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A hybrid power quality compensator (HPQC) is proposed for comprehensive compensation under minimum 

dc operation voltage in high-speed traction power supplies. Reduction in HPQC operation voltage can lead to 

a decrease in the compensation device capacity, power consumptions, and installation cost. The parameter 

design procedures for minimum dc voltage operation of HPQC are being explored. It is shown through 

simulation results that similar compensation performances can be provided by the proposed HPQC with 

reduced dc-link voltage level compared to the conventional railway power compensator. The system rating 

thus can be reduced. The co phase traction power supply with proposed HPQC is suitable for high-speed 

traction applications. In this study, the renewable energy sources are used as the supply to the proposed 

concept. Since the solar radiation is abundant thought the world, we can use these systems any way. 

Renewable energy resources (RES) are being increasingly connected in distribution systems utilizing power 

electronic converters. The compensation performance of the proposed active power filter and the associated 

PV system generation scheme with new control scheme is demonstrated to improve the power quality 

features is simulated using MATLAB/SIMULINK. 

 

KEYWORDS: PV, Co phase system, power quality compensator, reactive power compensation, traction 

power, unbalance compensation. 
 

Copyright © 2016 International Journal for Modern Trends in Science and Technology  

All rights reserved. 
 

I. INTRODUCTION 

In traction power supply system’s various 

techniques have been proposed to solve the system 

unbalance problem and also to increase the 

reliability of the system. When balanced 

transformers such as Scott and roof-delta 

transformers are used the system unbalance 

problem can be relieved. But with dynamic traction 

loads, the system balance cannot be maintained 

and compensation is required by the system to 

improve the power quality and also to reduce the 

total harmonic distortion (THD) of the system than 

which is present conventionally. This in turn 

improves the system operation [1-3]. 

The construction of special transformers to 

maintain system balance can add to the total 

installation cost of the system and we may not be 

able to solve the problem of reactive power and 

harmonics. Active compensators when compared 

to passive can provide better dynamic balance and 

comprehensive compensation under unbalance 

conditions [4]. 

Generally a Railway power compensator (RPC) is 

used in railway systems which can provide fast 

reactive power and harmonics compensation in 

traction power supply systems which solves the 

problem of excessive neutral sections installation 

in traction power supply systems. But its Total 

harmonic distortion value is high and provides 

poor power quality. Thus there is need for a device 

which is capable of providing better compensation 

and improved performance. 

By the elimination of neutral sections the velocity 

loss of the locomotives can be reduced [4-6]. To 

avoid risk of phase mixing loads are connected 

across the same single phase output in these 

systems. Passive power quality compensators such 
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as reactive power compensation capacitors and 

passive filters are used in some systems to 

overcome the disadvantage of using active 

compensation. But the disadvantage of a passive 

equipment is that it cannot adjust the capability 

flexibly, where compensation problems occur 

frequently due to the frequent change in load [7].  

The cost is low of the former, but the poor dynamic 

performance; the latter is real-time, but the cost is 

high. Combine the features of both, the literature, 

passive and active hybrid integrated compensation 

was proposed. At the same time, compensation 

characteristics and capacity configuration are 

discussed, but they did not cancel the secondary 

side of the transformer commutation link. In this 

paper, a hybrid device combining active and 

passive compensators, named as the hybrid power 

quality compensator (HPQC), is proposed for 

compensation in co phase traction power supply. 

The parameter design procedure for minimum 

HPQC voltage operation as well as the minimum 

voltage rating achievable is discussed [8-10]. 

II. CONVENTIONAL AND PROPOSED SYSTEM CIRCUIT 

CONFIGURATIONS 

In this paper, the substation transformer is 

composed of two single-phase transformers, and is 

commonly known as the V/V transformer. The 

three-phase power grid is transformed into two 

single-phase outputs (Vac and Vbc phases) 

through V/V transformer. The locomotive loadings 

are all connected across the same single phase 

output (Vac), leaving another phase (Vbc) 

unloaded. The RPC is composed of one 

back-to-back converter and is connected across 

the Vac and Vbc phases, so as to provide power 

quality compensation for the system. The circuit 

configuration of the proposed co phase traction 

power supply with HPQC is shown in Fig. 1. In 

contrast to conventional structure, the converter is 

connected to the Vac phase of the transformer via a 

capacitive coupled hybrid LC structure. As will be 

discussed later, this results in the reduction of 

converter dc bus voltage of HPQC. The 

compensation algorithm of the proposed HPQC is 

similar to that in conventional RPC and is not 

discussed here. Details may be found. For better 

understanding of the discussions, the detailed 

structure and physical definitions of RPC in the 

conventional structure and HPQC in the proposed 

structure are presented in Fig. 2. 

 

 
 

Fig.1. Circuit configuration of the proposed co phase traction 

power supply with HPQC. 

 

 

 
Fig.2. Detailed structure and physical definitions of (a) RPC in 

the conventional co phase traction power and (b) HPQC in the 

proposed co phase traction power. 

 

Since traction loads are mostly inductive, the 

following contents are discussed based on the 

assumption of inductive loadings. The vector 

diagrams of the Vac phase converter for the 

conventional RPC and proposed HPQC are shown 

in Fig. 3. It can be observed that with capacitive 

coupled LC structure, the amplitude of Vinva LC in 

HPQC can be less than that of Vinva L in RPC 

under the same compensation current. The 

corresponding mathematical expressions are 

shown in (1) and (2). With capacitive coupled 

structure in HPQC, XLCa is of negative value, and 

it results in reduction of Vinva LC. Details of 

compensation current in co phase traction power 

may be found. 

 

 (1) 
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Fig.3 Vector diagram showing the operation of Vac phase 

converter in (a) RPC of the conventional structure and (b) HPQC 

of the proposed structure. 

 

Vac coupled impedance in RPC and HPQC under 

load PF of 0.85 .The figure shows clearly that under 

the examined condition, the value of Vinva L in 

RPC is higher than that of Vinva LC in HPQC. 

Moreover, there is a minimum voltage operation 

point for HPQC. For instance, with load PF of 0.85, 

the minimum value of Vinva LC in HPQC is 

approximately 48% of Vac phase voltage. The 

operation point can be tuned along the curve by 

changing the Vac coupled impedance. Therefore, 

the HPQC operation could be located at the 

minimum voltage operation point via specific 

parameter design. The detailed discussions are 

given in the next section. 

III. HPQC PARAMETER DESIGN FOR THE MINIMUM 

DC VOLTAGE OPERATION 

The parameter design for the minimum dc 

voltage operation of HPQC in the proposed 

structure is being explored in this section. The 

design procedures of Vac and Vbc phase coupled 

impedance are introduced, together with the 

investigations on the minimum HPQC dc voltage 

rating achievable. 

 

A. Vac Phase Coupled Impedance Design 

The vector diagram showing the operation of Vac 

phase converter in HPQC under minimum voltage 

operation. With constant load PF and capacity, the 

vector Ica is fixed. Thus, the vector VLca would 

vary along the line L1 as the Vac coupled 

impedance XLCa varies. It can be observed that the 

amplitude of Vinva LC can be minimized when it is 

perpendicular to the vector VLCa. In other words, 

the minimum amplitude of Vinva LC occurs when 

the compensation current Ica is in phase with the 

voltage Vinva LC. By further defining the power 

angle of Ica as θca, the mathematical relationship 

in (3)  

 

 (3) 

 

The corresponding Vac coupled impedance XLCa 

required for minimum Vinva LC can, thus, be 

determined as shown in 

 (4) 

With the aforementioned analysis, only the Vac 

coupled impedance design for minimum HPQC 

voltage operation is determined. However, the 

ultimate goal of a parameter design is to determine 

the Vac phase coupled inductance La and 

capacitance Ca for practical application. The 

linkage of XLCa with Ca and La can be obtained 

through circuit analysis, as shown in 

 (5) 

 

For example, with Vac of 27.5 kV, load PF of 

0.85, and capacity of 15 MVA, the variation of La 

and Ca which satisfies the relationship in (5) is 

presented. It can be observed that the relationship 

between La and Ca for minimum HPQC voltage 

rating is nonlinear. It is more practical for smaller 

physical size of lower inductance value. 

Furthermore, there is a limitation on the value of 

Ca, which is indicated by the large dot. This is also 

the Ca value boundary. For a Ca value exceeding 

this boundary, the HPQC drops into the inductive 

coupled region, causing the operation similar to 

RPC. Minimum voltage operation in HPQC, thus, 

fails when the value of Ca is outside this boundary. 

 
Fig. 4.Vector diagram showing the operation of HPQC in 

correspondence with minimized Vinva LC. 

 

B. Vbc Phase Coupled Impedance Design 

For the Vbc phase coupled impedance design, it 

is determined with matching to the minimum 

voltage Vinva LC min. The vector diagram showing 

the operation of Vbc phase converter in HPQC in 

correspondence with the Vinva LC min is shown in 

Fig. 4. The minimum HPQC voltage is represented 
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by the circle Cira with radius Vinva LC min. 

assuming constant load PF and capacity, the 

vector VLC b varies along the line L2 with varying 

Vbc phase coupled impedance XLCb. Two 

intersection points (pt.1 and pt.2) are present 

between the circle Cira and the line L2. These two 

points are the operation points which satisfy the 

voltage matching with Vinva LC min. They may be 

determined mathematically. The mathematical 

expression showing the intersection of circle Cira 

and the line L2 is given in 

 (6) 

By solving the expression, the mathematical 

expressions for pt.1 and pt.2 can be obtained in 

 (7) 

 

Although both pt.1 and pt.2 may satisfy the 

voltage matching with Vinva LC min, operation 

point at pt.2 is preferred due to the lower 

impedance of XLCb and lower power 

consumptions. Besides the Vbc coupled impedance 

of XLCb, there is another issue concerning about 

the value of Vbc. For the circle Cira to have 

intersections with the line L2, the expression for 

XLCb in (7) must be real values. Thus, the 

restrictions in (8) can thus be obtained 

  (8) 

 

C. Minimum HPQC Voltage Rating Achievable 

After investigations of the Vac and Vbc phase 

coupled impedance design for the minimum HPQC 

operation voltage, the minimum voltage rating 

achievable is discussed in this section. 

 

 
Fig. 5.Curve showing the variation of HPQC minimum voltage 

rating (k_min) with load PF. 

 

The value of Vinva LC min is a key factor in the 

minimum HPQC voltage rating achievable. By 

substituting the design of Vac coupled impedance 

XLC an in (4) into the HPQC Vinva LC voltage 

calculation in (2), the minimum value of Vinva LC in 

HPQC (Vinva LC min) can be obtained in 

 (9) 

Neglecting the effect of Vac phase voltage, the 

minimum HPQC voltage rating is determined by 

 (10) 

It is now obvious that the minimum HPQC voltage 

rating is dependent only on the power angle of Ica. 

This again correlates with the load PF, as 

expressed in 

 (11) 

 

The curve showing the variation of minimum 

HPQC voltage rating (kmin) against load PF is 

plotted. It is equivalent to joining all the minimum 

operation points of the mesh plot. Under different 

load PF. For example, with load PF of 0.85, the 

minimum voltage rating is approximately 0.48, 

which is consistent with the analysis in Section II. 

Assuming Vac phase voltage of 27.5 kV, the 

minimum value of Vinva LC achievable is, thus, 13.2 

kV. The peak Value of the Vac phase voltage is 

38.89 kV, and the minimum HPQC dc-link voltage 

required is √2 times of Vinva LC, which is 

approximately 18.67 kV. 

IV. CONTROL PHILOSOPHY 

The control block of the system is shown in Fig. 

6. The instantaneous load active and reactive 

power is computed using the modified 

instantaneous pq theory.  

 

 
Fig. 6.Control block diagram of the HPQC for co phase traction 

power supply compensation. 

 

The mathematical expression is shown in (12), in 

which Vac and iL are the load voltage and current 

rms, while Vacd and iLd are 90◦ delay of load voltage 

and current, respectively. pL and qL refer to the 

instantaneous load active (real) and reactive 

(imaginary) power. 
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The active power part pL can be split into dc part 

pdc which corresponds to the fundamental average 

active load power; and oscillating part pac which 

corresponds to the oscillating active power between 

system source and load and contributes as part of 

harmonics and reactive power (which need to be 

compensated). The mathematical expression is 

shown in 

 
The required compensation power is then 

computed according to the power quality 

requirement, as expressed in (14), where pca and qca 

are the required active and reactive compensation 

power from the Vac phase converter, while pcb and 

qcb are the required active and reactive 

compensation power from the Vbc phase converter 

 
The reference of Vac and Vbc phase compensation 

current, i*ca and i*cb, can then be computed 

according to (15) and (16), where Vbc and Vbcd are 

the Vbc phase voltage and its 90◦ delay value 

 

 
The computed reference current signal is then 

sent to the hysteresis current controller, which 

pulse width modulated signals are generated for 

the electronic switches of Vac and Vbc phase 

converters. The HPQC balances the grid-side 

current by transferring active power from the Vac 

phase to the Vbc phase. Meanwhile, harmonic and 

reactive power compensations are achieved by the 

Vac phase converter. 

 
Fig.7.Circuit schematic of the system under investigated in 

simulation verifications. 

Concerning the design of the LC filter parameter, 

it is selected so as to reduce the harmonics 

compensation capacity of the compensator. 

Although the highest load harmonic contents are 

located at the third harmonic frequency, the LC 

filter is tuned at the second highest load harmonics 

(fifth harmonic) for smaller physical size of the 

components. 

V. PHOTOVOLTAIC SYSTEM 

A Photovoltaic (PV) system directly converts solar 

energy into electrical energy. The basic device of a 

PV system is the PV cell. Cells may be grouped to 

form arrays. The voltage and current available at 

the terminals of a PV device may directly feed small 

loads such as lighting systems and DC motors or 

connect to a grid by using proper energy conversion 

devices. 

 
Fig.8. Block diagram representation of Photovoltaic system. 

 

This photovoltaic system consists of three main 

parts which are PV module, balance of system and 

load. The major balance of system components in 

this systems are charger, battery and inverter. The 

Block diagram of the PV system is shown in Fig.8. 

A photovoltaic cell is basically a semiconductor 

diode whose p–n junction is exposed to light. 

Photovoltaic cells are made of several types of 

semiconductors using different manufacturing 

processes. The incidence of light on the cell 

generates charge carriers that originate an electric 

current if the cell is short circuited1 

 
Fig.9. Practical PV device 

 

The equivalent circuit of PV cell is shown in the 

fig.9. In the above figure the PV cell is represented 
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by a current source in parallel with diode. Rs and 

Rp represent series and parallel resistance 

respectively. The output current and voltage form 

PV cell are represented by I and V. The I-V 

characteristics of PV cell are shown in fig.10. The 

net cell current I is composed of the light generated 

current IPV and the diode current ID. 

 
Fig.10. Characteristics I-V curve of the PV cell 

VI. MATLAB/SIMULINK RESULTS 

Here the simulation is carried out by different 

cases are shown in this chapter by using 

Matlab/simulink software 

 

 
Fig.11. Matlab/simulink model of proposed co-phase traction 

power model 

 

 
(a) 

 
(b) 

Fig.12. System performances of the proposed co-phase traction 

power without compensation (a) Three-phase power source 

voltage and current waveforms. (b) Vac and Vbc phase voltage 

and current waveforms 

 
(a) 

 
(b) 

Fig. 13. System performances of cophase traction power with 

RPC (Vdc = 41 kV). (a) Three-phase power source voltage and 

current waveforms. (b) Vac and Vbc phase voltage and current 

waveforms. 

 
(a) 

 
(b) 

Fig. 14. System performances of the proposed co-phase traction 

power supply system with HPQC (Vdc = 27 kV). (a) Three-phase 

power source voltage and current waveforms. (b) Vac and Vbc 

phase voltage and current waveforms. 

 

 
 

Fig.15. shows the total harmonic content by using PI is 3.39% 
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(a) 

 
(b) 

Fig.16. System performances of the proposed cophase traction 

power supply system with HPQC (Vdc = 41 kV). (a) Three-phase 

power source voltage and current waveforms. (b) Vac and Vbc 

phase voltage and current waveforms. 

 
(a) 

 
(b) 

Fig. 17. System performances of the proposed cophase traction 

power supply system with HPQC (Vdc = 22 kV). (a) Three-phase 

power source voltage and current waveforms. (b) Vac and Vbc 

phase voltage and current waveforms. 

 

 
Fig.18. shows the Matlab/simulink model of Proposed 

Converter with Photovoltaic. 

 
Fig.19. shows the total harmonic content. 

 

VII. CONCLUSION 

The PV system with shunt controller has been 

presented. The PV converter is voltage controlled 

with a repetitive algorithm. An MPPT algorithm has 

specifically been designed for the proposed 

voltage-controlled converter. It is based on the 

incremental conductance method, and it has been 

modified to change the phase displacement 

between the grid voltage and the converter voltage, 

thus maximizing the power extraction from the PV 

panels. The designed PV system provides grid 

voltage support at fundamental frequency and 

compensation of harmonic distortion at the point of 

common coupling. A HPQC with reduced dc voltage 

operation compared to conventional RPC during 

compensation is proposed in this paper. The 

parameter design for the minimum HPQC voltage 

operation is being discussed, and the minimum 

HPQC voltage operation point achievable is 

explored. Finally, all simulations results are 

verified through Matlab/Simulink software. 
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