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Abstract-LCL filter has been widely used for harmonic 

suppression in power system converter, especially at high power 

conditions. For instance, in the 27.5 kV locomotive co-phase 

traction power, the railway power quality conditioner is a back­

to-back converter, and LCL filter is preferred to suppress the 

harmonics injected. In this paper, the design procedure of LCL 
filter for harmonic suppression in co-phase railway power 

quality conditioner is being analyzed and proposed. The 

influence of LCL filter parameter on its performance is being 

derived mathematically and discussed. Besides normal 

discussion of current harmonic suppression, voltage harmonic 

suppression performance of LCL filter is also investigated. 

Finally, the LCL filter design is being verified via PSCAD 
simulation. This paper provides a systematic design procedure 

for LCL parameter design, which is derived based on 

mathematical analysis. 

I. INTRODUCTION 

LCL filter has been commonly used for suppression of 
harmonic injection in switching converters [1-2]. Power 
electronics switching converters are normally connected in 
parallel or in series with the power system, and are mostly 
composed of switching components controlled by pulse width 
modulation (PWM) signals. Rapid switching causes frequent 
changes in the output current and voltage of the converter. 
Thus, a filtering circuit structure is usually adopted in the 
converter topology so as to reduce the harmonics injected into 
the power system. 

Three common filtering structures in power electronics 
converters include L, LC and LCL circuits, which structure is 
shown in Fig. 1. It is mentioned in most researches that the 
harmonic suppression performance of LCL is the best among 
all [3-4]. Thus, it is recommended that LCL filter is applied 
whenever there is high requirement for harmonic suppression. 

The installation of the world's first co-phase traction 
power compensation device in China Kunming signifies a new 
page of traction power supply topology for high speed 
railway. Railway power quality conditioner (RPC) in co-phase 
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traction power provides compensation of power quality 
problems, such as system unbalance, reactive power and 
harmonics. RPC is a back-to-back converter composed of 
electronic switches, which may generate harmonics into the 
power grid [5]. Therefore, filtering structure is required to 
minimize the injection of harmonics into the system. 

(a) (b) (c) 

Figure I Circuit structure of (a) L; (b) LC; and (c) LCL filters 

LCL filter may be used in RPC since traction loadings are 
considered to be large load in power system. However, so far 
in most researches, there is still lack of LCL filter parameter 
design analysis [6-7]. In this paper, the design of LCL filter 
parameter in co-phase traction power supply is analyzed. In 
section I, brief introduction of the paper is given. The circuit 
structure of LCL Filter in co-phase traction power supply with 
RPC is introduced in section II. Afterwards, the LCL filter 
structure is being modeled in section III. In section IV, the 
effects of LCL parameter design is being analyzed and 
discussed. PSCAD simulation verification results are 
presented in section V and a conclusion is summarized in 
section VI. 

II. LCL FILTER IN CO-PHASE TRACTION WITH RPC 

The circuit structure of co-phase traction power supply 
with RPC is shown in Fig. 2. Locomotive loadings are usually 
electrified with 27.5 kV AC power, and in co-phase traction 
power, all locomotive loadings are connected across one 
single phase so as to avoid the risk of phase mixing. Penalties 
will be applied for poor power quality; and thus, RPC is 
employed to provide power quality compensation and 
conditioning in co-phase traction power. 
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As introduced previously, RPC is composed of a back-to­
back converter with electronic switches. During power quality 
compensation, active and reactive power absorption or 
injection is achieved by modifying the PWM signals which 
control the electronic switches. Frequent switching of the 
electronic switches will introduce ripples and harmonics into 
the system, which may affect the compensation performance. 
Therefore, filtering structure is required to attenuate the 
ripples and harmonics introduced by RPC in co-phase traction 
power supply system. 
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Figure 2 The circuit structure of LCL filter in RPC for providing power 
quality compensation in co-phase traction power. 

Traction loadings are considered to be large load, and in 
order to suppress the harmonics introduced by RPC during 
compensation, LCL filter is adopted. As shown in the square 
boxes in Fig. 2, LCL filter is located between the point of 
common coupling (PCC) point and the output from the 
electronic switches. The modeling of LCL filter for analysis is 
presented in the next section. 

III. MODELING OF LCL FILTER 

In order to analyze the performance of LCL filter, the 
circuit of LCL filter is being modeled first using the circuit 
diagram in Fig.3. It is assumed that the RPC output V RPC is 
processed using the LCL filter, formed by Zh Z2 and Z3. The 
impedance of the power grid side is then modeled by ZL. 

Converter 
Side 

Black Box 

Power 
Gnd Side 

Figure 3 Circuit schematic of LCL filter used for modeling. 

A. Thevenin's Equivalent Model 
First of all, the LCL filter is modeled using Thevenin's 

theory. The famous Thevenin's equivalent model is shown in 
Fig. 4. 

Converter 
Side 

Black Box 

Power 
Grid Side 

Figure 4 The Thevenin's equivalent model used for analysis. 

The expression in (1) can be easily obtained by simple 
circuit analysis. 

(1) 

Similarly, the expressions in (2) can also be obtained from 
circuit analysis of Fig. 3. 

(2) 

By further manipulation, the expressions in (3) and (4) are 
resulted. 

(3) 

(4) 

Comparing (1) and (4), the relationship in (5) can be 
observed. The value of ZTh is also the equivalent impedance of 
the LCL filter in RPC. 
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In LCL filter (refer to Fig. 1), Z)=sL" Z2=sL2, Z3=lIsC[. 
Asswning the RPC impedance is negligible, (6) can be 
obtained by substituting the relationship into (5). This is also 
the Thevenin's equivalent model of the LCL filter. 

VTh = [ 2 
1 j .vRPC (s ) 

s LICf +1 

sLI 
Z Th = SL2 + --:-z -....!...-­S LICf +1 

B. Transfer Function 

(6) 

Next, the transfer function of the LCL filter is derived. The 
core equation of the transfer function can be determined by 
substituting the result obtained in (6) into (4), as shown in (7). 

Since the function of the LCL filter is to suppress 
harmonics generated by RPC, it is worth investigating the 
transfer function between the output current and voltage at the 
power grid side and the RPC voltage. The relationship is 
obtained from simple arithmetic manipulations of (7) and is 
shown in (8) and (9). 

ds) 
V RPc(s ) S3 LILzC f + sLI + sLz 

VL (S ) 
VRPc(s ) sZLICf +1 

(8) 

(9) 

The expression in (8) is the transfer function of LCL filter, 
which can be found in most studies and researches. It indicates 
the frequency response of the RPC voltage and the power grid 
side current (point of common coupling PCC). However, 
according to the expression in (7), the RPC voltage can also 
affect the power grid side voltage and the relationship is thus 
reflected in (9). 

IV. EFFECTS OF LCL PARAMETERS ON PERFORMANCE 

In this section, the analysis of the effects of LCL 
parameters on performance is explored according to the model 
developed above so as to propose a suitable design procedure. 

First of all, let us have a deeper understanding of the LCL 
filter. The LCL filter is normally designed according to the 

desired cutoff frequency for harmonic suppression. The 
expression in (10) can be obtained by rearrangement of (8). 

(10) 

It can then be observed from (10) that the cutoff frequency 
We is located at the point which (11) is satisfied. 

OJ = c (11) 

It is suggested in researches that the total inductance, 
Lr=L,+L2, can be selected according to (12), in which V de is 
the DC voltage of the converter, fs is the converter switching 
frequency and flip is the amplitude of the current ripple 
avoidable. 

(12) 

However, there is little discussion on the distribution of L, 
and L2. The following analysis is developed based on these 
asswnptions. 

• The LCL filter is designed according to (11); 

• The inductance ratio between L, and L2 is a such that 
L/L2=a and Lr=L2(a+l); 

• The cutoff frequency is located at k times of the 
fundamental system frequency such that we=kws 

Afterwards, the effects of LCL filter parameter are 
discussed. 

A. Effects on Equivalent Impedance 
One may have wondered on whether the LCL filter will 

alter the designed impedance since (12) is derived based on 
inductive structure only. 

By substituting L)=aL2 and (11) as well as the assumptions 
above into (6), the expression for the equivalent fundamental 
LCL impedance is obtained, as shown in (13). 

The graph of LCL filter impedance ratio with desired total 
impedance is plotted against the values of a and k in Fig. 5. 
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Figure 5 Three dimensional plot of the LCL filter equivalent impedance 
ratio with desired total impedance LT against the values of ratio a and k. 

The range of k is chosen as 20 to lOO, which corresponds 
to cutoff frequency of 1 kHz to 5 kHz for a 50 Hz power 
system; while the range of a is chosen as 0.1 to 50. The 
followings can be observed from the figure. 

• 

• 

• 

Under the condition being studied, there is no 
condition such that the LCL filter equivalent 
impedance is lower than the desired total inductance 
Lr; 

The larger the value of a, the more is the derivation 
of the LCL equivalent impedance from desired total 
inductance Lr; 

The derivation is not much (around 1 � 1.15); it is 
thus applicable when the inductance value does not 
affect the control of the converter. 

Therefore, it may be concluded that the equivalent 
impedance of the LCL filter can be estimated by the total sum 
of the inductance within it. 

B. Effects on Harmonic Suppression 
As described, one major function of LCL filter is to 

suppress the harmonics generated by the converter. It is 
therefore essential to explore the effects of LCL parameters on 
harmonic suppression performance. 

By substituting LJ=aL2 and (11) into (8) and (9), the 
expressions in (14) and (15), which show the frequency 
response of the LCL filter current and voltage. 

ds) 1 
V RPC (s ) = S3 (LT /0); )+ SLT 

V L (s ) 1 
VRPc(s ) = s2((a+ 1 )/0);)+ 1 

(14) 

(15) 

It can be observed from (14) that the harmonic current 
suppression performance is dependent on the total inductance 
Lr and the cutoff frequency O)c' Referring to (15), it can be 
inferred that the harmonic voltage suppression performance is 
dependent on the value of a and the cutoff frequency. In other 
words, the value of a does not affect the LCL filter harmonic 
current suppression performance, but will influence its 
harmonic voltage suppression. 

In order to further investigate the effect of inductance ratio 
a on LCL voltage harmonic gain, a graph is plot in Fig. 6 
according to (15). It can be observed from the figure that the 
voltage harmonic gain is higher with a lower inductance ratio 
a. 
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Figure 6 A graph showing the relationship of LCL filter voltage harmonic 
gain with inductance ratio a. 

Therefore, based on the analysis, a higher value of 
inductance ratio a is preferred for suppressed harmonic 
voltage. 

C. Effects on Capacitance Value 
Finally, the effect of inductance ratio a on the LCL filter 

capacitance value is being explored. By substituting L,=aL2 
into (11), (16) can be obtained. For easier analysis, the fraction 
containing the parameter a is defmed as a new parameter kc. 

C =
_I_[ (a+l )2 ]

=
_I_ . k (13) f 0)2L a 0)2L c 

e T c T 

The graph of kc against the variation of inductance ratio a 
plotted according to (13) is shown in Fig.7. It can be observed 
from Fig. 7 that with a fixed LCL filter capacitance value, 
there are two values of a which can satisfy the condition. 
Combining this idea with the conclusion from previous 
subsection, a higher value of a is desirable for better harmonic 
suppression performance. In case when a mmunum 
capacitance value is desired, the value of a is best selected as 1. 
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Variation of kc against inductance ratio a in LCL filter 
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Figure 7 A graph showing the variation of kc against inductance ratio a. 

V. PROPOSED LCL FILTER DESIGN PROCEDURE 

Two LCL filter design procedures are proposed below for 
different purposes based on the analysis above. 

A. Design based on Capacitance Cf 
First, asswne that there is a desired capacitance value Cr, 

the LCL filter may be designed according to the followings 
1. Select an appropriate cutoff frequency so as to determine 

the value of k in (11); 
2. Design the total inductance LT based on the current ripple 

avoidable and (12); 
3. Choose the inductance ratio a (L I =aL2' a> 1) accord ing to 

Cr and (13) 

B. Design based on minimum capacitance 
Next, suppose that the condition which mInimUm 

capacitance is preferred. The following design procedure may 
be followed. 
1. Select an appropriate cutoff frequency so as to determine 

the value of k in (11); 
2. Design the total inductance LT based on the current ripple 

avoidable and (12); 
3. Choose inductance ratio a= 1; 
4. Calculate the required capacitance according to (13) 

VI. SIMULATION VERIFICATIONS 

After the discussions, analysis and proposing of the LCL 
filter design procedure, simulation verifications are done 
using PSCAD. The simulation circuit schematic is 
constructed according to Fig. 2. It is a co-phase traction 
power supply system with RPc. Supposing that a LCL filter 
cutoff frequency of 1 kHz is desired, the two LCL filter 
design proposed above are being simulated. In order to show 
the effectiveness of the LCL filter, simulations are also done 
with RPC using conventional L filter. 

A. Design based on Capacitance Cf 
Assume that a capacitance value Cr of 50 uF is desirable; 

the calculated parameters are shown in Table I. 

TABLE I. Calculted Parameters based on Capacitance Cr 

Parameters Value 
Desired capacitance Cr 50 uF 

LCL filter cutoff frequency fc 1 kHz 

Frequency ratio k 20 

Converter switching frequency fs 10 kHz 

Converter DC link voltage Vdc 41 kV 

Current ripple avoidable Llip 35 A 

Desired total inductance LT 14 mH 

Inductance ratio a 0.04 or 26 

Different simulation results are presented below. 

1) RPC with conventional Lftlter 
Suppose that the co-phase RPC is using conventional L 

filter, with total inductance value of 14 mH, as calculated in 
Table I. The simulated three phase power grid voltage and 
current waveforms are shown in Fig. 8. It can be observed 
from Fig. 8 that the converter injects voltage harmonics into 
the system. This is also why conventional L filter is not 
preferred. 
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Figure 8 Simulated three phase source voltage and current waveforms 
obtained via co-phase traction power system with RPC using conventional 

L filter. 

2) RPC with LCL Filter using Proposed Design (a=26) 
Next, simulation results are obtained using RPC with 

proposed LCL filter design. According to the design, the 
condition with value of a larger than 1 is preferred and 
simulated waveforms are shown in Fig. 9. It can be clearly 
seen that in contrast with Fig. 8, the voltage harmonics 
introduced is less. This verifies the effectiveness of proposed 
LCL filter design in harmonic suppression. 
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Figure 9 Simulated three phase source voltage and current waveforms 
obtained via co-phase traction power system with RPC using LCL filter 

with proposed design (a=26). 



3) RPC with LCLjilter (a=O.04) 
In order to provide more comprehensive analysis, the other 

condition, which a<l, in LCL filter design is also investigated. 
The simulated results are shown in Fig. lO. It can be observed 
that compared to Fig. 9, the voltage harmonics introduced is 
more. Therefore, with the same inductance and capacitance 
value, value of a higher than 1 can provide better harmonic 
suppression performance. 
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Figure 10 Simulated three phase source voltage and current waveforms 
obtained via co-phase traction power system with RPC using LCL filter 

(a=0.04) 

Summarized simulation results are shown in Table II. It 
can be observed from the results that the harmonic 
suppression performance is better using LCL filter. With a 
higher value of a, the voltage harmonic suppression 
performance is better; while the value of a does not affect the 
current suppression performance. This then verifies the 
proposed LCL filter parameter design. 

TABLE II. SUMMARIZED S[MULATION RESULTS 

Parameters Conventional LCL filter LCL filter 
L filter (a=O.04) (a=26) 

Inductance L1 7 mH 0.5 mH 13.5 mH 

Inductance L2 7 mH 13.5 mH 0.5 mH 

Capacitance Cr --- 50 uF 50 uF 

Voltage THD 10.2% 3.10% 1.64% 

Current THD 4.88% 4.73 % 4.86% 

B. Design based on minimum capacitance C/ 
Finally, the design of LCL filter based on minimum 

capacitance Cr. Based on the calculations in Table I, with 
value a of 1, the calculated Cf is 4 uF. 
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Figure II Simulated three phase source voltage and current waveforms 
obtained via co-phase traction power system with RPC using LCL filter 

(a=I, minimum capacitance Cr) 

This is also most of the design used in researches and 
publications about LCL filter. The simulated results are shown 
in Fig. 11. The voltage and current THD are 2.49% and 5.0% 
respectively. Although the performance is also satisfactory, a 
higher damping resistance is required. 

VII. CONCLUSION 

To summarize, the design of LCL filter in co-phase 
traction power RPC for harmonic suppression is proposed in 
this paper based on the analysis of LCL parameter on 
performance. The equivalent impedance and transfer function 
of LCL filter is modeled first using Thevenin's theory. 
Afterwards, the effect of inductance ratio a, which L[=aL2, in 
LCL filter is explored. It is found that the value of a does not 
cause significant changes in the equivalent impedance of the 
LCL filter. It is also discovered that the value of a does not 
affect the current harmonic suppression performance but will 
affect the performance on voltage harmonic suppression. To 
sum up, a higher value of a is preferred. Two LCL filter 
design procedures are proposed in this paper, with one based 
on fixed capacitance, and another based on minimum 
capacitance value. The LCL filter design is then verified via 
simulations of a co-phase traction power supply system with 
RPc. It is shown that with proposed LCL filter parameter 
design, it can provide better harmonic suppression 
performance in the power system. 
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