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ABSTRACT

The imbalance at the 3-phase side at the railway power
supply substation has been a well-known issue. Due to the
difference in status of loads at each phase at any given
moment, it is difficult to maintain the balance in the 2-phase
side of the transformer. Consequently, the 3-phase side also
presents a certain level of imbalance as well. A co-phase power
supply was proposed as a solution. The real application of such
system is gradually expanding, proving the effectiveness of the
system. In this paper, the application of the single phase D-Q
rotating frame theory was applied to the control of the co-
phase power supply system. In addition, the power stack of the
system was composed of MMC valves which offers superior
operational characteristics. The effectiveness of the system was
verified with a real-tme simulation, and the results are

presented.

1. INTRODUCTION

Electrified railway systems are now expanding into many
different areas. The traditional railway systems such as a high
speed train system is taking over more portion of the
transportation need. In most of the electrified railway system
applications, the electric power supply is on a single phase.
However, at the transmission level interface of such power
supply system is usually on a three phase system. Thus, the
mismatch between the single phase system load and the three
phase source has been creating a unique problem; the
unbalanced load current at the three phase side. The operator
of the railway system attempts to maintain the necessary
balance by careful planning of the railway car scheduling, but a
certain level of imbalance is inevitable. Depending on the
supply condition between the railway operator and the utility
company, such imbalance might be tolerated. However, as the
circumstance at the utility industries changes, it is likely to see
that the issue might become the point of contention between
the two sides. A solution has been developed in order to
address the issue. The system is usually referred to as a co-

phase power systemll. The system is usually installed in

between two single phase outputs of the power supply
transformer. Then, the device tries to balance the unbalanced
load at each of those output terminals. Therefore, at the three
phase supply side, the load seems balanced, when the load side
is unbalanced to any arbitrary degree. Often the system is
constructed by high rating power electronics system. This paper
presents a way of implementing the system. MMC valves build
the power stack of the system. Then, the control of the system
is based on single phase D-Q rotating frame theory. The control
principle of the system is presented in the next section. Then,
the MMC implementation of the power stack and its
connection to the power supply transformer follows. Then, the
effectiveness of the system is demonstrated by simulation

results.

2. CONTROL PRINCIPLE

The co-phase power supply system is usually composed by a
back to back bridge systems. The one side of the back to back
bridge system takes charge in maintaining the DC voltage,
while the other side of the bridge controls the real power flow.
For example, if the other side is injecting power from the DC
side to the AC side, consequently the DC voltage begins to
drop. Then, the control at the DC voltage regulation side
detects the drop and begins to send more power from its AC
side, attempting to sustain it. Therefore, the operation of the
co-phase power supply system can be separated into two parts.
The first part is in charge of the DC voltage regulation, while
the other part tries to regulate the real power flow. Figure 1

shows the overall system block diagram.

b
Converter 1 | DCvoltage| Converter 2

Figure 1 System block diagram
One can assume that converter 1 in the above block diagram

is in charge of the DC voltage regulation, while converter 2 is in
charge of the real power flow. The control of each converter
looks different, but the underlying control is the same for both

converters. The DC voltage regulation at the converter can be



fulfilled by the same real power flow control. Thus the same
control principle can be applied to the both converters. The
only difference between the two is the high-level control, which
is sitting on top of the underlying control. The necessary
voltage magnitude and angle can be synthesized by the
converters from the control command. A well-known single
phase D-Q rotating frame theory? is utilized in the control
implementation. Figure 2 shows the original control block

diagram proposed in the referencel.
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Figure 2 Control block diagram

The block labeled by ‘1" in Figure 2 shows the PLL (Phased
Lock Loop). The PLL detects the phase information of the AC
system. Then, this information becomes the input to the
stationary-rotational transformations blocks. The blocks are
denoted as ‘d-q to D-Q' blocks in the block diagram. Also, the
information is utilized in the inverse transformation, which is
denoted as 'D-Q to d-q' block in the diagram. The PLL
technique used in the above block diagram is a synchronous
reference frame technique, where a Pl controller tries to yield
phase information which would suppress the steady state Q-
axis value to zero. In the proposed co-phase system
implementation in this paper, a different approach was
employed. The technique is usually called as ePLLE!.

Then, in order to generate the quadrature signals from the
incoming single phase signals (voltage and current), the block
diagram in Figure 2 utilizes the APF (all pass filters). The all
pass filter approach is the same for the current quadrature
signal generation in the implementation, but a different
approach was used in the voltage quadrature signal generation.

The approach is based on an SOG! filter4,

The rest of the control implementation is identical to the
block diagram in the Figure 2. The D-axis voltage, after the
single phase D-Q transformation, becomes reference for
calculating the D-axis and Q-axis current reference. If the
converter is taking control of the DC voltage, a higher level
control will control the voltage. The output of the higher level
control becomes the input to the P control, which is denoted as
'P* in Figure 2. If the control purpose is to control the real
power flow, then the P reference (P*) can directly come from
the necessary real power value. The current measurement from
the power circuit can be transformed in the same way as the
voltage. Then, the same D-Q decoupled control as in the usual
3-phase D-Q decoupled current control® can regulate the D
and Q axis current. The outcome of the current control is the
voltage command. The command is conveyed to the power
stack, where the command is converted to the actual voltage
magnitude and phase angle. In the co-phase power system
implementation in this paper, the power stack is composed of 4
MMC valves at each side. Thus, the voltage command from the
controller needs to be translated to the necessary command to
the MMC valve. Figure 3 shows the part of the controller

implementation where such translation is performed.

Figure 3 Generating MMC valve control command

3. SIMULATION RESULTS
supply
implemented and tested in a real-time simulation platform,

The proposed co-phase power system  was
namely RTDS (Real Time Digital Simulato)™. The simulation
platform offers many different levels of details regarding the
MMC valve modeling in the simulation. In this implementation,
a model named as 'MMC5" was selected, mainly due to the
simple control requirement of the model. The model is more on
the side of the average modeling of the MMC valves, allowing
the automatic balancing of the submodule capacitor voltages.

Therefore, the user doesn't need to implement a specific control



loop for the capacitor balancing. Thus, the model is suitable for
the proof of concept type work which fits the purpose in this
paper. The load at one single phase output of the roof delta
transformer is set as 4 MW. Then, a power meter measures the
power. The half of the measured power is given as power order
to the proposed co-phase power supply system. Once the
system operates expectedly, the 50% of the total power is put
on the other single phase output of the transformer, bring the
necessary balance at the single phase outputs. Subsequently,
the three phase input of the transformer shows a similar

balance. The following simulation result screen capture shows

such outcome.
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Figure 4 3—phase balanced current waveforms

As obvious from Figure 4, the input side current measurements,

i.e, 'lah’, ‘Ibh" and ‘Ich’, look well balanced. Meanwhile, the two
meters at the top of the current plot shows the load power
measurement (‘Pload’) and the shared power (Px), which also
show the proper operation of the proposed system. Then, the
following figure shows the same current plots and the power
measurements when the power flow control bridge is disabled
(blocked).

Figure 5 3- phase unbalanced current waveforms
The two power measurement meters shows that the co-phase

system is not working. Then, the current plots in Figure 5 show
that the three phase input side current waveforms are heavily
unbalanced, which is the result of the 4 MW load at only one

single phase output of the transformer.

4. CONCLUSION
A co-phase power supply system for railway power supply
system is proposed in this paper. The system is based on the
MMC valves in the power stack design, while the control system
is based on single phase D-Q rotating frame theory. The proper
operation of the proposed system was verified by simulation
results. It is expected that the MMC based co-phase power

system would offer many desirable aspects to the application.
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