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 This paper focuses the study on the design of a new topology of unbalance 

compensators adopted by railway operators in the substations of high-speed 

railway lines, this compensation structure based on the concept of alternating 

current (AC)-chopper controlled impedance (CCI). The present document 
describes the CCI compensator in terms of the components constituting this 

structure, the installation of CCI to limit the unbalance factor according to 

the limit imposed by the moroccan energy provider (ONEE), and the 

calculation of the power losses generated by the CCI and the comparison 
with other topologies such as voltage source inverter STATCOM (VSI) and 

current source inverter STATCOM (CSI). The modelization of the 

compensator and the results were established using MATLAB/Simulink 

software by exploiting real data provided by the moroccan railway office 
(ONCF). 
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1. INTRODUCTION 

Since the year 1981, high-speed railway is supplied by two-phase system 2×25 kV between the 

catenary and a complementary cable called negative feeder, a 25 kV between the catenary and the rail is 

obtained by a mid-point autotransformer as shown in Figure 1 [1], [2]. An electrical system is balanced if, for 

the three-phase quantities (current and voltage), it has the same amplitude, the same frequency, and a phase 

shift of 120°, otherwise, the system is unbalanced. The fact that the railway substations are two-phase loads 

with a very high dynamic power consumption, is an important source of unbalance. Therefore, it will affect 

the quality of the power supply by increasing the losses of the generator, reducing the output capacity of the 

transformer, disturbing the protective relays, devices that generate operating errors. These negative effects 

seriously influence the operational safety of the electrical system [3]-[5].  

The orientation towards the use of compensators in railway lines has become mandatory to avoid the 

degradation of the electrical power quality. For this reason, the research in this field is interested in studying 

the compensator topologies citing the first one is the voltage source inverter STATCOM (VSI), which is 

based on the use of a number of compensation cells coupled in parallel to the secondary of a three-phase 

transformer connected by Yy0; each cell contains a filtering inductance on the alternating current (AC) side 

(L), a voltage source inverter with a sine-triangle pulsewidth modulation (PWM) control and a voltage 

storage source on the direct current (DC) side consisting of a capacitor (CDC) [6]-[9], Figure 2 illustrates the 
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general structure of the compensator VSI. The second one is the current source inverter STATCOM (CSI), it 

is composed of several cells coupled in parallel with the secondary of the three-phase transformer with a Yy0 

connection. Each cell contains a DC source realized by an inductor Ldc, a CSI converter composed of six 

unidirectional power electronic switches (only insulated gate bipolar transistor (IGBT)), and an LC filter 

connected between the AC side of the inverter and the secondary of the transformer, the IGBT switches are 

controlled by PWM signals [10]-[14], Figure 3 illustrates the general structure of the compensator CSI.  

The efficiency of the CSI compensator is higher than that of the VSI compensator in terms of power 

losses in the semiconductors, but the inconvenience of the CSI compensator is the complexity of the 

protection devices due to the current source. For this reason, this paper presents a new topology of unbalance 

compensation based on AC-chopper controlled impedance concept (CCI), with a classical adjustment of the 

protection devices and a high efficiency in terms of power losses in the semiconductors. In order to evaluate 

the efficiency of the CCI compensator, it has been introduced in the two sub-stations Tangier and Kenitra.  

The rest of this paper are organized as follow: Section 2 describes the technical characteristics of the 

two substations (Tangier and Kenitra). It also presents the unbalance factor without the use of a compensator. 

Section 3 describes the new compensator topology and the sizing of the compensator constitution. Section 4 

discusses the results obtained by the CCI compensator for the two substations on the one side, on the other 

side a comparison in terms of power losses between the CCI compensator and the other compensators (VSI 

and CSI). Section 5 concludes the paper. 
 

 

 
 

Figure 1. The power circuit of supply AC system (2×25 kV -50 Hz) of the HSR substation 

 

 

 
 

Figure 2. VSI-STATCOM structure 
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Figure 3. CSI-STATCOM structure 

 

 

2. UNBALANCE ANALYSIS 

The technical characteristics of the two Moroccan substations (Tangier and Kenitra) and the high 

voltage (HV) lines for the 2030 horizon are presented in Table 1 [1]. The data provided by the ONCF of the 

two sub-stations are spread over 9 hours from 7am to 4pm. At the point of common coupling (PCC) without 

compensator, based on the simulation in MATLAB/Simulink simpowersys environment. Figure 4 presents 

the evolution of different parameters (power consumed and unbalance factor) in normal situation (N) for 

Tangier substation, Figure 4(a) presents the power consumed, and Figure 4(b) presents the results of the 

voltage unbalance analysis.  
 

 

Table 1. Characteristics of the Kenitra and Tangier substations 

Characteristics 
Tangier-side substation 

(PK10) 

Kenitra-side substation 

(PK185) 

Rated power of the single-phase transformer 40 MVA 40 MVA 

Connection Two-phase Two-phase 

Rated voltage of the line HT 225 kV 225 kV 

Short-circuit power at the 

Connection Point (PCC) in MVA 

N: normal power grid situation(225 kV) 2800 3000 

N-1: degraded power grid situation (202 kV) 2390 2400 

Line parameters Rline (Ω/Km)=0.07 Rline (Ω/Km)=0.07 

Lline (mH/Km)=1.26 Lline (mH/Km)=1.26 

 

 

 
 

Figure 4. Evolution of (a) daily rail traffic for the Tangier substation (pk10) in 2030 (225 kV) and (b) 

predicted unbalance factor for the tangier substation (225 kV) 
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Figure 5 presents the evolution of different parameters (power consumed and unbalance factor) in 

degraded situation (N-1) for Tangier substation. Figure 5(a) present the power consumed. Figure 5(b) present 

the results of the voltage unbalance analysis. 

 

 

 
 

Figure 5. Evolution of (a) daily rail traffic for the tangier substation (pk10) in 2030 (202 kV) and (b) 

predicted unbalance factor for the tangier substation (202 kV) 

 

 

Figure 6 presents the evolution of different parameters (power consumed and unbalance factor) in 

normal situation (N) for Kenitra substation, Figure 6(a) present the power consumed, and Figure 6(b) 

present the results of the voltage unbalance analysis. Figure 7 presents the evolution of different 

parameters (power consumed and unbalance factor) in degraded situation (N-1) for Kenitra substation, 

Figure 7(a) present the power consumed, and Figure 7(b) present the results of the voltage unbalance 

analysis.  

In 2030, the unbalance factor for the both substations will exceed the limit value whatever the 

situation of the power grid (N or N-1), it can go up to 2.5%. This excess generates penalties on the energy 

consumed by the Moroccan railway operator (ONCF). For this reason, the railway operator (ONCF) project 

to install the unbalance compensators based on FACTS systems, which must be sized on the basis of the 

substation consumed power Sss (MVA). 

 

 

 
 

Figure 6. Evolution of (a) daily rail traffic for the Kenitra substation (pk185) in 2030 (225 kV) and (b) 

predicted unbalance factor for the Kenitra substation (225 kV) 
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Figure 7. Evolution of (a) daily rail traffic for the Kenitra substation(pk185) in 2030 horizon (202 kV) and 

(b) predicted unbalance factor for the Kenitra substation in 2030 (202 kV) 

 

 

3. CCI COMPENSATOR 

3.1.  Concept of the CCI  

The Steinmetz circuit represents a common solution for balancing high power industrial single-

phase loads. This technique consists of connecting an inductive and a capacitive impedance to the single-

phase load in order to reduce the unbalance factor in the power supply system [15]-[19]. The disadvantage of 

the Steinmetz circuit is that it can only be used for static loads, so it is not more efficient for dynamic loads 

(railway substation), to adapt Steinmetz solution to our case, a dynamic capacitive and inductive impedance 

will be used depending on the power load. The realization of a variable impedance is possible with a PWM-

controlled AC inverter as shown in Figure 8. The power structure of the CCI consists of two controlled 

impedances, one inductive and the other capacitive (Figure 9). Each impedance is supplied by a step-down 

transformer. An LC filter upstream of each impedance to limit the harmonic in the secondary of the 

transformer. 

 

 

 
 

Figure 8. The inductive and capacitive variable impedances for CCI compensator 

 

 

3.2.  Sizing of the CCI compensator 

Figure 10 shows the general structure of the CCI compensator, the set point impedance (𝑧𝑖𝑛,𝑐) is 

calculated from the power consumption 𝑆𝑆𝑆 using (1) and (2). The (3) explains the relationship to calculate 

the duty cycle alpha, which will later be a solicitation for the AC-chopper control in the form of PWM 

signals. LC filter is installed between the input part of the compensator and the transformer secondary in 

order to reduce THD. 
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Figure 9. Insertion of the active Steinmetz circuit in the substation  

 

 

 
 

Figure 10. The general structure of the CCI compensator 

 

 

3.2.1. IGBT module  

The IGBTs module are chosen of ABB company. The technical specifications are satisfied for HV 

application. The maximum direct current at the thermal limit of the converter is 1.2 KA and a maximum 
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3.2.2. Transformer  

The role of the transformer is to step down the voltage in order to adapt it to the power electronic 

components used IGBT. The second role is a galvanic isolation because the compensator is connected 

directly to the high voltage (HV) electrical power transmission line. In this case the primary voltage of the 

transformer is 225 kV, and the secondary voltage is 3.5 kV, (3) the transformation ratio. 

 

𝑚𝑇1 = 𝑚𝑇2 = 15.55 · 10
−3 (1) 

 

3.2.3. Impedance variation range  
From the power simulation provided by the ONCF, the range of power consumed by the substation 

varies between  𝑅𝑠𝑠,𝑚𝑖𝑛 and 𝑅𝑠𝑠,𝑚𝑖𝑛 (Table 2) and therefore deduce the extremities of the resistances 

𝑋𝐿,𝑚𝑎𝑥 = 𝑋𝐶,𝑚𝑎𝑥 and 𝑋𝐿,𝑚𝑖𝑛 = 𝑋𝐶,𝑚𝑖𝑛 (2) and (3). 

 

𝑅𝑠𝑠 =
𝑈(𝑉)2

𝑆𝑠𝑠(𝑉𝐴)
 (2) 

 

Where 𝑈 is the voltage of the high voltage line (225 kV), 𝑅𝑆𝑆 is the equivalent resistance of the sub-station, 

𝑆𝑆𝑆 is the power consumed by the substation. 

 

𝑍𝐶 = 𝑍𝐿 = √3𝑅𝑠𝑠 (3) 

 

Where 𝑍𝐶  is the capacitive impedance and 𝑍𝐿is the inductive impedance. 

 

 

Table 2. Primary impedance interval calculations 
𝑆_(𝑠𝑠,𝑚𝑖𝑛) 5 𝑀𝑉𝐴 

𝑆_(𝑠𝑠,𝑚𝑎𝑥) 60 𝑀𝑉𝐴 

𝑅_(𝑠𝑠,𝑚𝑖𝑛) 10.125 𝐾Ω 

𝑅_(𝑠𝑠,𝑚𝑎𝑥) 0.843 𝐾Ω 

𝑋_(𝐿,𝑚𝑎𝑥) = 𝑋_(𝐶,𝑚𝑎𝑥) 17.537 𝐾Ω 

𝑋_(𝐿,𝑚𝑖𝑛) = 𝑋_(𝐶,𝑚𝑖𝑛) 1.461 𝐾Ω 

 

 

 

3.2.4. Duty cycle range  

To determine the range of variation of the duty cycle alpha (α), if we assume that alpha=1 the 

impedance is 𝑍𝐶 = 𝑍𝑐,𝑚𝑖𝑛  and from (4) the minimum α is deduced. Table 3 shows the range of variation α as 

a function of impedance. 

 

𝑍𝑖𝑛  
𝑍𝑜𝑢𝑡

𝛼2
 (4) 

 

Where 𝑍𝑖𝑛 is the input impedance and 𝑍𝑜𝑢𝑡 is the output impedance. 

 

 

Table 3. Duty cycle interval calculations 
𝑍𝑐,𝑚𝑖𝑛 1.461 𝐾Ω 𝛼𝑚𝑎𝑥 1 

𝑍𝑐,𝑚𝑎𝑥 17.537 𝐾Ω 𝛼𝑚𝑖𝑛 0.288 

 

 

3.2.5. Sizing of capacitive CCI 

The reactive power produced by the capacitive CCI is calculated by (5), the results of the calculation 

of extreme values from α are presented in the Table 4, Table 5 presents the different parameters of CCI 

capacitive [20]-[22]. 

 

𝑄𝐶 =
𝑈2

𝑍𝑐𝑜𝑚𝑝
 (5) 

 

Where 𝑄𝐶  is the reactive power of the compensator, 𝑍𝑐𝑜𝑚is the impedance of the compensator. In order to 

supply the total reactive power produced by the capacitive CCI, the optimal number of cells of AC-chopper 

cells a PWM control is 𝑁1 = 12 cells in parallel. 
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Table 4. Reactive power range 
𝛼𝑚𝑎𝑥 1 𝑄𝑐,𝑚𝑎𝑥(𝑀𝑉𝐴𝑅) 34 

𝛼𝑚𝑖𝑛 0.273 𝑄𝑐,𝑚𝑖𝑛(𝑀𝑉𝐴𝑅)  2.886 
 

Table 5. The parameters of the capacitive compensator 
𝑋𝑐𝑣(Ω)  𝐶𝑣(µF)  𝑋𝐿𝑐𝑣(Ω)  𝐿𝐿𝐶(𝑚𝐻)  𝐼𝑚𝑎𝑥(𝐴)  
3.328 831 0.114 0.362 887.8 

 

 

 

3.2.6. Sizing of inductive CCI 

In the same way as for the capacitive CCI. The inductive limited impedance must consume a 

variable reactive power in the same range as the capacitive power. To compensate totally, 8 AC-chopper cells 

are needed, the Table 6 shows the calculation results for one cell. 

 

 

Table 6. The parameters of the indicative compensator 
𝑋𝐿(Ω)  𝐿(𝑚𝐻)  𝑟(𝑚Ω)  𝐼𝑚𝑎𝑥(𝐴)  
2.513 8 31.2 1050 

 

 

3.2.7. LC filter sizing 
The principal objective of the filter is to eliminate low frequency harmonics, but at the same time it 

should not influence the total impedance of the CCI. The variation range of the compensator impedance has 

been calculated 𝑍𝑐𝑜𝑚𝑝 = [𝑍𝑚𝑖𝑛; 𝑍𝑚𝑎𝑥] In order that the filter impedance does not influence the total 

impedance of the compensator (Table 7), the following conditions must be respected: 

- 𝑋𝐶𝐹 is maximum possible 

- 𝑋𝐿𝐹 is minimum possible 

The THD in voltage is controlled at a value 6.6% lower than the normalized limit (8% according to the NF 

EN 50160 Standard). 
 

 

Table 7. The parameters of the indictive compensator 
LF CF 

92 µH 65.51 µF 

 

 

4. RESULTS AND DISCUSSION 

Figures 11-14 present the results obtained for the two situations (N and N-1) of the both substations 

(Tangier and Kenitra), the Figures show that the voltage unbalance factor (Tiv) and the voltage harmonic 

distortion factor (THDv) of CCI {CCI capacitive: THDc, CCI inductive: THDL} in function of the prediction 

of the daily rail traffic for the horizon 2030 are respecting the norms of the limits imposed by the energy 

provider (Tiv <1%). 

 

 

 
 

Figure 11. Tiv and THD according to daily railway traffic Tangier 225 kV with unbalance  

compensation by CCI (Cosφ ≈1) 
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Figure 12. Tiv and THD according to daily railway traffic Tangier 202 kV with unbalance  

compensation by CCI (Cosφ ≈1) 

 

 

 
 

Figure 13. Tiv and THD based on daily railway traffic Kenitra 225 kV with unbalance  

compensation by CCI (Cosφ ≈1) 

 

 

 
 

Figure 14. Tiv and THD based on daily railway traffic Kenitra 202 kV with unbalance  

compensation by CCI (Cosφ ≈1) 

 

 

The variation of the power factor (cosphi of the substation) influences the quality of the unbalance 

compensation as shown in Figure 15 and Figure 16 for a power factor of 0.9 and 0.8 respectively of the 
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Tangier substation. From the simulation results, it is clear that the CCI compensator is able to compensate the 

unbalance for all loads with a power factor higher than 0.9 (Cosφ ≥0.9). 

 

 

 
 

Figure 15. Tiv and THD according to daily railway traffic Tangier 225 kV, Cosφ=0.9 with  

compensation of unbalance by CCI 

 

 

 
 

Figure 16. Tiv and THD according to daily railway traffic Tangier 225 kV, Cosφ=0.8 with unbalance 

compensation by CCI 

 

 

Noting that the CCI compensator has proven its effectiveness in limiting the unbalance factor, it is 

also very important to see the losses generated by the semi-conductors constituting this compensator by 

comparing them with the existing compensators (VSI and CSI STATCOM). From the conduction and 

switching losses equations [23]-[25], it can be noticed that they depend on the values of the duty cycle α, 

which varies with the power consumed by the high-speed railway substation. To evaluate the efficiency of 

the CCI Table 8 presents the maximum power losses dissipated in the CCI compensator. 

 

 

Table 8. The maximum power losses dissipated in the CCI compensator 
maximum total losses (MW) 

CCI inductive CCI capacitive total 

0,29  0.17  0.46  

 

 

 The three topologies with their daily and annual consumption are represented in Table 9, noting that 

the CCI compensator has again proven its performance in terms of power losses in the semiconductors 

compared to the VSI and CSI STATCOM topologies [1]. 
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Table 9. Semiconductor power losses for the three topologies CCI, VSI and CSI STATCOM 
Unbalance compensator topology Energy lost daily (MWh) Energy lost annually (MWh) 

CCI 2.8901 1054.89 

VSI_STATCOM 44.46 16227.9 

CSI_STATCOM 38.7 14125.5 

 

 

 The AC Chopper-based solution can be adopted by the Moroccan railway operator for the Tangier-

Kenitra substations and has significant cost advantages over STATCOM solutions. The comparison between 

AC Chopper, VSI and CSI STATCOM topologies in terms of annual semiconductor losses has shown that 

our solution provides a very important reduction of power losses. 

 

 

5. CONCLUSION 

The increase in railway traffic poses the question of power quality in the substations of high-speed 

railway lines. In order to respect the exigencies imposed by the energy supplier (ONEE) and to guarantee a 

safe power quality, the railway operator is obliged to install unbalance compensators based on electronic 

power converters in the substations. This paper proposes a new compensation topology based on power 

electronics elements for 2×25 kV/50 Hz railway substations. The PWM AC-chopper controlled impedances 

are presented as converter structures characterized by reduced losses compared to STATCOM solutions. A 

comparative study between the proposed topology and the widely used STATCOM topology shows that 

power losses in semiconductors are about 92% lower. The experimental validation for this comparative study 

is the objective of a second paper. 
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