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Abstract 

 
This paper proposes and designs a new output filter called an LCFL filter for application to three phase three wire shunt active 

power filters (SAPF). This LCFL filter is derived from a traditional LCL filter by replacing its capacitor with a C-type filter, and 
then constructing an L-C-type Filter-L (LCFL) topology. The LCFL filter can provide better switching ripple attenuation capability 
than traditional passive damped LCL filters. The LC branch series resonant frequency of the LCFL filter is set at the switching 
frequency, which can bypass most of the switching harmonic current generated by a SAPF converter. As a result, the power losses in 
the damping resistor of the LCFL filter can be reduced when compared to traditional passive damped LCL filters. The principle and 
parameter design of the LCFL filter are presented in this paper, as well as a comparison to traditional passive damped LCL filters. 
Simulation and experimental results are presented to validate the theoretical analyses and effectiveness of the LCFL filter. 
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I. INTRODUCTION 
Voltage source converters (VSCs) have been widely used in 

many application fields, such as distributed generations [1]-[3], 
microgrids [4], shunt active power filters (SAPFs) [5]-[7], 
adjustable speed drivers (ASDs) [8], uninterruptible power 
supplies (UPS) [9], etc. The proper implementation of 
close-loop current control schemes and pulse-width modulation 
(PWM) strategies in a VSC can insure good current output 
performance within its control bandwidth. However, the 
switching harmonic currents associated with the PWM process 
of the VSC still need to be attenuated by an output filter, 
otherwise they may cause harmonic interference and EMI 
problems in the grid or other facilities [10]. 

The output filter or grid interface filter of a VSC is essential 
to its output current quality. Traditionally, an inductor is 
connected at the ac output terminal of a VSC as an interface 

filter. However, a high inductance is required to obtain good 
harmonic attenuation performance, which may affect the 
dynamic characteristic and cause an over-modulation problem 
[5]. An LCL filter is a better solution than an L filter, because it 
can attenuate high-frequency harmonic well with a smaller 
output inductance and a reduced size and cost [5], [11]-[15]. 
However, a serious challenge faced by the LCL filter is its 
resonance problem, which may make the whole system 
unstable and degrade the output performance of the VSC [16], 
[17]. Fortunately, this LCL filter resonance problem can be 
solved with different damping methods, which can be 
classified as passive damping [18]-[20] and active damping 
[13], [21]-[26]. 

Active damping methods may require the measurement of 
some extra electrical variables for resonance damping control 
purposes, or complicated controllers are needed to alleviate the 
resonance problem. Some typical implementations of active 
damping methods are based on sensing the filter capacitor 
currents, voltages, or both for complete state feedback. Since 
active damping may increase the overall system costs and 
implementation complexity [26], passive damping methods 
seems to be more attractive in some cases. 

Passive damping is implemented by adding some passive 
components to the original LCL filter [18]-[20]. Different 
passive damping configurations of the LCL filter are shown as 
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Fig. 1 [18]. Fig. 1(a) shows the single resistor passive damping 
method of the LCL filter, in which a damping resistor Rd is 
connected in series with the filter capacitor Cf. This method is 
simple and straightforward, but the power losses of the 
damping resistor may be very high and will decrease the 
overall system efficiency. Moreover, the switching harmonic 
attenuation performance of the LCL filter may be degraded by 
the passive damping. Therefore, it is desirable to find some 
other passive damping solutions with less power losses for the 
LCL filter [18], [21], such as those shown as Fig. 1 (b)-(e). 
These methods are basically focused on reducing low 
frequency power losses. This is done by reducing the 
fundamental currents that flow through the damping resistor. 
Meanwhile, the switching harmonic attenuation performance 
may be affected. 

This paper proposes and designs an new output filter for 
application to a three phase three wire SAPF. This new output 
filter is derived from a traditional LCL filter by replacing its 
capacitor with a C-type filter [27]-[29]. Therefore, it has an 
L-C-type filter-L (LCFL) structure and has been named an 
LCFL filter. It must be noted that the C-type filter adopted in 
the LCFL filter is not the same as that commonly referred to in 
the literature. Traditionally, C-type filters have been mainly 
used as independent passive power filters (PPFs) in industrial 
applications fields, such as iron and steel plants [27], HVDC 
projects [28], [29], and so on. There are also papers that discuss 
the applications of a C-type filter together with an APF 
[30]-[33]. However, in those papers, the C-type filters are 
connected in series or parallel with the APF to form hybrid 
filters, whose main purpose is reducing the rating of the APF. 
In this paper, the C-type filter based LCFL filter is an 
indivisible component of the SAPF, and it plays an important 
role in sweeping out the switching harmonic from the SAPF 
output current. 

From the point of view of functionality, the LCFL filter is a 
kind of selective passive damped LCL filter. Initially, it was 

designed mainly for reducing the power losses generated by the 
damping resistor. The LC branch resonant frequency of the 
C-type filter is tuned at the switching frequency. Therefore, it 
can bypass most of the switching harmonic currents and 
significantly reduce the current flow though the damping 
resistor. Within other frequency ranges, the damping resistor 
can provide sufficient damping to alleviate resonance and make 
the system stable. Unlike the methods shown in Fig. 1, this 
kind of “selective damping” is effective in reducing power 
losses at the switching frequency. Theoretical analyses have 
shown that the LCFL filter exhibits excellent switching 
harmonic attenuation performance. Comparisons with the LCL 
filter have been presented in this paper. It can be seen that a 
SAPF with the proposed LCFL filter has better output current 
quality than a SAPF with the traditional single resistor damped 
LCL filter. 

As a passive damping method, the LCFL filter inevitably has 
some drawbacks in terms of power efficiency and hardware 
costs when compared with the active damping methods. 
Although they have been reduced by the selective damping, 
there are still some passive damping power losses along with 
the LCFL filter, which will degrade the overall efficiency of 
the SAPF. On the other hand, the extra passive components 
may increase the overall weight and hardware cost. However, it 
should be noted that the active damping methods may not be 
economical. As previously mentioned, they may need some 
extra sensors and control algorithms, which will increase the 
costs in terms of both hardware and software. 

This paper is organized as follows. In Section II, the 
proposed system configuration is briefly described. In Section 
III, the principle of the LCFL filter is analyzed, and its design 
procedure is presented. Section IV describes the main control 
schemes of the SAPF. Simulation and experimental results are 
provided in Section V and Section VI, respectively. Finally, 
conclusions are given in Section VII. 

II. SYSTEM CONFIGURATION DESCRIPTION 
 

Fig. 2 shows a system configuration diagram of the proposed 
three-phase three-wire SAPF. The LCFL filter is connected 
between the SAPF converter and the AC grid. It should be 
noted that the C-type filter branches of the LCFL filter are 
connected in delta configuration, which is quite convenient for 
low voltage application situations. The topology of the 
traditional passive damped LCL filter is also shown in Fig. 2, 
which will be used for comparison with the LCFL filter. A 
three phase diode uncontrolled rectifier with a RL-type dc side 
load acts as a typical nonlinear load, which will generate a 
large amount of (6n±1)th characteristic harmonic currents. 
The system parameters for the simulation and experiment are 
listed in Table I. 

The SAPF senses the three phase voltages vg a,b,c of the point 
of common coupling (PCC) for system synchronization. The 
angular frequency ω and phase angle θg of the fundamental 

 
Fig. 1. Different passive damping configurations of LCL filter. 
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voltage are extracted by the phase locked loop (PLL). Three 
phase nonlinear load currents il a,b,c are sensed by current 
transformers (CT) to extracted the harmonic current references, 
and the grid side output currents of the SAPF igf a,b,c are 
detected as feedbacks of the close-loop output current control. 

The control scheme of the SAPF is also shown in Fig. 2. The 
harmonic current reference is extracted from the nonlinear load 
current. Firstly, the fundamental component is calculated by 
the recursive discrete Fourier transform (RDFT) algorithm [34], 

and then the harmonic current reference is obtained by simply 
subtracting the fundamental component from the nonlinear 
load current. The dc bus voltage of the SAPF converter is 
regulated the by a PI controller, which forms the outer loop of 
the control system. The output current tracking control is the 
inner loop, which is implemented by detecting the grid-side 
inductor current of the SAPF, and then taking it as a feedback 
signal of the close-loop current control. The current tracking 
control is mainly implemented in the fundamental synchronous 
rotating frame (SRF). A detailed description of the harmonic 
detection algorithm and output current control scheme will be 
presented in Section IV. 

III. PRINCIPLE AND DESIGN OF THE LCFL FILTER 
Fig. 3(a) shows the single-phase equivalent topology of the 

proposed LCFL filter that is shown in Fig. 2. For comparison, 
the traditional passive damped LCL filter is shown in Fig. 3(b). 
It must be noted that the parameters relationship between the 
LCFL filters shown in Fig. 3 and Fig. 2 must follow the Y-Δ 
transformation principle, which is: Cf=CfΔ×3, Rd=RdΔ/3, 
Lh=LhΔ/3, and Ch=ChΔ×3. 

A. C-Type Filter 
The C-type filter is in the dashed line box shown in Fig. 3(a), 

where ZCF is the impedance of the C-type filter, which can be 
written as: 

( )3 2

3 2

1h h f d h h f h d
CF

h h f h f d f

L C C R s L C s C C R s
Z

L C C s C C R s C s
+ + + +

=
+ +

     (1) 

For the passive damped LCL filter shown in Fig. 3(b), the 
impedance of its RC series branch ZRC can be written as: 

1d f
RC

f

R C s
Z

C s
+

=         (2) 

 
Fig. 2.  Configuration diagram of SAPF with output filter in a three-phase three-wire system. 

TABLE I 

SYSTEM PARAMETERS 

Subsystems Quantity Values 

AC Grid 
Grid voltage Vg 380 V 

Line frequency fn 50 Hz 
Grid impedance Lg 100 μH 

SAPF 
converter 

Nominal power 66 kVA 
Switching frequency fs 9.6 kHz 

DC bus voltage Vdc 700 V 

LCFL Filter 
(delta 

connection) 

Grid side inductor Lgf 100 μH 
Converter side inductor Lff 200 μH 

Filter capacitor CfΔ 6 μF 
LC branch inductor LhΔ 270 μH 
LC branch capacitor ChΔ 1 μF 

Damping resistor RdΔ 7.5 Ω 

LCL Filter 
(delta 

connection) 

Grid side inductor Lgf 100 μH 

Converter side inductor Lff 200 μH 

Filter capacitor CfΔ 6 μF 

Damping resistor RdΔ 7.5 Ω 

Nonlinear 
load 

DC-link inductor Ll 0.5 mH 

DC-link resistor Rl 7.5Ω 
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The impedance characteristic curves of the C-type filter and 

the RC filter can be plotted as shown in Fig. 4 based on (1) and 
(2), respectively. It can be seen from the magnitude curves that 
the impedance magnitude of the C-type filter approaches that 
of the RC filter in the low frequency and high frequency ranges, 
when they both have the same parameters for Cf and Rd. 
However, the impedance magnitude of the C-type filter around 
the resonant frequency is much lower than that of the RC filter. 
This difference is caused by the Lh-Ch series resonant branch, 
whose impedance is nearly zero at its resonant frequency. Such 
an impedance characteristic gives the C-type filter better 
selective harmonic filtering performance around the resonant 
frequency fLC, which can be calculated as: 

1
2LC

h h

f
L Cp

= .                  (3) 

 

B. Model of the LCFL Filter 
Based on the single phase equivalent topology shown in Fig. 

3(a), the plant model of the LCFL filter can be represented as 
shown in Fig. 5. The transfer function from the SAPF 
converter output voltage vf to the LCFL filter grid side current 
igf in the frequency domain can be written as (4), as shown at 
the bottom of this page. 

The transfer function of the LCL filter can be written as: 

( ) ( )3 2
1gf f d

f ff gf f ff gf f d ff gf

i C R s
v L L C s L L C R s L L s

+
=

+ + + +
  (5) 

where Rd is the damping resistance value of the LCL filter. 
Rd=0 when it is undamped. 

 
Bode diagrams of (4) and (5) are plotted as shown in Fig. 6. 

The corresponding curve of an L-filter is drawn in Fig. 6, with 
an inductance value of: 

 

300( )ff gfL L L Hm= + = .     (6) 
 

Comparing the curves shown in Fig. 6, it can be seen that the 
magnitude responses of the LCFL filter and LCL filter 
approach that of the L-filter at the frequency range below 2.5 
kHz, which means that both the LCFL filter and LCL filter can 
be simplified as an inductor in the low frequency range. 
However, their magnitude responses are quite different at the 
frequency range above 4.59 kHz, especially at around the 
switching frequency of 9.6 kHz. As shown in Fig. 6, the slope 
rate of the magnitude curve of the L-filter is -20 dB/dec, and 
the corresponding slope rate of the un-damped LCL filter is -60 
dB/dec, which indicates that the un-damped LCL filter has 
better switching harmonic attenuation capability than the 
L-filter with the same output inductance. However, a resonant 
peak at a frequency of 4.59 kHz can be spotted in the 
magnitude curve of the undamped LCL filter, which may 
impact the system stability. Simply adding a damping resistor 
in series with the filter capacitor alleviates the resonant peak, 
but the slope rate of the magnitude curve of the damped LCL 
filter will be degraded to about -40 dB/dec. 

 

( )
( ) ( ) ( )( ) ( )

3 2

5 4 3 2

1d h h f h h f h dgf

f ff gf h h f ff g ff h gf h ff h d ff gf f ff h h gf h h ff gf f h d ff gf

R L C C s L C s C C R si
v L L L C C s L L L L L L C C R s L L C L L C L L C s L L C C R s L L s

+ + + +
=

+ + + + + + + + + + +
     (4) 

 

Fig. 3.  Single-phase equivalent topologies of SAPFs with (a) 
the proposed LCFL filter, and (b) the traditional LCL filter. 
 

 
Fig. 4.  Impedance characteristics of the C-type filter and RC 
filter as shown in Fig. 3. 
 
 

 
Fig. 5.  Plant model of the proposed LCFL filter. 
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Examining the magnitude curve of the proposed LCFL filter, 

the green line shown in Fig. 6, it can be seen that its magnitude 
value around the switching frequency 9.6 kHz is even lower 
than that of the undamped LCL filter, which indicates the 
excellent switching frequency harmonic attenuation capability 
of the LCFL filter. Moreover, no resonant peak can be spotted 
around the resonant frequency fres, which means that the LCFL 
filter can damp the resonance problem effectively. It can be 
concluded from the Bode plots shown in Fig. 6 that the LCFL 
filter has better switching harmonic alleviation ability than the 
LCL filter and the L-filter. 

From a topology point of view, the LCFL filter can be 
obtained by simply adding an LC branch connected in parallel 
with the damping resistor of a passive damped LCL filter. This 
LC branch series resonance frequency is tuned at the switching 
frequency, so it provides a low impedance path for the 
switching harmonic current and significantly reduces that flow 
through the damping resistor. Therefore, the power losses of 
the damping resistor of the LCFL filter can be significantly 
reduced. On the other hand, for the passive damped LCL filter, 
all of the switching harmonic current that is filtered by the 
capacitor will also flow through the damping resistor, which 
produces a large amount of the power losses. Compared to the 
traditional LCL filter, the LCFL filter proposed in this paper 
can provide better switching ripple attenuation capability. In 
addition, it reduces the power losses of the damping resistor. 

 

C. Design of the LCFL Filter 
The LCFL filter can be designed by the following step-by- 

step design procedure. 
1) Select the output inductors Lff and Lgf. 

The total output inductance cannot be too high, since 
it will increase the voltage drop along the inductor and 
affect the reference current tracking ability of the SAPF. 
However, if the output inductance is too small, its 
current ripple attenuation performance may be 

degraded. The Appendix shows the method to 
determine the total output inductance, and it obtains the 
value range as: 

208 555H L Hm m£ £ .              (7) 
A relatively small inductance value was chosen for 

better dynamic response of the SAPF, with L=300μH. 
The converter side inductor was set to Lff=200μH and 
the grid side inductor was set to Lgf=100μH. 

2) Determine the filter capacitor Cf. 
The resonance frequency of the output filter of the 

SAPF must satisfy the constraint of: 

max 1
0.3 2 2

ff gf sw
res

ff gf f

L Lf f
f

L L Cp
+

£ = £          (8) 

where fmax is highest frequency of harmonic current that 
needs to be compensated by the SAPF, and fsw is the 
switching frequency of the SAPF converter. 

Therefore, the value range of the filter capacitance Cf 
can be calculated from (8) as: 

16.5 21.9fF C Fm m£ £ .            (9) 
The filter capacitance was chosen as Cf=18μF, and 

the resonant frequency was verified by: 
61 10 4.59( )

2 2 66.6 18
ff gf

res
ff gf f

L L
f kHz

L L Cp p

+
= = =

´
.    (10) 

Which falls into the range from 4.17 to 4.8kHz that is 
specified by (8). 

3) Choose the damping resistor Rd. 
Passive damping must be sufficient to alleviate 

resonance at a frequency of fres. Meanwhile, its power 
losses cannot be too high. The damping resistance is set 
to a value similar to that of the filter capacitor 
impedance at the resonant frequency, which is: 

( )1 1.93
2res

Cf f
res f

Z
f Cp

= » W .         (11) 

The damping resistor was chosen as Rd =2.5 Ω. 
4) Choose the LC series branch Lh and Ch. 

The series resonant frequency of the LC branch must 
be tuned at around the switching frequency to bypass 
the switching current, which can be calculated as: 

( )1 9.6
2LC

h h

f kHz
L Cp

= » .       (12) 

First, the LC branch capacitance is chosen as Ch=3μF, 
and then the LC branch inductance can be calculated 
from (12) as Lh ≈90μH. 

5) Y-Δ transformation parameter calculation. 
The calculation given above is based on the single 

equivalent circuit shown in Fig. 3, which corresponds 
to the star-connection of the C-type filter in a three 
phase system. Since the C-type filters are connected in 
the delta configuration, as shown in Fig. 2, the 
parameters must be adjusted to get the expected 
performance. Based on the Y-Δ transformation 
principle, the delta-connected LCFL filter parameters 
are eventually determined, as shown in Table I: 

 
Fig. 6.  Bode plots of the LCFL filter and LCL filters. 
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Lff=200μH, Lgf=100μH, CfΔ=Cf/3=6μF, RdΔ=Rd×3=7.5Ω, 
LhΔ =Lh×3=270μH, and ChΔ =Ch/3=1μF. 

 

IV. CONTROL SCHEME OF THE SAPF 
A. Mathematical Model of the SAPF 

Based on the previous analysis, it can be seen the LCFL 
filter behaves like an inductor at the low frequency range 
below 2.5 kHz. For harmonic compensation of the SAPF, the 
common requirement of its output current is upon to the 50th 
harmonic, which means that only the frequency range below 
2.5 kHz needs to be considered while designing the control 
system. As a result, it is reasonable to simplify the LCFL 
filter as an inductor in low frequency range, whose 
inductance value is determined by (6). Therefore, the main 
circuit of the three-phase three-wire SAPF in the low 
frequency range can be simplified as shown as Fig. 7. 

Based on the KVL principle, the differential equations that 
describe the SAPF output current and voltage relationship is: 

a
ga a fa

b
gb b fb

c
gc c fc

diL v i R v
dt
diL v i R v
dt
diL v i R v
dt

ì = - -ï
ï
ï = - -í
ï
ï

= - -ï
î

              (13) 

where, vg a,b,c are the PCC voltages, vf a,b,c are the output 
voltages of the SAPF, and ia,b,c are the output currents of the 
SAPF. L=La=Lb=Lc=300μH is the output inductance, and R is 
the equivalent series resistance (ESR) of the output inductor. 

Equation (13) can be expressed in the d-q SRF by the 
synchronous rotating transformation, which yields: 

d
gd d q fd

q
gq q d fq

diL v i R Li v
dt
di

L v i R Li v
dt

w

w

ì = - + -ïï
í
ï = - - -ïî

            (14) 

which is the mathematical model of the three-phase three-wire 
SAPF in the d-q SRF. 

 

B. RDFT Based Harmonic Current Extraction 
Algorithm 

The RDFT algorithm is suitable for extracting each 
harmonic component from a periodical signal, which will be 
used for the harmonic current extraction of the SAPF. The 
principle of the RDFT algorithm can be described as follows: 

Assume a periodic signal x(t) with a time period T, then it 
can be expressed as the sum of its harmonic components as: 

1 1
( ) cos( ) sin( )

m mN N

h h
h h

x k A h k B h kt w t w t
= =

= +å å        (15) 

where, h is the harmonic order, Nm is the maximum harmonic 
order to be considered, ω is the fundamental angular frequency, 
N is the sampling number in a fundamental period, τ=T/N is the 
sampling interval time, and Ah and Bh are the amplitudes of the 
real and imaginary components of the hth harmonic. 

 
Now the fundamental component can be considered. At each 

sampling interval, the amplitudes of the real and imaginary 
components can be calculated in real-time using the latest N 
sampled values of the x(t), as follows: 

 
1

1

1

1

2( ) ( ) cos( )

2( ) ( )sin( )

k N

i k
k N

i k

A k x i i
N

B k x i i
N

t w t

t w t

- +

=

- +

=

ì
=ïï

í
ï =
ïî

å

å

            (16) 

where, k represents the newest sample point. 
However, equation (16) is hard to implement in a DSP, 

because each calculation needs the latest N sampled values of 
the input signal, which will take the DSP a large amount of 
resources and make it unpractical for SAPF application. 
However, (16) can be expressed in a recursive way as follows: 

 

[ ]

[ ]

1 1

1 1

2( ) ( 1) ( ) (( ) ) cos( )

2( ) ( 1) ( ) (( ) ) sin( )

A k A k x k x k N k
N

B k B k x k x k N k
N

t t w t

t t w t

ì = - + - -ïï
í
ï = - + - -
ïî

      (17) 

Substituting (17) into (15), the fundamental component can 
be obtained as: 

1 1 1( ) ( )cos( ) ( )sin( )x k A k k B k kt w t w t= +        (16) 
In this paper, the periodical signal is the nonlinear load 

current il. Using the RDFT algorithm described above, the 
fundamental current can be extracted from the nonlinear load 
current, and then the harmonic current can be obtained by 
subtracting the fundamental component from the nonlinear 
load current. The application of the RDFT can eliminate the 
requirement of low-pass filters in the d-q frame, and it exhibits 
several merits such as a fast transient response speed and 
excellent steady-state accuracy [34]. 

C. SAPF Output Current Tracking Control 
The SAPF output current tracking control is implemented in 

the d-q frame. Since the main components of the output 
currents of the SAPF are harmonic currents, they are still ac 
quantities after the fundamental synchronous rotating transform. 
The traditional PI controller cannot ensure zero steady-state 
error tracking to the ac signals. As a result, the repetitive 
controller is considered, and its structure is shown in Fig.8. 

 
Fig. 7.  Simplified main circuit of the three-phase three-wire 
SAPF at low frequency range. 
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The repetitive controller is based on the internal mode 

principle. A repetitive signal generator is inserted into the 
control loop, as shown in Fig. 8, and acts as the internal mode 
of the input signal. The repetitive controller can ensure perfect 
tracking to a periodic signal with zero steady-state error. 
However, its dynamic response is not very fast. In this paper, a 
PI controller and a repetitive controller are put in parallel in the 
SAPF output current control system, to guarantee both the 
current tracking dynamic response speed and steady-state 
accuracy [35]. 

 
 

V. SIMULATION RESULTS 
Simulation of the LCFL-filter-based SAPF was conducted 

with Matlab/Simulink software, based on the system 
configuration shown in Fig. 1 and the parameters listed in 
Table I. 

Fig. 9 shows the harmonic compensation steady-state 
simulation results of the LCFL-filter-based SAPF. Fig. 9(a) 
shows the nonlinear load current il, whose THD is 29.33%. Fig. 
9(b) shows the grid current ig, whose THD is reduced to 4.42% 
after harmonic compensation by the SAPF. Fig. 9(c) presents 
the output compensation current igf of the SAPF, which is the 
grid side inductor current of the LCFL filter. 

Fig. 10 shows the waveforms and spectrums of the currents 
that flow through the different components of the LCFL filter. 
It can be seen in Fig. 10(a) that the converter side current 
contains a lot of switching ripples. However, they are mostly 
absorbed by the C-type filter, as shown as Fig. 10(b). The 
unwanted switching ripple currents injected into the grid are 
thus significantly reduced. This can be reflected in the 
waveform and spectrum of the grid side inductor current as 
shown as Fig. 10(c). 

Fig. 11 presents the currents that flow through the damping 
resistors of the LCFL filter and LCL filter. It can be seen from 
the magnitude spectrum of Fig. 11(a) that there is almost no 
switching frequency harmonic component in the damping 
resistor current of the LCFL filter. The RMS value of the 
damping resistor current of the LCFL filter is 1.92A. Therefore, 
the damping resistor power loss can be calculated as 
1.922×7.5=27.6(W). The RMS value of the damping resistor 
current of the LCL filter is 4.39A, and the corresponding power 
loss is 4.392×7.5=144.5(W). It can be seen that the damping 
resistor power loss of the LCL filter is about 5.2 times larger 
than that of the LCFL filter. 

VI.  EXPERIMENTAL RESULTS 
A 66.6 kVA three-phase three-wire SAPF prototype based 

on the parameters listed in Table I was built in the laboratory, 
to validate the theoretical analyses and functionality of the 
LCFL filter. The control algorithm was implemented in the 
control board which is based on a TMS320F2812 digital signal 
processor (DSP). The A/D sampling frequency is set at 9.6 kHz, 
which is the same as the switching frequency of the SAPF 
converter. 

Fig. 12 shows the harmonic compensation steady-state 
experimental results of the LCFL-filter-based SAPF. Fig. 12(a) 
shows the nonlinear load current waveform that contains a 
large amount of harmonic current, and whose THD is 28.43%. 
Fig. 12(b) shows the grid current after harmonic compensation 
by the SAPF, where the THD is reduced to 4.83%. Fig. 12(c) 
presents the output current of the SAPF, which is also the grid 
side current of the LCFL filter. 

Fig. 13 shows the currents that flow through the different 
components of the LCFL filter. Fig. 13(a) shows the 
converter-side inductor current, which contains a large amount 
of switching ripple. Fig. 13(b) shows the current absorbed by 
the C-type filter branch, whose main component is the 
switching harmonic current generated by the SAPF converter. 
Fig. 13(c) shows the grid-side inductor current. It can be seen 
that its waveform quality is much better than that of the 
converter-side inductor current. 

Fig. 14 compares the spectrums of the grid-side inductor 
currents of both the LCFL filter and LCL filter based SAPF. It 
can be clearly seen that the harmonic current magnitude around 
the switching frequency of the LCFL-filter-based SAPF is 

 
Fig. 8.  Diagram of repetitive controller. 
 

 
Fig. 9. Steady-state harmonic compensation simulation results of 
the LCFL-filter-based SAPF. (a) Nonlinear load current. (b) 
Grid current, and (c) SAPF output current. 
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much lower than that of the LCL-filter-based SAPF, which 
indicates a better switching harmonic attenuation performance 
of the LCFL filter. 

Fig. 15 shows the currents flowing through the damping 
resistors of the LCFL filter and LCL filter, which are closely 
related to the power losses. The RMS value of the current flow 
through the damping resistor of the LCFL filter is 2.08A, while 
its counterpart of the LCL filter is 3.37A. The damping resistor 
power loss of the LCL filter can be calculated as 
3.372×7.5=85.2(W), and the corresponding power loss of the 
LCFL filter is 2.082×7.5=32.4(W). It can be seen that the 
damping resistor power loss of the LCFL filter is much less 
than that of the traditional passive damped LCL filter. 
 

VII.  CONCLUSIONS 
This paper proposed and designed an output filter called an 

LCFL filter for application to a three-phase three-wire SAPF. 
This LCFL filter is derived from a traditional LCL filter by 
replacing its capacitor with a C-type filter, and then 
constructing an L-C-type filter-L (LCFL) topology. Theoretical 
analyses have shown that the LCFL filter can provide better 
switching harmonic attenuation than the traditional passive 
damped LCL filter. Furthermore, since the switching harmonic 
currents are mostly bypassed by the LC series branch of the 
C-type filter, the damping resistor power loss can be 
significantly reduced when compared to the passive damped 
LCL filter. The principle and parameter design of the LCFL 

 
Fig. 10.  Simulation waveform and spectrum of current that flow through different components of the LCFL-filter: (a) converter side 
inductor current, (b) C-type filter branch current, and (c) grid side inductor current. 
 

 
Fig. 11.  Simulation waveform and magnitude spectrum of damping resistor current (a) the LCFL filter, and (b) the LCL filter. 
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filter have been presented, and simulation and experimental 
results have verified the theoretical analyses as well as the 
effectiveness of the LCFL filter. 

 

APPENDIX 
SELECTION OF THE OUTPUT INDUCTANCE 

The total output inductor of the LCFL filter must be selected 
properly to make sure that the SAPF has fast current reference 
tracking ability and can provide enough ripple attenuation. 
Take phase A as example, the determination of the output 
inductance concerns the converter modulation process and can 
be considered from two aspects as follows. 

A. Maximum Output Inductance that Satisfies the 
Current Reference Tracking Requirement 

To determine the maximum output inductance that satisfies 

the current tracking requirement, the output inductor current iLa 
dynamic waveform is analyzed in a switching period that 
contains a zero-crossing point as shown as Fig. A1, because the 
output current change rate commonly has its largest value at 
around the zero-crossing point. 

When 10 t T£ £ , Sa=1, an equation that describes the 
current dynamic of phase A can be obtained as: 

1

13
La b c

ga dc
di S S iL u V L
dt T

+ D
= + =             (A1) 

where, Vdc is the dc link voltage of the SAPF converter, L is the 
total output inductance of Phase A, and Δi1 is current rising 

 
Fig. 12.  Harmonic compensation steady-state experimental 
results of the LCFL-filter-based SAPF: (a) nonlinear load 
current, (b) grid current, and (c) SAPF output current. 
 

 
Fig. 13.  Experimental results of current waveform that flow 
through different components of the LCFL-filter: (a) converter 
side inductor current, (b) C-type filter current, and (c) grid side 
inductor current. 
 

 
Fig. 14.  Spectrums of the grid side inductor currents of (a) 
LCFL-filter-based SAPF, and (b) LCL-filter-based SAPF. 
 

 
Fig. 15.  Currents that flow through the damping resistors of (a) 
LCFL filter, and (b) LCL filter. 
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during the time interval of T1. S a,b,c are the switching functions 
for each phase leg of the SAPF converter, S=1 means the upper 
IGBT is on, and S=0 means the lower IGBT is on. 

When 1 sT t T£ £ , Sa=0, another current dynamic equation 
can be obtained as: 

2

1

2
3

La b c
ga dc

s

di S S iL u V L
dt T T

- + + D
= + =

-
          (A2) 

where Ts is the switching period of the SAPF converter, and 
Δi2 is the current dropping during the time interval of Ts-T1 . 

To satisfy the current reference tracking demand the 
following inequality must be satisfied: 

*
1 2 max

s s

i i i
T T

D - D D
³               (A3) 

where Δi*
max is the maximum current reference change value 

in one switching period. 
Considering the extreme case when Sb=Sc=0, the real 

current change rate in one switching period from (A-1) and 
(A-2) can be obtained as: 
 

( )11 2
2 2 3ga dc s ga

s s

T u V T ui i
T LT

+ -D - D
= .         (A4) 

When T1=Ts, the maximum current change rate available 
can be obtained as: 

1 2
max

2 3ga dc

s

u Vi i
T L

+D - D
= .           (A5) 

Note that: 
 

1 2 1 2

s s

i i i i
T T

D -D D - D
³ .             (A6) 

Substituting (A-3) and (A-5) into (A-6), the maximum 
output inductance that satisfies the current reference tracking 
demand can be obtained as: 

( )
*
max

2 3ga dc
s

u V
L T

i
+

£
D

.              (A7) 

 

B. Minimum output inductance that satisfies the current 
ripple alleviation requirement 

To determine the minimum output inductance that satisfies 
the current ripple attenuation requirement, the output inductor 
current iLa dynamic waveform can be analyzed in a switching 
period that contains the current peak value, as shown as Fig. 
A2, because the output current ripple commonly has its largest 
value at around the peak point. 

When 10 t T£ £ , Sa=1, the equation that describe the 
current dynamic of phase A can be obtained as: 

1

13
La b c

ga dc
di S S iL u V L
dt T

+ D
= + = .           (A8) 

When 1 sT t T£ £ , Sa=0, another current dynamic equation 
can be obtained as: 

2

1

2
3

La b c
ga dc

s

di S S iL u V L
dt T T

+ + D
= - =

-
.        (A9) 

Considering the extreme case when Sb=Sc=0, the current 
rising and dropping values from (A-8) and (A-9) can be 
calculated as: 

1
1

gaT u
i

L
D = ,                  (A10) 

( )2 1

2 3ga dc
s

u V
i T T

L
-

D = - .            (A11) 

Note that the maximum ripple can be obtained when 

1 2i iD = D , so we obtain: 

1 2 0i iD + D = .                 (A12) 
Substituting (A-10) and (A-11) into (A-12), yields: 

1 2 3
ga

s s
dc

u
T T T

V
- = .              (A13) 

By substituting (A-13) into (A-11), the current dropping 
during time interval Ts-T1 can be calculated as: 

( )
2

2 32 3
2 3 2

dc ga s gaga dc ga
s

dc dc

V u T uu V u
i T

L V V L
--

D = = .    (A14) 

Let 2 rippi iD £ D , then the minimum output inductance 

 
Fig. A1. Output inductor current dynamic waveform of the 
SAPF in a switching period contains zero-crossing point. 

 
Fig. A2. Output inductor current dynamic waveform of the 
SAPF in a switching period contains current peak point. 
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that satisfies the current ripple alleviation demand can be 
obtained as: 

( )2 3

2
dc ga s ga

dc ripp

V u T u
L

V i
-

³
D

              (A15) 

where Δiripp is the maximum ripple current allowed in a 
switching period. 

Based on (A-7) and (A-15), the total output inductance 
value range can be determined as: 

( ) ( )
*
max

2 3 2 3
2

dc sa s sa sa dc
s

dc ripp

V u T u u V
L T

V i i
- +

£ £
D D

        (A16) 

where Vdc=700V, uga=311V, Ts=1/9600s, Δi*
max =100 2 A, 

and Δiripp =20A. By substituting these parameters into (A-16), 
the total output inductance value range of the LCFL filter can 
be obtained as: 

208 555H L Hm m£ £ .             (A17) 
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