Sub-module C S60uF 1000uF

A L

Feeder, Catenary, Tramn, AT

Fig. 13. Conventional electric railway system configuration
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On the contrary with Fig. 14(a), Fig. 14(b) shows the
catenary voltage of novel system, and it can be also
observed that the voltage drops to 26.4 kV (only 0.96 pu)
at mid-point of distance between SSs and again it recovers
to its rated voltage at the end of catenary since parallel
feeding is possible from Active Transformers at both ends
of catenary.

At Fig. 9 in the previous section, driving modes
according to the speed of train have four sections which are
acceleration, coasting, re-acceleration and deceleration. In
each section, the power consumption is shown in Fig. 15,
where no power consumption at costing and deceleration
and in the re-acceleration section, the half of energy is
consumed comparing with the initial start-up mode.
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Fig. 15. Power consumption of train
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Fig. 16(a) shows the catenary voltages in four driving
modes, and it can be observed that the voltage drop rate in
each mode depends on the energy consumption as shown
in Fig. 15 and distance from substation as well. There are
no voltage drop in the sections of coasting and deceleration
because power consumption is zero. For the case of new
system as shown in Fig. 16(b), voltage drop rate is
improved significantly due to the same reason explained
above in the case of constant train load as shown in Fig.
14(b).

4.2 PCC voltage

Since input voltage to the train is determined by catenary
voltage at train position and affected by the length of
catenary, it is concerned about catenary voltage drop as
mentioned in previous section. On the other hand, since
PCC connects external grid and electric railway system,
voltage unbalance due to unbalanced loading at M and T
phases of SCOTT Transformer results in deteriorated
power quality to external grid side. Thus at PCC, it is
required to investigate three-phase voltage unbalance, that
is, different voltage drop at each phase. Fig. 17 and Fig. 18
show the unbalanced PCC voltages of the conventional
system for the cases of constant and variable train loads. In
the Fig. 18, the power consumption is zero on the section
in 15~28.75km and 43.7~50km because the train is
operated by coasting without using electric energy and
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Table 4. Maximum Phase Difference between a, b and ¢

tabularized in Table 4.
4.3 Regenerative braking energy

When decelerating, braking energy is consumed as heat
by resistor if there is a dead section between two trains,
which is called as generative braking. This braking energy
can be returned and supplied to another train nearby
without any energy loss, and is called as regenerative
braking.

In case of that train 1 and train 2 make an action
decelerating and accelerating respectively at the same time
in the same section, Fig. 20 shows the total energy
consumption for two trains when no regenerative braking
for the conventional system. Because of its acceleration,
shown the same pattern in section O~15km on the train 2
meanwhile the train 1 does not generate the power in
section 43.7~50km. Under the same condition, it is
possible to apply regenerative braking in new system, and
the energy savings is shown in Fig. 21. In section
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Fig. 20. Energy consumption of conventional system
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braking in each section. Therefore, PCC unbalanced
voltages are not caused.

On the other hand as shown in Fig. 19, the Active
Transformer does not make any unbalances between phases
since it converts to single-phase from three-phase AC
instead of M and T phases of SCOTT Transformer. The
maximum phase differences between a, b and c phases are

1.50 i
1 i 1 ]
15km 28.75km 43 7km 50km
Fig. 21. Energy consumption of new system
Table 5. Power consumption and loss
Conventional system New system
Section Consumption | Loss | Consumption | Loss
[kWh] [kWh] [kWh] [kWh]
0~15km 1300 25.5 1300 22
15~28.75km 0 0 0 0
28.75~43.7km 294 13.4 294 5.88
43.7~50km 675 5.5 299 0.25
Total 2269 44.4 1893 28.13
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43.7~50km, total 376kWh is generated and consumed by
the train 1 and train 2, respectively. Therefore, total power
consumption in last section is decreased to almost half of
conventional system. Details are shown in Table 5.

Table 5 shows the energy consumption and loss for the
two cases in each section, and it can be observed that
energy is saved as much as 55.7 % in the section of
regenerative braking and the total loss is decreased up to
36.6 %. In the new system, the power feeding distance is
decreased by the parallel feeding. Therefore, due to
decreasing impedance of feeding line, total loss is also
reduced.

5. Conclusion

In this paper, by using the PSCAD / EMTDC, the
feeding system of HSR was modeled on the conventional
electric feeding system of railway and new system which
active transformer is installed. Two systems were simulated
with respect to voltage and power loss in the system
trains and connection points. Results show that Active
Transformer is not only to prevent the voltage unbalance of
the system connection points but also reducing the voltage
drop across the catenary. Based on these results, it was
confirmed that the feeding section can be installed a wider
interval than the conventional system. Furthermore, overall
energy efficiency is expected to be increased using the
regenerative braking energy because of parallel feeding.
In conclusion, introduction of Active Transformer would
be recommended to improve the performance of railway
power feeding system and moreover, it is considered to
be compatible to introduce new system in terms of total
installation expense.
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