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 

Abstract—Focusing on the freight-train dominant 
electrical railway power system (ERPS) mixed with ac-dc 
and ac-dc-ac locomotives (its power factorϵ[0.70,0.84]), 
this paper proposes a power factor oriented railway power 
flow controller (RPFC) for the power quality improvement 
of ERPS. The comprehensive relationship of the primary 
power factor, converter capacity, and the two phase load 
currents are built in this paper. Besides, as the main 
contribution of this paper, the optimal compensating 
strategy suited the random fluctuated two phase loads is 
analyzed and designed based on a real traction substation, 
for the purposes of satisfying the power quality standard, 
enhancing RPFC’s control flexibility, and decreasing 
converter’s capacity. Finally, both the simulation and the 
experiment are used to validate the proposed conceive. 

 
Index Terms—Power factor; negative sequence; power 

quality; power flow controller; electrical railway power 
system; converter 

 

I. INTRODUCTION 

ONSIDERING the cost-efficiency, the electrical trains are 

fed by the single phase grid, which are supplied from the 

three phase to two phase traction transformer in electrical 

railway power system (ERPS). Due to the random unbalanced 

two phase loads, amount of negative sequence currents (NSCs) 

along with the feeder voltage fluctuation in violent are occurred 

in the utilities and ERPS itself [1], [2]. Besides, though some 
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new generation trains with PWM-based front end rectifier are 

launched in Chinese railway’s rapid developing period, due to 

the historic reason, many old-fashion phase controlled ac-dc 

locomotives still act as the main role (occupied almost 85% of 

the total railroad mileage [3]), and this status cannot be 

changed in a short term. Hence, excepting NSC, reactive power 

or harmonics (including low and high-order components) are 

also injected into the high-voltage grid [4]; it is particularly 

serious in the freight-transportation dominant ERPS mixed 

with ac-dc and ac-dc-ac trains, where the PFϵ[0.70,0.84] [5]. 

The above issues not only imperil grid reliability and security, 

but also deteriorate the power quality (PQ) of the surrounding 

customers. It arouses widespread attentions of related industrial 

sectors and engineers in the worldwide [6]-[8]. 

As the popular PQ improvement rig, static var compensator 

(SVC) [9], [10], static synchronous compensator (STATCOM) 

[11]-[15], active filter [16]-[21], transformer integrated power 

conditioner [22]-[24], railway power flow controller (RPFC) 

[5], [25]-[30], and the well-designed train-mounted front end 

rectifier [31]-[33] are commonly used in ERPS. Considering 

the comprehensive performance, RPFC is concerned greatly by 

related departments due to its compatibility – it can, unlike the 

above rigs, integrate in the secondary side of almost all kinds of 

traction transformer. By rebalancing the two phase active 

power, and compensating the reactive power or harmonics in 

each phase independently, RPFC can deal with almost all the 

main PQ problems of ERPS. Additionally, the feeder voltage’s 

stability and the capacity utilization ratio of the main 

transformer can also be enhanced significantly [26] , [30], 

which are attractive for improving ERPS’s transport capacity 

and cost-efficiency. 

However, the high capacity or initial investment slowdown 

RPFC’s industrial application speed. Up to now, few researches 

have focused on the capacity controlling of RPFC. Benefit from 

the well-designed LC branches, a novel LC coupled RPFC 

(LC-RPFC) proposed in [5] can effectively reduce the 

VA-capacity of its active part, because the dc-link voltage can 

be reduced about 30%-40% than the conventional RPFC. 

However, for resent research, the compensating strategy has to 

be restricted on the “full compensation model (FCM)” in the 

designing process of the LC-branches, i.e., after compensation, 
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the primary power factor (PF) equals to 1, and the primary NSC 

tends to 0, which means LC-RPFC has to bear the largest 

compensating current [27]. On the other hand, the Chinese 

national standard [34] indicates that, the consumer can avoid of 

penalty when the primary PF≥0.9 and the 95% probability 

value of the primary voltage unbalance ratio Vunb%≤2% [note: 

Vunb%=V-/V+×100%; V- or V+: fundamental negative or positive 

sequence voltage (NSV or PSV)]. So, a large amount of 

capacity is still wasted in the FCM-designed LC-RPFC. 

Besides, the achievements obtained from LC-RPFC (or RPFC 

[28]) are only based on the no-popular single phase ERPS 

(occupied less than 1% of the total railroad mileage in China) 

though it has some advantages; while, few researches focus on 

the common used two phase system, the design of the LC 

branches in two phase system are much complex than that in the 

single one is the main obstacle. All the above unsatisfactory 

aspects should be further improved in the future study.  

For maximizing blocking NSC, a new compensating strategy 

was proposed in [30]. It focuses on the topic of minimizing 

NSC for a given RPFC’s capacity, that is to say, it has no help 

on the capacity determination in the designing stage of RPFC. 

Besides, considering the short circuit capacity Sd of a traction 

substation is always designed within 500-1500MVA, we found 

in the practical engineering project that, after a small amount of 

compensation, the standard of Vunb% can be easily achieved 

than the requirement of PF, especially for V/v transformer (note: 

Vunb%=1.732VNI-/Sd; VN: primary normal line voltage, I-: NSC). 

That is to say, the reactive power should be confirmed to be the 

main compensating target of RPFC in the ac-dc locomotive 

dominant ERPS with mixed trains, the regulation of NSC, then, 

degrades into the subordinate one, but cannot be neglected. 

To further improve RPFC’s capacity utilization capability 

and control flexibility in both designing and operating stages in 

freight-train dominant ERPS, in this paper, we will focus on the 

solution of the following aspects:  

1) Establishing the relationship between the primary PF with 

RPFC’s compensating capacity; the converter’s capacity 

can be flexibly designed by adjusting the primary PF. 

2) In the premise of minimizing RPFC’s  capacity for a given 

PF, conceiving an optimal control strategy to decreasing 

NSC and NSV in a satisfactory level. 

3) The proposed control strategy should not only be applied 

in the simple single phase ERPS, but also in the important 

common used two phase system (see Fig.1). 

This paper is organized as follows, the mathematical model 

of the RPFC integrated two phase ERPS is presented in Section 

II. In the premise of mitigation NSC, as the main contribution 

of this paper, Section III gives the PF oriented optimal 

compensation strategy for RPFC. Simulation and experiment 

are given in Section IV and V. Section VI is the conclusion. 

II. GENERAL MATHEMATICAL MODEL OF RPFC 

INTEGRATED IN TWO PHASE ERPS 

First, we define the frame-ABC by the V/v transformer’s 

primary three phase voltage VA, VB, and VC, i.e., Frame-ABC: 

 
A p B p C p0 , 120 , 240V V V     V V V           (1) 

where Vp is the root mean square (RMS) value of VA, VB, and 

VC.  

Reference to Fig. 1, the phasor diagram of the V/v 

transformer based ERPS can be obtained, as shown in Fig. 2. 

From Fig. 2, we define the PF in phase-A, B, and C, i.e., 

PFA~PFC as: 

A a B b C cPF cos ,PF cos ,PF cos                   (2) 

where, φk>0 means that the current lags the voltage, otherwise, 

the current leads the voltage (k=a, b, c). 

It can be seen from Figs. 1 and 2 that, the output currents Iα 

and Iβ of the V/v transformer in frame-pαqα and frame-pβqβ (see 

Fig.2) can be expressed as 
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where subscript “p” and “q” represents the active and reactive 

component of the corresponding variable in frame-pαqα or 

frame-pβqβ, respectively. 

Additionally, Fig. 2 also shows that the relationship of the p, 

q components of Iα and Iβ in frame-pαqα and pβqβ satisfy: 
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Fig. 1.  The typical RPFC integrated two phase ERPS (V/v transformer 
is adopted as the main transformer). 
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Fig. 2.  The phasor diagram of the V/v transformer based ERPC with 
RPFC. 
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where 
a

b 120

 

 

 

 

  


   

.  

Note: for V/v transformer, ∆α=30°, ∆β=90° [27]. 

Ignoring the converter’s losses, and assuming Vα=Vβ, the 

active power balance of the back-to-back converter can lead the 

result of: 

c p c pI I   .                                 (5) 

On the other hand, Fig. 2 indicates that Iγ’s phase angle Θγ in 

frame-ABC satisfy 

c c120  or tan =tan(120 )       .          (6) 

Based on the Kirchhoff's law, Iα, Iβ, and Iγ in frame-ABC 

Iα
ABC

, Iβ
ABC

, and Iγ
ABC

 satisfy 
ABC ABC ABC

       I I I I  ,                   (7) 

where 
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
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.                          (8) 

Substituting (3), (4), and (8) into (7), the real and imaginary 

part of -Iγ, Term-I and Term-II, can be calculated as 

Term-I cos sin cos sin

Term-II sin cos sin cos

p q p q

p q p q

I I I I

I I I I
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 (9) 

Substituting (9) into (6), and considering the expressions of 

Iαp, Iαq, Iβp, and Iβq in (3)-(5), the relationship of Icαp with the two 

phase load active currents ILαp and ILβp can be calculated as 

1 2

1 2 1 2
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where  
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Re-substituting (10) into (3)-(5), the compensating currents 

of RPFC can be obtained as 

[tan (1 ) tan ] tan

tan [tan (1 ) tan ]
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Multiplying the feeder voltage Vα or Vβ in the two sides of 

(11), RPFC’s compensating power in phase α and β, i.e., Pcα, 

Qcα and Pcβ, Qcβ, can be calculated as 

[tan (1 ) tan ] tan

tan [tan (1 ) tan ]
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  (12) 

where PLα and PLβ are the load’s active power in phase α and β.  

It can be seen from (12), because ∆α, ∆β can be pre-obtained 

for a certain type of a transformer (e.g., the V/v transformer and 

other kind of the balance transformers [35], [36]), μα and μβ are 

only determined by PFA~PFC or φa~φc [see (10) and (2)]. Hence, 

the active and reactive power of the RPFC can be flexibly 

adjusted by controlling the primary three phase power factors, 

if the PFs of the two phase loads are pre-calculated [see φLα and 

φLβ in (12)], which will be discussed later on. 

III. COMPENSATING STRATEGY DESIGN 

A. The Possible Compensating Scheme 

For the consideration of designing convenience and the 

requirement of  PF≥0.9, we let 

a b c

*

kPF cos [0.9,1],  k=a, b, c

  



  


 

  ,          (13) 

where PF
*
 is the primary reference power factor. 

It can be observed from Fig. 2 that Iα, Iβ, and Iγ (or IA, IB, and 

IC) may leads or lags VA, VB, and VC, respectively, which 

means eight (i.e., 8=2
3
) possible combination models with 

positive or negative value are existed in φa, φb, and φc. Besides, 

Fig. 2 also indicates the reactive power of converter-α is larger 

than the one generated by converter-β (i.e., Icαq>Icβq), to reduce 

the VA-capacity of converter-α, Iα has to be restricted lagging 

than VA (i.e., φa>0), so the above eight possible combination 

models of φa~φc will degenerate into four valuable candidates, 

which are listed in Table I (i.e., Model-2 to -5). 

B. Compensating Capacity Analysis 

The VA-capacity SRPFC of the RPFC is: 

converter converter

2 2 2 2

RPFC c c c c

S S

S P Q P Q

 

   

 

                       (14) 

Substituting (12) into (14), the RPFC’s VA-capacity in the 

five compensating model listed in Table I are shown in Fig. 3 

[PLα and PLβ are the two phase loads’ active power, PF
*
=0.95, 

and the two phase loads’ PF=0.8 (from a substation’s data)]. 

It can be seen from Fig. 3(a) that, the VA-capacity of RPFC 

belongs to five different surfaces in Model-1~5 respectively. 

The maximum SRPFC occurs in the single phase loaded 

condition, in which Model-1, 2, and 4 correspond to PLα≠0, 

PLαβ=0, while the opposite situation belongs to Model-3 and 5. 

Additionally, a surface spliced by the surfaces of Model-2, 4, 

and 5 has the minimum SRPFC. Compared with Model-1, i.e., 

FCM, the capacity decreasing ratio of this spliced surface is 

about 30%, which can make the converter have higher system 

reliability and efficiency. So, it can be selected as the optimal 

compensating surface. If PF
*
=0.95, from Fig. 3(b) the optimal 

TABLE I 
COMPENSATING SCHEME OF RPFC

 *
 

Compensating model φa φb φc 

Model-1(i.e., FCM) 0 0 0 

Model-2 >0 <0 >0 

Model-3 >0 <0 <0 

Model-4 >0 >0 >0 

Model-5 >0 >0 <0 

* φk>0 (or <0) means the inductive (or capacitive) PF (k=a, b, and c). 
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compensating strategy (OCS) can be preliminary expressed as 
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C. The NSC Mitigation Ability Analysis 

Excepting of compensating reactive power, mitigation of the 

NSC is another purpose of RPFC. That is to say, a satisfactory 

compensating strategy should not only minimize SRPFC, but also 

has the responsibility to reduce NSC within a satisfactory level. 

Combing (7)-(8), the primary positive and negative sequence 

currents, I+ and I-, can be deduced by 
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   (16) 

where ξ=∠120°, N=VsN/VfN is the turn’s ratio of the main 

transformer (VsN and VfN are the grid and feeder normal line 

voltage respectively; as shown in Fig. 1).  

From (16), the current unbalance ratio Iunb (Iunb=I-/I+) can be 

obtained as follows. 
2 2 2 2

a b

unb 2 2 2 2

a b

cos cos 2 cos cos cos( 180 )
I

cos cos 2 cos cos cos( 60 )
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
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(17) 

From (13), (17), and Table I, the relationship of Iunb and PF
*
 

of Model-1~ 5 are shown in Fig. 4. From Fig. 4 and Fig. 3 (a), 

we can observe that, though the capacity surfaces of Model-3 

and 5 are very close [Fig. 3 (a)], the NSC suppressing ability of 

Model-3 is better than that of Model-5 (Fig. 4). It indicates that, 

if Model-5 is substituted by Model-3, RPFC can get the better 

NSC suppressing ability with almost has the same VA-capacity 

of Model-5. That is to say, the compensating strategy combined 

of Model-2, 4, and 3 has higher comprehensive performance 

than the one combined by Model-2, 4, and 5. So the genuine 

OCS should be modified from Fig. 3(b) into Fig. 5, and its 

specification is given in (18). 
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Fig. 6 gives the slopes of line OA and OB, i.e., KOA and KOB  

in different PF
*
 (note: OA and OB are the boundaries of the 

three compensation model shown in Fig. 5; the loads’ PF are 
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Fig. 3.  The relationship of SRPFC with the two phase loads’ active power 
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surfaces in Fig. 3(a). 
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still confirmed to be 0.8, because the power factor fluctuates in 

a small rang around 0.8 in the measured substation). 

It can be observed from Fig. 6 that, KOA’s fluctuation 

amplitude is 0.114, while, it varies in relatively large range for 

KOB. For implementation of the proposed OCS, a satisfactory 

performance can also be obtained by fixing KOA on 0.5, and 

adjusting KOB by PF
*
 according the blue curve shown in Fig. 6. 

It can be pre-embedded in the digital controller’s memory space 

in practical application.  

D. Negative Sequence Standard Consideration 

From (16), the primary NSC I- can be calculated as: 

2 2

1 2

1
( )

3
L p L pI I I

N
      ,                  (19) 

where 

1

2

[tan cos sin ] [cos( 30 ) tan sin( 30 )]

[tan cos( 30 ) sin( 30 )] [tan sin cos ]

       

       

    

    

          


         

. 

The negative sequence capacity S- in the primary side is  

2 2

1 23 ( ) ( )sN L L L LS V I P P K P P           .   (20) 

Considering the Chinese national standard of the negative 

sequence component is 

unb

d

V 2%V

V S

V S
 



    ,                        (21) 

where V- and V+ are the primary negative and positive voltages, 

Sd is the short circuit capacity of the traction substation. 

The negative sequence requirement of the proposed system 

can be calculated by combining (20) and (21), i.e., 

d( ) 2%L LK P P S    .                          (22) 

Fig. 7 gives the two phase loads’ distribution chart of a real 

V/v transformer based traction substation (see Table II). The 

statistic results of Fig. 7 indicate that almost 95.2% of the load 

points are located in the rectangle area of CEDO, where the 

probability of the points distributed in ∆ACO and ∆ABO (or 

∆AB1O, or ∆AB2O) is about 85%. Furthermore, we can also 

find that, exceeding 50% of the load points are located on the 

line OC and OD (note: some points are overlapped on these two 

lines), which means the V/v transformer’s capacity utilization 

ratio can be further improved in a large potential. Based on the 

above statistic results, our attention should be focused on the 

loads located in CEDO and its boundaries. 

The surface of S- vs. PLα and PLβ (within rectangle area of 

CEDO shown in Fig. 7) can be obtained based on (20) and the 

Sd given in Table II, which is shown in Fig. 8. From the shape of 

the surfaces shown in Fig. 8, it can be concluded that the 

maximum S- of Model-3, 2, and 4 occurs on the point A, B, and 

E for any given PF
*
, respectively. 

Fig. 9 gives the relationship of the S- in A, B, and E, i.e., the 

maximum S-, S-
max

, with PF
*
 for this traction substation in 

Model-2~4. Obviously, the S- blocking capability of Model-4 is 

much better than that of Model-3 and 2, though the latter’s S-
max
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Fig. 7.  The two phase load’s distribution of a real V/v transformer 
based traction substation. 
  

TABLE II 
THE SPECIFICATION OF A REAL V/V TRANSFORMER 

Grid line voltage 110kV 

Transformer Capacity 

20MVA 

phase-α: 10MVA 

phase-β: 10MVA 

Sd of the traction substation 486MVA 

Short circuit impendence phase-α and β: 10% 

Turn’s ratio 110kV:27.5kV 
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decreases when PF
*
 becomes large. Fig. 9 also shows that the 

maximum negative sequence powers controlled by OSC are 

less than the permission value 9.72MVA (i.e., 486MVA×2%), 

which means the Chinese national standard can be satisfied 

when PF
*
 is set within 0.9 to 0.99.  It should be remarked here is 

that, if the permission line of S- crosses with other maximum S- 

line of Model-2 or 3 shown in Fig. 9, the right hand abscissa of 

that intersection point should be selected as the valuable PF
*
, 

because the left one will lead Vunb out of the limit. 

The capacity utilization capability of RPFC should also be 

included in our concerning scope. From Fig. 10, the maximum 

SRPFC’s (i.e., SRPFC
max

) reducing ratio decreases heavily when 

PF
*
>0.95 [note: the maximum SRPFC point in PLα-PLβ panel (i.e., 

Fig. 7) is labeled in Fig. 10]. Besides, RPFC’s designing 

capacity SRPFC
design

’s decreasing ratio also shows relatively 

large value (>23.43%) when PF
*
ϵ[0.9,0.95], it increases when 

PF
*
→0.9 [note: ① SRPFC

design
=2×max{Sconveter-α, Sconveter-β}, this 

is because IGBT is a voltage sensitive device and the dc-link 

voltages of converter-α and β are the same; ② Eα in Fig.10 

means the maximum converter capacity belongs to converter-α 

located in point E]. Considering cost-efficiency, PF
*
 can be 

selected from 0.9 to 0.95 for this traction substation. 

E. Control Strategy Realization 

The control system of the RPFC is plotted in Fig. 11. Some 

specifications should be made for it: The FFT method or the 

instantaneous reactive power theory [37] can be used for the 

calculation of the load’s active and reactive power in the “PQ 

block”, while the proportional resonant regulator (PS) is 

adopted as the current controller for its good tracing ability in 

single phase system. For the stabilization of vdc in the back-to 

-back system, instead of the calculated Pcα, the real Pcα is 

generated by the dc-link voltage PI controller in converter-α.  

In addition, more attention has to be paid on the realization of 

the “compensating power calculation” block, and the following 

four steps can help us to get the target:  

1) According the measured two phase loads (e.g., Fig. 7), Sd, 

and the presented slops of OA and OB shown in Fig. 6, the 

PF
*
’s regulating range can be determined for the purposes 

of satisfying the negative sequence’s standard (e.g., Fig. 9) 

and having relatively small capacity (e.g., Fig. 10). 

2) Based on the pre-set PF
*
 (e.g., PF

*
ϵ[0.9,0.95]), the slopes 

of OA and OB can be determined from Fig. 6. 

3) The compensating model of OCS can be determined by the 

load point’s location in the load distribution panel shown 

in Fig. 5 or 7, which can be deduced by detecting the two 

phase loads’ active power PLα, PLβ, and the slops of OA and 

OB pre-obtained in step 2. 

4) If the compensating model is obtained from step 3, φa, φb, 

and φc can be calculated from Table I and (13), so as μα and 

μβ [see (10)]. Hence, the compensating active and reactive 

power of RPFC can be finally obtained from (12), [note: in 

(12), φLα=arctan(QLα/PLα), φLβ=arctan(QLβ/PLβ)]. 

IV. SIMULATION 

To validate the proposed OCS, the simulation model of the 

studied system shown in Fig. 1 has been established. The 

parameters of the main transformer, isolation transformer (IT), 

and converter are listed in Tables II and III. 

Fig. 12, Table IV and Fig. 13, Table V are the simulation 

results in two cases. Fig. 12 corresponds the variable PF
*
 with 
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Fig. 11.  The control system of the OCS based RPFC. 
  

TABLE III 
THE PARAMETERS OF THE ISOLATION TRANSFORMER AND RPFC 

The VA-capacity of IT 5MVA 

Short circuit impendence of IT 21% 

IT’s turn’s ratio a 27.5kV:27.5kV 

The dc-link voltage of RPFC 51.15kV 

a For discussion convenience, the turn’s ratio of IT is set to be 1:1 in the 

simulation model, though it is designed to be 27.5kV/1~3kV in the industrial 

system, where IT has multi-secondary windings and it acts as the interface for 

the small-rating back-to-back converter unit parallel connection [25]-[26] 
(note: the multi-level topology is unreliable for RPFC, because of it has the 

risk of short circuit between the back-to-back converter units [38]). 
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TABLE V 
ACTION SEQUENCE OF THE CASE SHOWN IN FIG. 13 

Time Load condition PF* 
Compensation 

model 

0.0-0.2S 
PLα=0MW, QLα=0Mvar; 

PLβ=8MW, QLβ=6Mvar 
No RPFC - 

0.2-0.4s 
PLα=0MW, QLα=0Mvar; 
PLβ=8MW, QLβ=6Mvar 

1 FCM 0.4-0.6s 
PLα=8MW, QLα=6Mvar; 

PLβ=8MW, QLβ=6Mvar 

0.6-0.8s 
PLα=8MW, QLα=6Mvar; 
PLβ=0MW, QLβ=0Mvar 

0.8-1.0s 
PLα=0MW, QLα=0Mvar; 

PLβ=8MW, QLβ=6Mvar 

0.95 

Model-2 

1.0-1.2s 
PLα=8MW, QLα=6Mvar; 
PLβ=8MW, QLβ=6Mvar 

Model-4 

1.2-1.4s 
PLα=8MW, QLα=6Mvar; 

PLβ=0MW, QLβ=0Mvar 
Model-3 
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Fig. 12.  The waveforms in the condition of variable PF
*
 with constant 

load. (a) Primary three phase currents. (b) PF
*
 and PF. (c) Voltage’s 

and current’s unbalanced ratio. (d) Capacity of RPFC. 
 

constant load, while the opposite condition belongs to Fig. 13. 

Figs. 12 and 13 show that, no matter the two phase loads change 

or not, the primary PF shift along with PF
*
 with the satisfactory 

performance [Fig. 12(b) and Fig. 13(b)]. Additionally, iA, iB, 

and iC tend to be the balanced three phase currents when PF
*
 

became larger [Fig. 12(a) and Fig. 13(a)], which leads Vunb%≤2% 

[Fig. 12(c) and Fig. 13(c)]. Under the governance of OCS, we 

can also observe from Fig. 12(d) and Fig. 13(d) that SRPFC in all 

kinds of working conditions are less than that in FCM, e.g., Fig. 

12(d), 0.4-0.6s: SRPFC|PF*=0.95= 0.72SRPFC|PF*=1, Fig. 13(d), 1-1.2s: 

SRPFC|PF*=0.95=0.73SRPFC|PF*=1; it is coincident with the 

theoretical analysis stated in Section III. 

TABLE IV 
ACTION SEQUENCE OF THE CASE SHOWN IN FIG. 12 

Time PF* 
Compensation 

model 
Load condition 

0.0-0.2S No RPFC - 

PLα=8MW, QLα=6Mvar; 
PLβ=0MW, QLβ=0Mvar 

0.2-0.4s 0.90 Model-3 

0.4-0.6s 0.95 Model-3 

0.6-0.8s 0.97 Model-3 

0.8-1.0s 1.00 FCM 
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Fig. 13.  The waveforms in the condition of variable load with constant 
PF

*
. (a) Primary three phase currents. (b) PF

*
 and PF. (c) Voltage’s and 

current’s unbalanced ratio. (d) Capacity of RPFC. 
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TABLE VI 
THE PARAMETERS OF THE EXPERIMENTAL RPFC 

Item Parameter Remarks 

Grid voltage 400V – 

Tα or Tβ 
5kVA, 
400V:100V 

– 

ITα or ITβ 
5kVA, 

100V:100V 
– 

Ls 3mH/15A 
Enhance the system’s inner impedance 
(the equivalent Sd=73.5kVA) 

L 6mH/30A – 

C a, Vdc
* 

5mF/400V, 
185V 

Cf=1.88μF(filtering the dc-link 
current’s high frequency noise ) b 

IGBT 
1200V/200

A 

Produced by Infineon Technologies 

AG 

Start resistance 
Rdc 

1Ω/4kW 
Limit IGBT’s start current; first switch 
off S10, and then switch on S10 

Snubber 

resistance Rs 
10Ω/200W 

In the pre-charge of C, first switch off 

S9, and then switch on S9. 

Discharge 
resistance Rd 

10Ω/2kW 
When vdc>200V, the discharge circuit 
starts operation 

a C is electrolytic capacitor. b Cf is non inductance polypropylene capacitor. 

V. EXPERIMENT 

A 2×5kW RPFC was built in laboratory to further validate 

the proposed strategy. Fig. 14 gives the wiring diagram and the 

real rig of the experimental system. The OCS is embedded in 

the main controller (TMS320F2812 DSP), while 1# and 2# 

slave controller (TMS320 F2812 DSP) are obligated for the 

regulation of converter-α and -β (sample frequency: 6.4kHz). 

HIOKI-3198 power quality analyzer is used here for data 

acquisition. The system parameters are listed Table VI. 

 

Fig. 15 and Table VII give the waveforms and the 

specifications of the experimental results. In the single phase 

working condition, as the increase of PF
*
, iA, iB, and iC tend to 

be the balanced three phase waveforms [Fig. 15(a)-(c)], the 

related Vunb and Iunb are decreased, and the RPFC’s capacity is 

increased, as shown in Table VII. While the similar results are 

also obtained in two phase working condition [Fig. 15(d)-(e)], 

except iA, iB, and iC can easier to be made into balance [contrast 

Fig. 15(b) and (e)]. It is also coincidence with the theoretical 

analysis aforementioned in Figs. 8 and 9. 

VI. CONCLUSION 

This paper proposed a power factor oriented RPFC for the 

power quality improvement in the common used two phase 

freight train dominated ERPS. The mathematical model of the 

T

 
Discharge
 circuit

8S

10

P

N

5mF

9S

C

dcR

sR dR

cv cv 

1  CT
(75 : 5) 2  CT

(75 : 5)

IT
IT

6mHL  6mHL 

T

A BC

a bc
iLi 

ci 

Li i

ci 

v v

o

400V

1
S

2
S

3
S

4
S

5
S 6

S 7
S

3mHs L

1#Digital
controler

v

ci 

v

ci 

PWM PWM

Load Load
Axu

Adu

fC fC
10S

  
Pre - charge
  circuit

 Snubber
resistance

    Start
resistance

dcR

1PT (4 :1)
2PT (4 :1)

400V

100V

400V

100V

2#Digital
controler

  Main
controler

v Li 
v Li 

cQ 
cQ 

cP 

dcv

3  CT
(75 : 5) 3  CT

(75 : 5)

 
(a) 

Converter - α

Converter - β

   Main
controller1#digital

controller

2#digital
controller

V / v transformer

IGBT

Discharge
  circuit

 
Pre - charge
  circuit

dcR

dR

sR

C
sL

IT

IT

L

L

HIOKI - 3198

 
(b) 

Fig. 14.  Experimental system. (a) Wiring diagram. (b) Real rig. 
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Fig. 15.  The waveforms in the condition of variable load with constant 
PF

*
. (a) Primary three phase currents. (b) PF

*
 and PF. (c) Voltage’s and 

current’s unbalanced ratio. (d) Capacity of RPFC. Experimental 
waveforms. (a) PLα=566W, QLα=424var; PLβ=0W, QLβ=0var; no RPFC. 
(b) PLα=566W, QLα=424var; PLβ=0W, QLβ=0var; PF

*
=0.95. (c) 

PLα=566W, QLα=424var; PLβ=0W, QLβ=0var; PF
*
=1. (d) PLα=362W, 

QLα=271var; PLβ=362W, QLβ=271var; no RPFC. (e) PLα=362W, 

QLα=271var; PLβ=362W, QLβ=271var; PF
*
=0.95. 

TABLE VII 
THE SPECIFICATIONS OF THE EXPERIMENTAL RESULTS  

Load 
condition 

PF* 
Grid 
PF 

Vunb% Iunb% 
SRPFC[VA] a 

SRPFC
cal SRPFC

mea 

PLα=566W, 
QLα=424var; 

PLβ=0W, 

QLβ=0var 

No RPFC 0.656 0.974 96.7 0 – 

0.95 0.948 0.362 36.2 719.0 745.3 

1.00 0.995 0.062 3.20 978.8 1015.5 

PLα=362W, 

QLα=271var; 

PLβ=362W, 
QLβ=271var 

No RPFC 0.701 0.644 49.1 0 – 

0.95 0.941 0.112 5.30 456.9 473.6 

a SRPFC
cal: the calculated SRPFC; SRPFC

mea: the measured SRPFC. 
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RPFC integrated ERPS and the comprehensive design method 

of the proposed control strategy are given in detail, based on a 

real traction substation. The simulation and the experimental 

results verify the correctness of the proposed conceives. 

In the premise of satisfying the standards of the reactive 

power and NSV, this paper gives an optimal control strategy for 

the PQ improvement, control flexibility enhancement, and the 

reduction of RPFC’s compensating and designing capacity in 

two or single phase RPFC integrated ERPS. That is to say, this 

control method can make the system have an attractive high 

cost-efficiency in two or single phase traction load conditions. 
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