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Abstract— Co-phase traction power supply system was proposed 
for supplying the long-distance electrified railway without 
neutral sections. However, a railway power compensator (RPC) 
needs to be installed in each substation together with the 
traction transformer for improving the power quality. The RPC 
is mainly constructed by a back-to-back converter, which can 
reduce the unbalance currents by active power transfer and 
compensate reactive current and harmonics at the same time. A 
hybrid railway power conditioner (HRPC) is proposed for the 
co-phase traction power supply system in this paper. The HRPC 
uses a LC coupling branch between the converter and the 
traction supply. It is able to operate at a lower converter rating 
for achieving the same performance compared with 
conventional RPC. As a result, the initial cost and operational 
losses are reduced. The design of the LC coupling impedance 
and the DC bus voltage of the HRPC is focused on in this paper 
based on the mathematical models. The control system is 
implemented. Simulation results are provided and comparison 
with RPC is also given. Experimental results are provided to 
show the validity of the HRPC. 

I. INTRODUCTION  
The 25kV AC system has been adopted in the long-

distance electrified railway. The single-phase traction 
transformer is widely used in traction substation due to its low 
cost and simple structure [1]-[3]. The single-phase transform 
is connected to two phases of the transmission line at the grid 
side. This results in an imbalance on the three-phase supply 
which may affect other customers. One of the solutions is to 
choose the feeding phases of the traction substations in turn, as 
illustrated in Fig.1[4][5].  

 
Figure 1.  Traditional traction power supply system 

However, neutral section (NS) needs to be inserted for 
separating the supply system to electrically isolated sections 
with length of 20km to 30km [6]. The length of the NS varies 
from several hundred meters to more than 1km. The fact that 
electric locomotive needs to slide across the NS without 
power supply, affects its speed and may make the passengers 
feel uncomfortable. Expensive automatic switches and their 
controllers are required for switching the power supply of the 
locomotive at each neutral section [7][8]. In addition, the 
traction power supply system still suffers from the system 
unbalance, since loads cannot be distributed evenly among 
sections [9]. 

Co-phase traction power supply system is proposed [10]-
[12], which can supply the traction loads without neutral 
sections, as shown in Fig.2. The number of NS is cut down by 
half in the co-phase power supply system. The remained NSs 
are replaced by section separator, for which the requirement of 
insulation is reduced since the terminal voltage difference 
between the two neighboring sections is much smaller. In the 
substation of the co-phase power supply system, a railway 
power conditioner (RPC) is used together with the balance 
feeding transformer to feed the single-phase traction loads 
[11]-[14]. The primary side of the balance feeding transformer 
is connected to the three-phase power grid. It provides two 
single-phase outputs at the secondary side, and one of them 
directly supplies the traction loads. The other phase supplies 
the loads indirectly via the RPC. By controlling the RPC, the 
feeding transformer draw three-phase balanced currents from 
the grid. In addition, the harmonic and reactive power of the 
traction loads can be compensated by the RPC.  
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Figure 2.  Co-phase traction power supply system 
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The single-phase back-to-back converter is adopted in the 
RPC to achieve the power conditioning [11]-[14]. However, 
the rating of the power converter in the RPC for the co-phase 
power supply system could be larger than 10MVA in order to 
achieve the required power conditioning. The high initial cost 
of the power converter is one of the main obstacles for 
promoting the co-phase power supply system.  

The LC coupling impedance can reduce the DC bus 
voltage of the power converter when it is used in a hybrid 
filter for compensating reactive current and harmonics 
[15][16]. In this paper, the LC coupling impedance is adopted 
in one phase of the RPC and a hybrid railway power 
conditioner (HRPC) is proposed. The proposed configuration 
of one substation of the co-phase power supply system is 
shown in Fig. 3, in which a V/V transformer is used as the 
balance feeding transformer. Other balance feeding 
transformers are also applicable, but the current relationships 
on the primary side and secondary side are different due to 
transformer winding connections [9][17].  

The HRPC can achieve active power balancing, reactive 
power compensation and harmonic filtering in the co-phase 
power supply system. However, the rating of the back-to-back 
converter in the HRPC can be lower than that of a RPC for 
achieving the same goal. Since the power converter in railway 
power compensator ranges from several MVA to more than 
ten MVA, a large amount of money could be saved. In section 
II the basic operational principle of the HRPC is introduced. 
The design and implementation of the HRPC is provided in 
section III. Simulation results are given in section IV and 
experimental results are given in section V. Finally, a 
conclusion is provided in section VI. 

II. BASIC OPERATIONAL PRINCIPLE OF THE HRPC 
In the co-phase power supply system, the traction loads are 

supplied by one phase of the V/V traction transformer, which 
is denoted as α-phase in this paper. The supply voltage for the 
traction loads is expressed in (1), and load current is given in 
(2).  

)30sin(2 −== tVvv acac ωα ,                     (1) 

LhqLpLL itItIi +−−−= )30cos(2)30sin(2 11 ωω     (2) 

where 
111 cosϕLpL II = , 111 sinϕLqL II =  and 1ϕ is the phase 

angle between the fundamental frequency supply voltage and 
the load current. Lhi denotes the harmonic component of the 
load currents. The other phase at the secondary side of the 
V/V transformer is denoted as β-phase and its output voltage 
is given in (3). 

)90sin(2 −== tVvv bcbc ωβ                     (3) 

The fundamental frequency model of the railway power 
supply system is first analyzed. In this model, the active power 
and the fundamental frequency reactive power of the traction 
loads are the main concern.  

 
Figure 3.  Structure of the proposed co-phase power supply system with 

HRPC 

When there is no railway power conditioner in the supply 
system, the vector diagram is shown in Fig.4. The current at 
the secondary side of the V/V transformer is given in (4). The 
three-phase power system supplies a single phase load and 
large unbalance exists in the phase currents. The harmonics 
and reactive component in the load currents also affect the 
railway power supply system.  
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As shown in Fig.3, a hybrid railway power conditioner is 
connected to the supply system. The α-phase converter of the 
HRPC is connected in parallel with the traction loads via a LC 
coupling branch and the β-phase converter is connected to the 
β-phase of the V/V transformer. The output currents of the 
HRPC at the α-phase and the β-phase are denoted as ipα and ipβ 
respectively. The corresponding vector diagram is shown in 
Fig.5. The output currents of the HPQC are expressed by (5).  

 
Figure 4.  Vector diagram of the railway supply system without RPC 
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Figure 5.  Vector diagram of the railway power supply system with RPC 
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The HRPC is designed to balance the three-phase currents 
at the grid side and compensate load current harmonics and 
reactive current. In order to achieve these goals, the 
compensating current of the HRPC is deduced, which has 
been explained in detail in [18]. The required compensating 
currents of the HRPC are given in (6). 
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    According to (6), the output power of the α-phase and the 
β-phase converter of the HRPC can be calculated by 
multiplying the output current with the supply voltage at the 
coupling points. The results are given in (7). 
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     It is clear that both active power and reactive power needs 
to be controlled by the back-to-back converter of the HRPC. 
The HRPC absorbs active power from the β-phase and injects 
the active power to supply the traction loads at the α-phase. It 
also provides reactive power and harmonic power to 
compensate the traction loads. The reactive power absorbed 
at the β-phase is for achieving a unity power factor at the 
primary side of the traction transformer. 

III. DESIGN AND IMPLEMENTATION OF THE HRPC 
    The HRPC is designed to provide the required power 
conditioning at a reduced dc link voltage. The design of the 
HRPC is first discussed in this section, and the block diagram 
of its control system is then presented. 

A. System Parameters Design 
The α-phase and the β-phase converter of the HRPC share 

the same dc bus. As shown in Fig.3, a coupling transformer is 
connected at the β-phase, providing more flexibility for the 
output voltage at the β-phase. Hence, the dc bus voltage of the 
HRPC is determined by the required output voltage at the α-
phase. The fundamental frequency output voltage of the α-
phase converter is expressed as: 

            11 paLCacLCacinv ijXVVVV ⋅−=+=α         
   (8)              

where 
1pai is the fundamental frequency compensating current 

and 
LCV  is the voltage across the LC branch. In the HRPC, the 

coupling capacitor is designed for reactive power 
compensation and the coupling inductor is used for reducing 
the current ripple. The impedance XLC of the LC branch is 
capacitive and is given in (9), where ω is the fundamental 
frequency of the supply system.  

 1
LCX L

C
ω

ω
= −                                                 (9)

 

    As a result, the 
LCV is obtained by rotating 

1pai 90 degrees 
clockwise. The corresponding vector diagram is shown in 
Fig.6. The phase angle of 1pai  is denoted as θ and is 
calculated by (10), in which tanφ1=IL1p/IL1q and it is 
determined by the traction load power factor. 

 1 1
1 1

1

1

1
12 3tan ( ) tan ( 2 tan )1 3

2

L p L q

L p

I I

I
θ ϕ− −

+
= = +

                    (10) 

    If the amplitude of the compensating current changes, the 
voltage vector LCV  varies along Line L in Fig. 6.  

acV
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AinvV _1α

BinvV _1α

 
Figure 6.  Vector diagram for α-phase converter 
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    The voltage rating of the α-phase converter needs to cover 
a certain load current variation range. It is assumed the 
fundamental frequency voltage rating of the α-phase 
converter is Vinvα1 and the output range is bounded by the 
dashed circle in Fig.6. The compensating current range is 
limited between 1_pa Ai and 1_pa Bi , where points A and B are 
the intersections between the circle and Line L. If Ipa1_A and 
Ipa1_B are the amplitude of the compensating currents at points 
A and B, the corresponding output voltage of the α-phase 
converter is given in (11) and (12).   
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    Assuming all the other factors are kept as constant value, 
the variation of converter output voltage with coupling 
impedance XLC is shown in Fig.7. In order to cover the 
required compensation range, the converter voltage rating 
should satisfy both Vinvα1_A and Vinvβ1_B. The HRPC is 
designed to achieve the compensation range with the 
minimum converter voltage rating, and the minimum voltage 
is the one at the cross points in Fig. 7. As a result, the 
coupling impedance at this point is selected and is calculated 
based on the assumption Vinvα1_A=Vinvβ1_B. By subtracting (12) 
from (11), the coupling impedance value is deduced and 
given in (13). 
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Similar to other application of LC coupling branch in a 
parallel connected power filters, the LC branch of the HRPC 
is also designed to resonant at a certain harmonic frequency 
for suppressing the harmonics. It is assume the LC branch 
resonant at nth harmonic, (14) is deduced. Combing (9), (13) 
and (14), and value of each coupling impedance can be 
obtained. 

1 n L
n C

ω
ω

=                                                         (14)
 

Eq. (13) also indicates that only one crossing point exists, 
as shown in Fig. 7. By substituting XLC to either (11) or (12), 
the same results for the converter voltage are obtained and one 
expression is given in (14).  
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Figure 7.  Variation of converter output voltage with coupling impedance 

The DC bus voltage could be estimated according to the 
peak value of converter output voltage. For example, it is 
assumed two 10MVA 110kV/27.5kV transformers are used to 
construct a V/V transformer for the co-phase power supply 
system. The displacement power factor of the traction loads is 
0.8. The phase angle θ equals 64.33 degree. The required 
compensating current is set in the range of 100A to 450A. 
According to (11), the converter voltage rating equals 19.8 kV 
and the corresponding dc bus voltage of the HRPC is set as 28 
kV. However, the dc bus voltage for RPC should be 40kV. 

    The previous discussion only analyzes the required voltage 
rating of the α-phase converter, when fundamental frequency 
compensating currents are generated. When the harmonic 
compensation is also considered, the RMS value of the 
required output voltage of the inverter could be estimated by 
(15), where Vinvαh is the required voltage for harmonic 
compensation.  

22
1 hinvinvinv VVV ααα +=                            (15) 

    The detailed deduction of (15) can be found in previous 
work [18]. According to analyses in [18], the voltage rating 
of the β-phase converter is selected to be equal to supply 
voltage, i.e. βV . Consequently, the ratio of turns of the 
isolation coupling transformer at the β-phase should be 
smaller than Vinvα/Vβ. 

B. System Implementation  
The configuration of the HRPC is shown in Fig.8.  A 

single-phase full-bridge back-to-back converter is adopted for 
illustrating the operational principle of the proposed system. 
Practically, multi-level converter needs to be applied if the α-
phase converter is connected to the supply without coupling 
transformer [19][20]. Fig. 9 illustrates the control diagram of 
the proposed HRPC. In order to calculate the reference 
currents in (6), the instantaneous power method is used. The 
instantaneous active and reactive power is calculated by (16), 
in which vαd and iLd are 90 degree delay of the system voltage 
and load current, respectively. LPF in Fig.8 is a low pass filter 
for getting the dc component of the load active power. 
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   The reference currents at each phase is calculated by (17) 
and (18) according to the required output power of the 
converter. Except those included in (7), the power for 
regulating the dc link voltage is also added in the output 
power at the β-phase. Similarly, vβd is 90 degree delay of 
system voltage vβ. 

 
Figure 8.  Configure of the HRPC. 
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Figure 9.  Control system of the HRPC 
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IV. SIMULATION RESULTS 
Simulations are done by using PSCAD/EMTDC. When 

there is no HRPC in the traction power supply system, the 
currents at the primary side and the secondary side of the V/V 
transformer are shown in Fig.10. The current at the primary 
side is just the currents drawn from the three-phase power grid. 
It can be found current unbalance exists due to a single-phase 
load is supplied.  

The configuration of the HRPC in simulation is shown in 
Fig.8. The parameters of the HRPC are listed in Table I. The 
dc link voltage of the HRPC is set to 28kV. After the HRPC 
operates, the currents at the primary side and the secondary 
side of the V/V transformer are shown in Fig.11. By removing 
capacitor C at the α-phase of the HRPC, it becomes a 
conventional RPC, which needs a dc link voltage of 40V to 
achieve the same performance. The simulation results of the 
RPC are given in Fig.12.  
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Figure 10.  Co-phase power supply system without HRPC (a) Currents at the 

grid side (b) Currents at the secondary sides of the V/V transformer 

TABLE I.  PARAMETERS IN SIMULATION 

No. Items Description 
1 V/V transformer 110kV/27.5kV 
2 α-phase Coupling Inductor La 7.6 mH 
3 α-phase Coupling Capacitor C 60 uF 
4 Capacitor Cdc 10000 uF 
5 β-phase Coupling Inductor Lb  5mH 
6 β-phase Coupling Transformer of HRPC 27.5kV/13.75kV 
6 β-phase Coupling Transformer of RPC 27.5kV/13.75kV 
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Figure 11.  Co-phase power supply system with HRPC  (a) Currents at the 

grid side (b) Currents at the secondary sides of the V/V transformer 

1.0000 1.1000 

-0.100 

0.100 

C
ur

re
nt

 (k
A)

ISA ISB ISC

-0.80 

0.80 

C
ur

re
nt

 (k
A)

Ia Ib

 
Figure 12.  Co-phase power supply system with RPC  (a) Currents at the grid 

side (b) Currents at the secondary sides of the V/V transformer 

The parameters for compensation performance 
comparisons are given in Table II, in which the current 
unbalance is calculated by (19). Results indicate that the 
system unbalance, reactive power and harmonics are 
simultaneously compensated by the HRPC and RPC, but the 
dc voltage of the HRPC is lower, which reduced the initial 
cost and operational losses of the power conditioner.  

Current unbalance factor = %100×
+

−

I

I           (19) 

The compensation range is also tested. Traction loads are 
modeled as RL loads with power factor of 0.8 in simulation. 
The harmonics currents are not included, as compensation 
range is difficult to evaluate when harmonic compensation is 
also considered. It is assumed the full load capacity of the 
traction loads is 15 MVA, the required compensating currents 
at the α-phase is about 500A. The simulation results are given 
in Fig.13. Results indicate that the HRPC nearly fully 
compensated the unbalance currents in the designed 
operational range, i.e. 100A to 450A. Ehen the dc voltage of 
the RPC is also set to 28kV, its performance is also shown in 
Fig.13. Results indicate that the HPQC is better than the 
conventional RPC, when the dc link voltage is reduced to 
about 70% of the original value. 

TABLE II.  COMPENSATION PERFORMANCE COMPARISONS 

Currents at the grid 
side 

Before 
Compensation 

With RPC 
(Vdc=40 kV) 

With HPQC 
(Vdc=28 kV)  

 A B C A B C A B C 
rms (A) 62.9 0 62.9 38.0 36.9 40.2 37.2 36.3 38.7

Power factor 0.7 --- 0.96 1.0 1.0 1.0 1.0 1.0 1.0
THD (%) 10.1 --- 10.1 4.82 1.40 5.02 3.17 1.04 3.25

Current unbalance(%) 99 4.25 3.46 
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Figure 13.  Comparisons between compensation performance using HRPC 

and RPC. 

V. EXPERIMENTAL RESULTS 
The System configuration of the co-phase power supply 

system is shown in Fig. 3 and the structure of the HRPC is 
shown in Fig.8. Two 5kVA single-phase transformers are used 
to construct a V/V transformer. A small capacity prototype 
was built. The three-phase currents at the grid side without and 
with the HRPC are shown in Fig.14. Results indicate that 
current unbalance, reactive current and current harmonics are 
compensated simultaneously. 

 
Figure 14.  Three-phase currents at the grid side (a) Co-phase power supply 

system without HRPC (b) Co-phase power supply system with HRPC 

VI. CONCLUSIONS 
In this paper, a HRPC is proposed for the co-phase power 

supply system for electrical railway power supply system. The 
HRPC operates at a lower DC bus voltage compared to RPC. 
As a result, the initial cost and operational losses of the 
railway power conditioner could be reduced. Simulation and 
experimental results show the HRPC could compensate the 
unbalance current, reactive current and current harmonics 
simultaneously.  
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