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Abstract—This paper proposes a novel high-order passive filter,
i.e., series-parallel-resonant LCL (SPRLCL) filter, for single-phase
half-bridge active power filters. The proposed SPRLCL filter con-
sists of a series resonance introduced by adding a small inductor to
the capacitor branch loop and a parallel resonance by paralleling a
small capacitor with the gird-side inductor. Three design methods
are proposed to fine tune the parameters of the SPRLCL filter. De-
sign method I and method II enable the SPRLCL filter to attenuate
more switching-frequency and double switching-frequency current
harmonics than LCL or LLCL filters, while with design method III,
the SPRLCL filter can be more robust against filter parameter
variations. In order to achieve a better damping performance and
facilitate the design of active damping control, the dominant res-
onance frequency of the proposed filter is set at one-third of the
system sampling frequency. Based on this, a comprehensive param-
eter design process of the SPRLCL filter is presented, where the
variation of source inductance is also considered. A proportional
plus repetitive current-loop controller is designed to ensure system
control stability and satisfactory harmonic compensation. Simula-
tion and experimental results are finally presented to validate the
feasibility of the theoretical analysis.

Index Terms—Active damping, active power filter (APF), LCL
filter, series-parallel-resonant LCL filter.

I. INTRODUCTION

GRID-CONNECTED converters (GCCs) have been widely
used in modern power systems due to large-scale deploy-

ment of renewable energy generation and energy storage sys-
tems [1]–[23]. In addition to simply converting active power,
GCCs with properly designed controllers can also function as
power quality conditioning equipment, such as active power
filters (APF) [24], [25] or unified power quality conditioners
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(UPQC) [26] to resolve the ever-challenging power quality is-
sues introduced by nonlinear electronic loads. The main objec-
tive of such equipment is to eliminate system current and/or
voltage harmonics and ensure the reliable and secure operation
of power grids.

For power conditioning equipment, the voltage source con-
verters (VSC) controlled by pulse width modulation (PWM)
may cause high-frequency current harmonics to the power grid,
especially those at the switching frequency and its multiples
[1]–[4]. In order to comply with grid codes, a passive filter
is required to interface the VSC to the power grid and pro-
vide sufficient attenuation to the current harmonics injected into
the point of common coupling (PCC). For selection of passive
filters, an LCL filter is more preferred than a simple L filter
as it can achieve better high-frequency harmonics attenuation,
smaller size, and lower cost and power losses. To further attenu-
ate the switching-frequency harmonics and reduce the grid-side
inductance, an LLCL filter was proposed in [3], where a small
inductor is inserted into the capacitor branch loop to create a se-
ries resonant tank at the switching frequency. This additional LC
branch loop can bypass most of the current harmonics around
the switching frequency, and, thus, allow further reduction of
passive filter inductance. Nonetheless, the insertion of this se-
ries LC resonance reshapes the system frequency characteristic
and makes its roll-off rate to be −20 dB/decade [3]. Therefore,
the passive filter essentially becomes a simple L filter in the
high-frequency range and more current harmonics would ap-
pear at the double switching frequency. In order to maintain the
same high-frequency roll-off rate as that of an LCL filter, an-
other independent filter capacitor can be added in parallel with
the series LC resonance to form a so called LCL-LC filter [5].
This type of filters exhibits better harmonic attenuation than the
LLCL filter in the high-frequency domain, but its attenuation at
the double switching frequency could be even worse due to the
presence of a new resonance. To tackle this problem, more series
LC resonant tanks can be introduced to remove the harmonics
at the switching frequency and its multiples, and this concept
was presented in [4] and named as LTCL filters. Although being
effective in high-frequency harmonic attenuation, the parameter
design process of LTCL filters involves complicated iterative
steps even with only two LC resonant tanks, and each resonant
tank should be formed by one extra capacitor and one extra
inductor, leading to an increased number of discrete passive
components. Moreover, both LLCL filters and LTCL filters are
sensitive to parameter variations [3]–[5], and the attenuation of
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switching-frequency harmonics will be much deteriorated under
such circumstances.

Despite their improved ability of switching-frequency har-
monic attenuation, high-order passive filters may introduce low
impedances at certain frequencies and cause the well-known res-
onance issue, and this complication not only exists in LCL filters
but also in LLCL and LTCL filters. Since such a low impedance
resonance can induce system instability issues, it is necessary to
implement some proper resonance damping techniques to stabi-
lize the system. State-of-the-art resonance damping techniques
can be categorized into two types. One way is to add extra re-
sistors and other passive elements to the filter network, namely
passive damping [6]–[9], which is simple and reliable. However,
extra resistors result in increased power losses and filter cost as
well as reduced high-frequency harmonic attenuation. The other
way is realized by control algorithms, namely active damping.
In contrast, active damping requires no extra resistor, making
it more attractive than its counterpart in terms of power losses
and cost. Therefore, this damping control technique has recently
gained a lot of research attentions and been extensively studied
in the literature [10]–[22]. Among all methods of active damp-
ing, the capacitor-current-feedback active damping is widely
used due to its easy realization and clear physical meaning [10]–
[18], [34]. For LCL filters, the capacitor-current-feedback active
damping can be modeled as a frequency-dependent virtual resis-
tor in parallel with a frequency-dependent virtual inductor [11].
By properly setting the parameters of passive components and
feedback gains, this paralleled virtual resistor can well damp
the LCL resonance and guarantee the stability of closed-loop
current control. Unfortunately, for LTCL filters, a new resonant
peak above 0 dB may appear between the switching frequency
and double switching frequency even with the consideration of
source resistance. Since this new resonance frequency is higher
than the switching frequency, it can only be passively damped.
In addition, the new resonant frequency approaches the switch-
ing frequency, and it may deteriorate the harmonic attenuation
ability of LTCL filters at the switching frequency [4].

In order to simplify the topology of high-order trap filters
and meanwhile facilitate the design of resonance damping,
this paper proposes a novel high-order passive filter, named as
series-parallel-resonance LCL (SPRLCL), for high-frequency
switched-mode power converters. Being similar as the LTCL
filter with two resonant tanks, the proposed SPRLCL filter can
also provide strong attenuation to the first and second dominant
switching harmonics. Since the grid-side inductor is utilized to
form one resonant tank in the proposed filter topology, one se-
ries resonant inductor can be saved to reduce the size and cost of
passive filters. Moreover, the new resonant peak is now shifted
to a higher frequency range, i.e., above the double switching fre-
quency, and it can be much more easily damped by the source
resistance as compared to that of the LTCL filter. In this case,
only the low-frequency LCL resonance needs to be considered,
and all existing damping methods can be adopted for the pro-
posed SPRLCL filter, which may greatly facilitate the system
controller design.

The remaining parts of this paper are organized as follows.
In Section II, the principle and three design methods of the

Fig. 1. Topology and control diagram of an LCL filtered half-bridge APF.

SPRLCL filter are given. In Section III, based on the aver-
age switch model (ASM) of the SPRLCL filter, analysis of the
capacitor-current-feedback actively damped SPRLCL filter is
presented. It is identified that the proportional feedback of the
capacitor branch loop current is equivalent to a pure virtual
resistor paralleled with the capacitor branch loop when the res-
onance frequency fr of the SPRLCL filter is set at one-third of
the switching frequency, i.e., fs/3. In Section IV, a comprehen-
sive parameter design process of the SPRLCL filter is given.
When applied to a half-bridge APF, an enlarged bandwidth of
the controller is quite necessary as the output current contains a
lot of high-order harmonics [24]. Furthermore, the grid induc-
tance variation is also considered in the design process to make
the control system more robust [2]. In Section V, a proportional
plus repetitive current-loop controller is designed based on the
derived filter parameters to achieve better harmonic elimination.
Simulation and experimental results are provided in Section VI
to validate the theoretical analysis. Section VII finally concludes
the main contributions of this paper.

II. PRINCIPLE OF PROPOSED SPRLCL FILTER

The topology and the control diagram of an LCL filtered half-
bridge APF is shown in Fig. 1. The LCL filter is composed
of an inverter-side inductor Li , a grid-side inductor Lg , and
a filter capacitor Cf . The equivalent-series resistances (ESRs)
of the passive components are relatively small, and, hence, ig-
nored here. The output voltage and current of the APF in the
inverter side are denoted as vi and ii , respectively, and the fil-
ter capacitor current and voltage are represented as ic and vc ,
respectively. The voltage at the PCC and the grid-side current
are expressed as vg and ig , respectively, and the grid voltage
and the source current are denoted as vs and is , respectively.
The source impedance is modeled to be an ESR Rs connected
in series with an inductor Ls . An uncontrolled diode rectifier
with a resistive–capacitive load serves as a nonlinear load con-
nected to the PCC, and the nonlinear load current is denoted
as iL . A phase-locked loop is adopted to synchronize the phase
of vg for dq transformation. The fundamental current of iL is
extracted first by multiplying sinωt and cosωt with iL and then
filtered through low-pass filters (LPF) with a gain of 2. Vref
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Fig. 2. Simplified circuits of (a) LLCL filter, (b) LCL-LC filter, and (c) LTCL
filter.

denotes the reference dc voltage used for the dc-link capaci-
tors C1 and C2 , and their voltages are, respectively, denoted
as Vdc1 , Vdc2 . Through a proportional-integral (PI) controller,
the total dc bus voltage can be always regulated at the com-
manded value by controlling the active current. A proportional
controller with a gain KPD is required to balance the two ca-
pacitors’ voltages in the dc link. Hi2 denotes the feedback co-
efficient of ig and Gi stands for the current controller. Hi1 is
a proportional gain and used as the feedback coefficient of ic
to achieve capacitor-current-feedback active damping. S1 and
S2 are the insulated-gate bipolar-transistors (IGBTs) modulated
at the switching-frequency fs . Detailed filter and controller de-
signs will be given in the following sections.

For switched-mode power electronic converters, the ability to
attenuate high-frequency switching harmonics is an important
performance index according to IEEE standard 1547.2-2008
[27] and IEEE standard 519-1992 [28]. In order to provide suf-
ficient attenuation to the most dominant switching harmonics,
the LCL filter shown in Fig. 1 can also be replaced by other ad-
vanced filters, e.g., LLCL filters, LCL-LC filters, or LTCL filters,
and their simplified circuits are shown in Fig. 2.

The transfer function ig (s)/vi(s) of the LLCL filter can be
described as

GL1(s) =
ig (s)
vi(s)

=
a2s

2 + 1
b3s3 + b2s2 + b1s + b0

(1)

where
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

a2 = Lf Cf

b3 = LgLiCf +LsLiCf +Lf Cf Li +Lf Cf Lg +Lf Cf Ls

b2 = LiCf Rs + Lf Cf Rs

b1 = Li + Lg + Ls

b0 = Rs.

Fig. 3. Bode plots ig (s)/vi (s) of LCL filter, LLCL filter, and LTCL filter.

The transfer function ig (s)/vi(s) of the LTCL filter with two
LC resonant tanks can be derived as

GL 2 (s) =
ig (s)
vi (s)

=
a4s

4 + a2s
2 + 1

b7s7 + b6s6 + b5s5 + b4s4 + b3s3 + b2s2 + b1s + b0
,

(2)

where the parameters can be derived as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a4 = Lf 1Cf 1Lf 2Cf 2

a2 = Lf 1Cf 1 + Lf 2Cf 2

b7 = (Lg + Ls )LiCf Lf 1Cf 1Lf 2Cf 2

b6 = RsLiCf Lf 1Cf 1Lf 2Cf 2

b5 = Li (Lg + Ls )[(Lf 1 + Lf 2 )Cf 1Cf 2

+ (Lf 1Cf 1 + Lf 2Cf 2 )Cf ]
+ (Li + Lg + Ls )Lf 1Cf 1Lf 2Cf 2

b4 = LiRs [(Lf 1 +Lf 2 )Cf 1Cf 2 +(Lf 1Cf 1 + Lf 2Cf 2 )Cf ]
+Rs (Li + Lg + Ls )Lf 1Cf 1Lf 2Cf 2

b3 = (Lg + Ls )(Cf 1 + Cf 2 + Cf )Li

+ (Li + Lg + Ls )(Lf 1Cf 1 + Lf 2Cf 2 )
b2 = Rs (Cf 1 + Cf 2 + Cf )Lf + Rs (Lf 1Cf 1 + Lf 2Cf 2 )
b1 = Lf + Lg + Ls

b0 = Rs .

The Bode plots ig (s)/vi(s) of LCL filters, LLCL filters, and
LTCL filters with two LC tanks are presented in Fig. 3, where
the total capacitance in each filter is the same. As can be ob-
served from Fig. 3 and also discussed in Section I, the LTCL
filter may stand out among these three types of filters in terms
of switching harmonic attenuation and requirement of filter in-
ductance. However, the number of discrete passive components
is inevitably increased due to the introduction of multiple reso-
nant tanks. Moreover, the system is noted to have a new resonant
peak whose magnitude response may exceed 0 dB even with a
source resistance of Rs = 0.5 Ω considered, and this resonant
peak may bring in difficulties for damping controller design.
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Fig. 4. Simplified circuit of SPRLCL filter.

In order to tackle these issues, this paper proposes a novel
SPRLCL filter, and its topology is presented in Fig. 4. As shown,
the grid-side inductor Lg is utilized in the SPRLCL filter to
form a resonant tank together with Cg for switching harmonic
attenuation. In this case, one of the series resonant inductors
shown in Fig. 2(c) can be saved to reduce the size and cost of
passive filters.

The transfer function ig (s)/vi(s) of the SPRLCL filter can
be derived as

GL (s) =
ig (s)
vi(s)

=
a4s

4 + a2s
2 + 1

b5s5 + b4s4 + b3s3 + b2s2 + b1s + b0
(3)

where the parameters can be derived as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a4 = Lf Cf LgCg

a2 = Lf Cf + LgCg

b5 = Lf Cf LiLgCg + LiCgLgCgLs + Lf Cf LgCgLs

b4 = LiCf LgCgRs + Lf Cf LgCgRs

b3 = LiCf Ls + Lf Cf Ls + LsLgCg + LiCf Lg

+Lf Cf Lg + LiLgCg + Lf Cf Li

b2 = LiCf Rs + Lf Cf Rs + LgCgRs

b1 = Li + Lg + Ls

b0 = Rs.

This paper proposes three methods to design the SPRLCL
filter. Design method I is to set the series resonance frequency
at fs and the parallel resonance frequency at 2fs , while for
design method II, the two resonance frequencies are simply
swapped.

The Bode plots ig (s)/vi(s) of the LCL filter and the SPRLCL
filters designed with method I and method II are illustrated in
Fig. 5(a) and (b), respectively. As can be seen, the SPRLCL
filter can inherit the advantages of the LTCL filter and provide
very sharp harmonic attenuation at fs and 2fs . Moreover, it
is also noted that the new resonant peak is now shifted to a
higher frequency range as compared to that of the LTCL filter
shown in Fig. 3. With the same source resistance considered,
the magnitude of this resonant peak can now be damped below
0 dB, indicating no stability issue. In fact, such passive damping
effects will be more significant in real applications as the ESR
of passive components generally increases at high frequencies.

Design method III is to fix both the series resonance fre-
quency and the parallel resonance frequency at fs to counteract
filter parameter variations. The Bode plots ig (s)/vi(s) of the
LCL filter and the SPRLCL filter designed with method III are
depicted in Fig. 5(c). Through design method III, the SPRLCL
filter loses its attenuation ability at 2fs . However, the SPRLCL

Fig. 5. Bode plots ig (s)/vi (s) of LCL filter and SPRLCL filter designed with
(a) method I, (b) method II, and (c) method III.

filter can maintain the high attenuation at fs even with parameter
deviations as shown in Fig. 6.

For comparison, the Bode plots of the SPRLCL filters de-
signed with method I and method II considering parameter de-
viations are presented in Fig. 7. It can be seen that the switching-
frequency attenuation ability deteriorates without accurate filter
parameters.

The filter parameters adopted in this paper are listed in Table I,
and the detailed filter parameter design process will be discussed
in Section IV.

III. CAPACITOR-CURRENT-FEEDBACK ACTIVE

DAMPING ANALYSIS

A capacitor-current-feedback actively damped LCL filter can
be modeled as a frequency-dependent virtual resistor in parallel
with a frequency-dependent virtual inductor when the effect of
computation delay and PWM delay is taken into consideration
[11]. Given that the additional capacitor Cg is relatively small,
the frequency responses of the SPRLCL filter and the LCL filter
almost overlap before the Nyquist frequency. Therefore, Cg is
ignored here to simplify the analysis. However, the SPRLCL
filter contains an additional inductor in the capacitor branch
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Fig. 6. Bode plots ig (s)/vi (s) of LCL filter and SPRLCL filter designed with
method III with variation of (a) ±20%Cf , (b) ±20%Lf , (c) ±20%Lg , and (d)
±20%Cg .

loop, which may influence the active damping performance of
the SPRLCL filter and the indices of its controller design. Hence,
the capacitor-current-feedback active damping analysis of the
SPRLCL filter is derived next.

A. Modeling of SPRLCL Filter

The ASM of the SPRLCL filtered APF current control loop
with capacitor-current-feedback active damping and time delay
is shown in Fig. 8, where KPWM is the converter gain, Ts

denotes the sampling period, and e−1.5T ss denotes the total
time delay resulted from digital computation and PWM [12],
[33].

In Fig. 8, transferring the feedback branch of Hi1 to the branch
connected between ic(s) and vc(s) + vLf (s), the equivalent

Fig. 7. Bode plots ig (s)/vi (s) of SPRLCL filters designed with method I
and method II with parameters variation (a) method I: ±20%Cf , (b) method I:
±20%Lf , (c)method II: ±20%Lg , and (d)method II: ±20%Cg .

virtual impedance Zeq(s) connected in parallel with the capac-
itor branch loop can be obtained and derived by substituting jω
for s as

Zeq(jω) = Req(ω)//jXeq(ω)

=
Li(1 − Lf Cf ω2)
Hi1KPWMCf

ejω1.5Ts

= Rd(ω)ejω1.5Ts

= Rd(ω)cos(1.5ωTs) + jRd(ω)sin(1.5ωTs) (4)
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TABLE I
FILTER PARAMETERS

Parameter LLCL value SPRLCL value (method I) SPRLCL value (method II) SPRLCL value (method III)

Li 1.5 mH 1.0 mH 1.0 mH 1.5 mH
Cf 1.7 μF 3.0 μF 3.0 μF 1.7 μF
Lg 1.0 mH 0.5 mH 0.5 mH 1.0 mH
Lf 66.67 μH 37.04 μH 9.26 μH 66.67 μH
Cg – 56.29 nF 225.16 nF 112.58 nF

Fig. 8. ASM of SPRLCL filtered APF current control loop with capacitor-current-feedback active damping and time delay.

Fig. 9. Equivalent virtual impedance of capacitor-current-feedback actively
damped SPRLCL filter.

where

Req(ω) =
Rd(ω)

cos(1.5ωTs)
, Xeq(ω) =

Rd(ω)
sin(1.5ωTs)

. (5)

Rd(ω) = Li(1 − Lf Cf ω2)/(Hi1KPWMCf ) represents the
equivalent virtual parallel resistor without considering time de-
lay. The virtual impedance of the LCL filter can be obtained
with Lf = 0. It can be found that the essence of the capacitor-
current-feedback actively damped SPRLCL filter is to parallel a
frequency-dependent virtual resistor and a frequency-dependent
virtual inductor with the capacitor branch loop, as shown in
Fig. 9.

It is also noted that Rd is frequency dependent for SPRLCL
filters but not for LCL filters [13], [14], and this difference may
slightly change the system high-frequency response. The ab-
solute value of Req(ω) determines the damping effect, and a
smaller value represents a better resonance damping. The ab-
solute value of Xeq(ω) changes the resonance frequency, and a
smaller value leads to a larger resonance frequency shift. Fig. 10
shows the values of Req(ω) and Xeq(ω) with variable frequen-
cies for the LCL filter and the SPRLCL filter designed with
method I. As can be seen from Fig. 10(a), the equivalent resis-
tance Req of the SPRLCL filter remains positive in the frequency
band (0, fs/6) and then becomes negative in (fs/6, fs/2).
Req reaches the minimum value at fs/3 before the Nyquist

frequency, and this implies that designing fr to be fs/3 will
give the best active damping performance. In contrast, design-
ing fr to be fs/6 should be avoided as Req becomes infinite,
indicating no damping effect. Similarly, the equivalent induc-
tance Xeq can also be plotted as a function of frequency shown
in Fig. 10(b). At fs/3,Xeq is noted to be infinite, and, thus, it
can be ignored from the equivalent circuit shown in Fig. 9. This
characteristic is actually desired in the design as the SPRLCL
resonance frequency will be solely determined by the parame-
ters of the passive components.

If fr = fs/3 cannot be satisfied, the resonance frequency will
be affected by the capacitor-current-feedback loop as shown
in Fig. 11(a) and (c). A larger feedback coefficient Hi1 may
give rise a more significant frequency drift as the value of Xeq
becomes smaller as discussed. Therefore, it can be concluded
from these figures that setting fr = fs/3 can offer the optimal
design as the damping effect of capacitor-current feedback can
be maximized and the resonance frequency will always be fixed
at fs/3. These two features may greatly facilitate the current
controller design as well as its performance evaluation.

B. Performance Indices of SPRLCL Filter

The loop gain in Fig. 8 can be derived as

T (s) =

Hi2KPW M e−1 .5T s sGi (s)(Lf Cf s2 + 1)
Lg Cf s2 (Lis + KPW M e−1 .5T s sHi1 )+(Li + Lg )(Lf Cf s2 + 1)s

.

(6)

Below or at the crossover frequency fc , the LC tank has a
relatively large impedance and the SPRLCL filter can be sim-
plified to be an inductor Li + Lg . Suppose that the controller
Gi(s) is a simple proportional controller with a gain KP , |T (s)|
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Fig. 10. Values of (a) Req (ω) and (b) Xeq (ω) with variable frequency.

can be simplified at fc as

|T (j2πfc)| ≈
Hi2KPWMKP

(Li + Lg )2πfc
. (7)

KP can be expressed as

KP ≈ (Li + Lg )2πfc

Hi2KPWM
(8)

In z-domain, the loop gain can be derived as (9) shown at the
bottom of the page. In (9)

ωr = 2πfr =

√
Lg + Li

LgCf (Li + Lf )
. (10)

Fig. 11. Bode plots of loop gain T(z) with variable Hi1 when (a) fr < fs /3,
(b) fr = fs /3, (c) fr > fs /3.

T (z) =
Gi(z)Hi2KPWM

(Lg + Li)ωr

[z2 − 2zcos(ωrTs) + 1]Tsωr + (Lf Cf ω2
r − 1)(z − 1)2sin(ωrTs)

(z − 1)
{

z[z2 − 2zcos(ωrTs) + 1] + Hi1KPWM
(z−1)sin(ωr Ts )

ωr (Li +Lf )

} (9)



FANG et al.: PARAMETER DESIGN OF A NOVEL SPRLCL FILTER FOR SINGLE-PHASE HALF-BRIDGE ACTIVE POWER FILTERS 207

According to the controller design process in [17], several
performance indices are necessary to derive. Let GM1 denote
the gain margin of the SPRLCL filter at the resonance frequency
fr , GM1 is expressed as

GM1 = −20 lg |T (j2πfr )| . (11)

The relationship of the capacitor-current-feedback coefficient
Hi1 and GM1 can be derived as

Hi1 = 10GM1 /20 [1 − Lf Cf (2πfr )2 ]2πfc(Li + Lf )
KPWM

. (12)

Let GM2 represents the gain margin of the SPRLCL filter at
fs/6, GM2 is defined as

GM2 = −20 lg |T (j2πfs/6)| . (13)

The expression of Hi1 represented by GM2 can be derived as

Hi1 = 10GM2 /20
(Li + Lg )(1 − Lf Cf

(
2π fs

6

)2
)fc

2πLgCf KPWM

(
6
fs

)2

+
(

fs

6

)
2πLi

KPWM
+

(
fs

6

)
Lf fc(Li + Lg )

KPWM
−

(
6
fs

)

×
(

1
2π

)
(Li + Lg )

LgCf KPWM
(14)

Note that GM1 < 0 dB and GM2 > 0 dB must be satisfied
when fr > fs/6 [17]. The phase margin PM can be derived by
calculating the phase of T(jωc ) shown in (15) at the bottom of
the page, where ωc = 2πfc .

Let Tf o denote

Tf o = 20 lg |T (j2πfo)| (16)

where fo stands for the fundamental frequency. The expression
of Hi1 represented by PM and Tf o can be derived as (17) shown
at the bottom of the page.

The above performance indices are necessary for the current-
loop controller design.

IV. SPRLCL FILTER PARAMETER DESIGN

In this section, the parameter design procedure of the
SPRLCL filter is presented and applied to a half-bridge APF
with sine-triangle symmetrical-regular-sampled PWM. It should
be noted that the converter output harmonics may be changed
with circuit topologies and modulation techniques [29], [30].
However, the same design approach is still applicable.

A. Requirements for Filter Design

When designing passive filters for APF applications, several
limitations must be considered [3], [6], [11], [19], [24], [25].
The following requirements can be used to determine the values
of Li, Cf , and Lg .

1) Requirement of Resonance Frequency fr : As discussed
in the previous section, fr = fs/3 is preferred as the resonance
frequency can be fixed and the equivalent parallel damping re-
sistance can be minimized. In addition to this, some other limi-
tations should be considered to judge whether setting fr = fs/3
is a proper design. First, the bandwidth of the current controller
fc must be wide enough to compensate the dominant current
harmonics produced by the nonlinear load [24], [25], described
as

fc ≥ kafo (18)

where ka stands for the highest order of harmonics to be com-
pensated. Second, the ratio of fr to fc must be large enough.
This requirement guarantees that the phase margin of the current
controller is sufficient [11], [24], described as

fr ≥ fc/0.3. (19)

Third, fr must be designed to be away from the critical fre-
quency fs/6. Furthermore, the resonance frequency fr should
be large enough in order to save filter elements [11], [19]. Hence,
the following equation should be satisfied:

fr > fs/6. (20)

Fourth, to ensure the controllability of the digital current
controller, fr should be designed below the Nyquist frequency
fs/2 [6], [19]

fr < fs/2. (21)

With fr = fs/3, (20) and (21) can be satisfied. In most cases,
fr = fs/3 provides a wide enough bandwidth fc [24], [25].
Thus, fr = fs/3 is chosen as a design requirement.

2) Requirement of Harmonic Attenuation: As required by
IEEE standard 1547.2-2008 and IEEE standard 519-1992, the
switching-frequency and multiple switching-frequency harmon-
ics should be limited to be less than 0.3% of the fundamental
current [28], [29], represented as

|GL (j2πf)|f =N fs (N =1,2,3...)

=
∣
∣
∣
∣
ig (j2πf)
vi(j2πf)

∣
∣
∣
∣
f =N fs (N =1,2,3...)

≤ 0.3%Iref

Vinv (2πf)
(22)

PM =
π

2
− 3πfcTs − arctan

2πfcLgCf KPWMHi1cos(3πfcTs)
−(2πfc)2 [LiLgCf + (Li + Lg )Lf Cf ] + 2πfcLgCf KPWMHi1sin(3πfcTs) + (Li + Lg )

(15)

Hi1 =
{−(2π)f 2

c [Li +(Li/Lg + 1)Lf ] + (Li + Lg )/(2πLg C)}{f 2
c − fo

√

(10Tf o /20fo )2 − f 2
c tan(3πfc Ts + PM )}/(fc Ginv )

f 2
c [cos(3πfc Ts )tan(3πfc Ts + PM ) − sin(3πfc Ts )] + fo

√

(10Tf o /20fo )2 − f 2
c [cos(3πfc Ts )+sin(3πfc Ts )tan(3πfc Ts + PM )]

(17)
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Fig. 12. Harmonic current spectrum of a single inductor Li filtered APF.

where Iref denotes the root-mean-square (RMS) value of the
fundamental reference current. Vinv (2πf) represents the RMS
value of the output voltage in the inverter side. GL can also
be replaced by GL1 if the LLCL filter is designed. When the
filter inductors Li and Lg are fixed, this requirement determines
the minimum value of Cf [25]. It should be noted that cir-
cuit topologies (e.g., half-bridge, full-bridge), modulation meth-
ods (e.g., symmetrical-regular-sampled PWM, asymmetrical-
regular-sampled PWM), dc-link voltage Vdc , and modulation
index can change the RMS value of the inverter output voltage
Vinv (2πf). For a half-bridge APF, the inverter output voltage
vi(t) in the time domain can be derived as [29]

vi(t) =
4Vdc

π

∞∑

m=0
m>0

∞∑

n=1
n=−∞

1
q
Jn

(
q
π

2
M

)
sin

×
(
[q + n]

π

2

)
cos(mωst + nωot) (23)

where M is the modulation index, m represents the or-
der of multiple switching frequency, n represents the order
of multiple fundamental-frequency sideband, and q = m +
n(ωo/ωs), Jn (x) is referred as the integrals of the Bessel func-
tion, expressed as

Jn (x) =
1
2π

∫ 2π

0
cos(nt − xsint)dt. (24)

Fig. 12 shows the current harmonic spectrum of a single
inductor filtered APF under the condition of Vdc = 400 V, M =
220/400 = 0.55, fs = 15 kHz, Li = 2 mH, and P = 2 kW. It
can be noted that the switching-frequency sideband and double
switching-frequency sideband current harmonics may exceed
the IEEE limit, and this is the main motivation of designing
more advanced high-order passive filters.

3) Requirement of Capacitor Cf : Reactive power consumed
by Cf should be less than 5% of the rated power capacity of
APF [6]:

Cf ≤ 5%P

v2
c ωo

≈ 5%P

v2
s 2πfo

(25)

TABLE II
SYSTEM PARAMETERS

Parameter Symbol Value

Fundamental frequency fo 50 Hz
Switching/Sampling frequency fs 15 kHz
Grid voltage (RMS) Vs 220 V
Source resistance Rs 0.05 Ω
Source inductance Ls 0.1–3 mH
IGBT S1 /S2 1200 V, 50 A
DC-link voltage Vd c 400 V
DC-link capacitance C1 /C2 4700 μF
Resonance frequency fr 5000 Hz
Rated power P 2 kW
Load resistance Rl s /Rl p 10/20 Ω
Load capacitance Cl 4700 μF

where P denotes the rated power capacity of APF. Consider-
ing the variation of source impedance, the design requirement
is that the actual resonant frequency fr

′ should be always higher
than the critical frequency fs/6. This requirement is a prereq-
uisite for the stability of the current controller, which is often
ignored in the previous literatures. It can be derived as

fr ∞ =
1
2π

√
1

LiCf
≥ fs/6, Cf ≤ 9

Lif 2
s π2 (26)

where fr ∞ represents the resonance frequency under the worst-
case scenario where the source inductance is infinite. In real ap-
plications, the source inductance can only vary in a certain range
[2]. Therefore, this requirement guarantees that the resonance
frequency would not approach the critical frequency fs/6. This
requirement (i.e., (25) and (26)) sets the maximum value of Cf

when the inductances are fixed.
4) Requirement of Inductors Li and Lg : The fundamental

voltage drop on the inductors should be lower than 10% RMS
value of vs [3], [6]. This requirement gives the upper limit of
Li + Lg

Li + Lg ≤ 0.1Vs

ωoIref
(27)

where Vs denotes the RMS value of the grid voltage. The output
current of APF should be able to track the reference current, and
in steady state, the following equation should be satisfied:

Li + Lg ≤ Vdc − Vs peak

ωoIref peak
(28)

where Vs peak denotes the peak value of the grid voltage.
Iref peak denotes the peak value of the fundamental reference
current, and Vdc is the dc-link voltage. For dynamic reference
current tracking [25]

Li + Lg ≤ Vdc − Vs peak

2kaωo |i∗c |max
(29)

where |i∗c |max denotes the maximum value of harmonic currents.
5) Requirement of Inductor Li: In order to protect the IGBTs

and prevent the inverter-side inductor from saturation, the value
of the inverter-side inductor should be designed based on the
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Fig. 13. Satisfactory region of SPRLCL filter designed with method I or method II: (a) 3-D plot and (b) xy view.

Fig. 14. Satisfactory region of SPRLCL filter designed with method III (a) 3-D plot and (b) xy view.

following equation:

ΔI

Iref
=

Vdc

4LifsIref
≤ 60% (30)

where ΔI represents the peak value of the current ripple in the
inverter side, and the ratio of ΔI to Iref is less than 60% in this
case [4].

Given that the aforementioned requirements are all satisfied,
smaller inductance and capacitance should be selected to mini-
mize the cost and size of passive filters.

B. Design Procedure of SPRLCL Filter

In this section, the SPRLCL filter will be designed
based on the parameters listed in Table II, but the same design
approach can be applied to other systems without the loss of gen-
erality. Several additional parameters can be derived from Ta-
ble II: fundamental angular frequency ωo = 2πfo = 314 rad/s;
switching-angular frequency ωs = 2πfs = 94248 rad/s; highest
order compensated current harmonics ka = 25; base impedance
Zb = V 2

s /P = 24.2 Ω; base inductance Lb = Zb/ωo

= 77.07 mH; base capacitance Cb = 1/(Zbωo) = 131.60 μF;

RMS value of the fundamental reference current
Iref = P/Vs = 9.09 A; bandwidth of the current controller
fc = kfo = 1250 Hz; critical frequency fs/6 = 2500 Hz;
resonance frequency fr = fs/3 = 5000Hz > fc/0.3. Then, a
step-by-step design procedure of the SPRLCL filter is given as
follows.

1) Draw a 3-D plot with a curved-surface based on require-
ment 1 fr = fs/3 = 5000 Hz, shown as the shaded curved
surface in Fig. 13(a). x-axis and y-axis represent the values
of inverter-side inductor Li and grid-side inductor Lg , re-
spectively. z-axis shows the value of capacitor Cf . With a
fixed resonance frequency, Cf increases with the decrease
of Li and Lg .

2) According to requirement 2, the minimum necessary
value of Cf under certain Li and Lg can be derived,
shown as the uncolored curved surface in Fig. 13(a).
Note that for the SPRLCL filter designed with method
I or method II, the main objective of requirement 2
is to attenuate the triple switching-frequency current
harmonics down to 0.3% of the fundamental reference cur-
rent. As for the SPRLCL filter designed with method III,
requirement 2 is to attenuate double switching-frequency
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Fig. 15. Prohibited region of SPRLCL filter. (a) 3-D plot of (25), (b) xy view of (25), (c) 3-D plot of (26), and (d) xy view of (26).

current harmonics down to 0.3% of the fundamental refer-
ence current. When the uncolored curved surface is above
the shaded curved surface, the filter parameters may fail
to meet this requirement. Fig. 13(b) shows the xy view of
Fig. 13(a). Thus, the satisfactory region is inscribed in the
shaded region drawn in Fig. 13(b).

3) According to requirements 4 and 5, the maximum value
of Li + Lg and the minimum value of Li also limit the
satisfactory region. These requirements can be added into
the xy planes as shown in Fig. 13(b). Then, the satisfactory
region can be obtained as the meshed area in Fig. 13(b).
Similarly, the satisfactory region of the SPRLCL filter
designed with method III is illustrated in Fig. 14.

4) According to requirements 3, the maximum value of Cf

can be derived from (25) and (26). Fig. 15(a) and (b) shows
the prohibited region based on (25). As can be seen, the
additional requirement constructs a new constant value Cf

plane. The value of Cf above this plane is not permmitted
according to requirements 3, the maximum value of Cf

can be derived from (25) and (26).
Fig. 15(a) and (b) shows the prohibited region based on (25).

As can be seen, the additional requirement constructs a new
constant value Cf plane. The value of Cf above this plane is

not permitted, as shown in the prohibited region in Fig. 15(b).
Fig. 15(c) and (d) depicts the prohibited region based on (26).
This additional requirement creates another uncolored curved
surface. The value of Cf above the shaded one is not allowed,
as shown in the prohibited region in Fig. 15(d).

5) With the above plots, the values of Li and Lg can be
chosen based on Figs. 13 or 14. If these values are located
in the prohibited region shown in Fig. 15, another pair of
Li and Lg should be designed. Then, Cf can be calculated
using fr = fs/3 and the following equation:

Cf =
Lg + Li

LgLi(2πfr )2 . (31)

The additional inductor Lf in the LLCL filter can be de-
rived from

ωs = 2πfs =

√
1

Lf Cf
. (32)

The additional inductor Lf and the additional capacitor
Cg in the SPRLCL filter are determined by the following
equations:
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TABLE III
CONTROLLER PARAMETERS

Parameter Value Parameter Value

KP 18.85 Hi 1 2
Ns 300 Q(z) 0.95
Kr 2 ks 4
Hi 2 1 KP D 0.1
KP U 2 KI U 0.2

Method I

ωs = 2πfs =

√
1

Lf Cf
, 2ωs = 4πfs =

√
1

LgCg
.

(33)
Method II

2ωs = 4πfs =

√
1

Lf Cf
, ωs = 2πfs =

√
1

LgCg
.

(34)
Method III

ωs = 2πfs =

√
1

Lf Cf
, ωs = 2πfs =

√
1

LgCg
.

(35)

6) Finally, the filter parameters should be checked and satisfy
all of the requirements. The design procedure involves six
steps, and every step is clear and straightforward.

Following these design steps, all the parameters of the LLCL
filter and the SPRLCL filters with three different design methods
can be obtained as listed in Table I. It should be noted that
fr

′ > 1/6fs can be always guaranteed for the designed four sets
of passive filters thanks to the consideration of source inductance
variation in (26).

V. CONTROLLER DESIGN OF SPRLCL FILTER

A. Current-Loop Proportional Controller Design

Based on the filter parameters in Table I, a proportional con-
troller is designed using the performance indices derived from
Section III-B. The controller is designed based on the SPRLCL
filter with method III, but the idea can be equally applicable
to the SPRLCL filters with design method I and method II. In
order to yield a satisfactory steady-state performance and a fair
transient-state performance, the indices are set to be: phase mar-
gin PM = 45°, crossover frequency fc = 1250 Hz, magnitude
at the fundamental frequency Tf o = 30 dB, gain margin GM1
< −3 dB, gain margin GM2 > 3 dB. From (8), KP can be
calculated as KP = 18.85. According to (12) to (17), the satis-
factory region of Hi1 can be derived as (−11.968, 7.357), Hi1
is chosen to be 2 in this paper. The controller parameters are
listed in Table III.

When an LCL filter is designed with the same filter parameters
and performance indices (the relevant formulas are given in
[17]), the corresponding satisfactory region of Hi1 is (−10.535,
8.007). The satisfactory regions of Hi1 with variable fc for the

Fig. 16. Satisfactory regions of Hi1 with variable fc for (a) SPRLCL filter
and (b) LCL filter.

SPRLCL filter designed with method III and the LCL filter are
illustrated in Fig. 16.

With KP = 18.85 and Hi1 = 2, the Bode plots of the
proportional-controller-based current-loop gain of the SPRLCL
filter and the LCL filter are depicted in Fig. 17. As can be seen,
PM = 45°, fc = 1260 Hz, Tf o = 30 dB, GM1 < −3 dB, GM2
> 3 dB can be obtained as expected.

Compared with the LCL filter, the absolute value of GM1 of
the SPRLCL filter is smaller and the absolute value of GM2
of the SPRLCL filter is larger. Thus, GM1 requirement of the
SPRLCL filter is more difficult to achieve, whereas GM2 re-
quirement of the SPRLCL filter is easier to satisfy as compared
with the LCL filter. However, the difference is relatively small.
Therefore, the additional series inductor in the capacitor branch
loop poses negligible control difficulties when the series reso-
nance frequency is designed at fs .

B. Current-Loop Proportional Plus Repetitive Controller
Design

As seen in Fig. 17, the current-loop gains at the fundamen-
tal frequency and low-order harmonic frequencies, e.g., 100,
150 Hz, etc., are still low, which leads to a large steady-state
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Fig. 17. Bode plots of proportional controller-based current-loop gain of (a)
SPRLCL filter and (b) LCL filter.

tracking error. Thus, a repetitive controller is paralleled with the
proportional controller to enhance the steady-state performance
of the current-loop controller. Fig. 18 shows the block diagram
of the current-loop proportional plus repetitive controller, where
Ns stands for the number of switching-period delay to achieve
one fundamental-period delay. Q(z) is a constant or a LPF to
stabilize the system. Kr represents the gain coefficient, and ks

denotes the number of the leading switching period to compen-
sate the phase lag. S(z) is selected to be a LPF [31] or a notch
filter [32] to suppress high-frequency noises and is designed to
be a second-order Butterworth LPF with a cut-off frequency of
1000 Hz. The Bode plot of the proportional plus repetitive-
controller-based current-loop gain of the SPRLCL filter is

Fig. 18. Block diagram of Gi (z) with proportional plus repetitive controller.

Fig. 19. Bode plot of proportional plus repetitive controller-based current-
loop gain.

depicted in Fig. 19. As can be noted, the fundamental frequency
and low-order harmonics-frequency-loop gain increases, and,
thus, results in smaller current-loop tracking error.

VI. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

With the parameters listed in Table I–Table III, a simulation
model was constructed in MATLAB/Simulink based on the sys-
tem configuration shown in Fig. 1. The objectives are to examine
the effectiveness of the proposed SPRLCL filter design methods
and to compare the performance of SPRLCL filters with that of
LLCL and LCL filters.

The simulated steady-state waveforms of the grid voltage vs ,
the source current is , the grid-side current ig , the load current
iL , and the dc-link voltages Vdc1 and Vdc2 using the LCL fil-
ter are shown in Fig. 20(a). As can be seen, the sum of the
dc-link voltage Vdc1 and Vdc2 approximates 800 V, and the
error is less than 1 V (0.125%) due to the voltage-loop PI con-
troller. The voltage difference between Vdc1 and Vdc2 is less
than 2 V (0.5%) because of the voltage-loop proportional con-
troller. The total harmonic distortion (THD) of the load current
is 30.49%. Fig. 20(b) shows the spectrum of the compensated
source current. As can be seen, although the low-order har-
monics can be attenuated to meet IEEE standard 519-1992, the
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Fig. 20. (a) Simulated waveforms and (b) source current spectrum of APF
using the LCL filter.

switching-frequency sideband harmonics exceed the 0.3% fun-
damental current standard requirement, and the source current
THD can be up to 5.16%.

Fig. 21(a) shows the simulated waveforms of APF using the
SPRLCL filter designed with method II. Since these waveforms
are very similar to those obtained from the SPRLCL filter de-
signed with method I, only the performance of the SPRLCL
filter designed with method II is given here. As seen, when
the LCL filter is replaced by the SPRLCL filter, the source
current waveform is still sinusoidal, indicating the low-order
harmonic compensation is not affected. Moreover as shown in
Fig. 21(b), both the switching-frequency and double switching-
frequency harmonics of the source current are eliminated. The
triple switching-frequency harmonics are increased to 0.12% of
the fundamental current but still under the limit. With a source
current THD value of 4.33%, the designed SPRLCL filter can
satisfy the IEEE requirements with smaller filter elements. It is
also noted that the grid current is mainly distorted by low-order

Fig. 21. (a) Simulated waveforms and (b) source current spectrum of APF
using method II designed SPRLCL filter.

Fig. 22. Simulated source current spectra with parameters deviation of
(a) LLCL filter (100%Lf ), (b) LLCL filter (50%Lf ), (c) method III designed
SPRLCL filter (50%Lf ), and (d) method III designed SPRLCL filter (50%Cg ).

harmonics due to the nonoptimized design of the harmonic ex-
traction and repetitive current controller. The THD of grid cur-
rent can be further reduced by fine tuning these two control
blocks. Moreover, the background harmonics in the grid volt-
age may impose another challenge to the control system and
worsen the THD. Such disturbances can be compensated by in-
troducing grid voltage feedforward or more resonant controllers
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TABLE IV
SIMULATED SOURCE CURRENT THD

Filter Harmonics around fs /(% Ir e f ) Harmonics around 2fs /(% Ir e f ) Harmonics around 3fs /(% Ir e f ) THD/%

LCL 1.61 0.06 0.00 5.16
LLCL (100%Lf ) 0.01 0.13 0.03 4.40
LLCL (50%Lf ) 0.44 0.09 0.03 4.77
LLCL (3 mH Ls ) 0.01 0.01 0.01 4.33
SPRLCL (method I) 0.01 0.00 0.05 4.62
SPRLCL (method II) 0.01 0.00 0.11 4.33
SPRLCL (method III) 0.01 0.12 0.02 4.43
SPRLCL(50%Lf ) (method III) 0.01 0.08 0.02 4.40
SPRLCL(50%Cg ) (method III) 0.01 0.09 0.06 4.45
SPRLCL (3 mH Ls ) 0.01 0.01 0.02 4.35

Fig. 23. Simulated dynamic waveforms of APF using SPRLCL filter designed
with method II.

particularly designed at these harmonic frequencies. It should
be pointed out that the system high-frequency responses, e.g.,
control stability and switching harmonic attenuation will not be
affected by these low-order harmonics.

When the filter parameters deviate from the nominal values,
the simulated source current spectra of APF using the LLCL
filter and the SPRLCL filter designed with method III is shown in
Fig. 22. As shown in Fig. 22(a) and (b), although the LLCL filter
can offer a satisfactory damping performance at the switching
frequency with nominal filter parameters, it is unable to satisfy
the IEEE standard when the additional inductor Lf deviates
50% from its nominal value, which has also been proved in
[3], [4], [9]. As can be seen in Fig. 22(c) and (d), the SPRLCL
filter designed with method III can keep its harmonic attenuation
ability even with parameter deviations, which is in consistence
with the theoretical analysis.

The APF is also stable when the source inductance varies
from 0.1 to 3.0 mH thanks to the robustness design of these
filters. The THD of the source current under different design
scenarios with rated power of 2 kW is listed in Table IV.

The SPRLCL filter designed with method II is taken as an
example to validate the controller dynamic performance, and
the relevant simulated waveforms are shown in Fig. 23. The
nonlinear load is stepped down to 50% of its nominal value at t
= 0.40 s. As seen, the dc-link voltage overshoot is less than 2 V

Fig. 24. Experimental waveforms of grid voltage and nonlinear load current
with its FFT spectrum.

and the dynamic time duration is 0.03 s, which indicates well
designed voltage-loop and current-loop controllers.

B. Experimental Results

A prototype based on a digital signal processor
(TMS320F28335) controller was built and tested. The param-
eters are listed in Table I–Table III except for the grid voltage
Vs = 150 V/50 Hz. All the voltages were measured with voltage
halls LV25-P and all the currents were measured with current
halls LA55-P. The converter was implemented using an IGBT
module, driven by M57962. A 100-V metallized polypropylene
film capacitor was used as Cg and it can handle high ripple cur-
rents. The rated current of Lf is designed to be 15 A, which is
higher than the nominal grid current. The switching frequency
of IGBTs is 15 kHz, which is reasonable as the power rating of
the system is relatively low. If a lower frequency is considered,
the bandwidth of the control system will be limited and the
recommended filter may not be suitable for APF applications.
This is a common problem for all power converters with linear
regulators.

The waveforms of the nonlinear load current and its FFT
spectrum are shown in Fig. 24. As can be seen, the load cur-
rent is distorted with its THD value as high as 33.1%. Without
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Fig. 25. Experimental waveforms of grid voltage, grid current, and its FFT
spectrum with LCL-filtered APF.

Fig. 26. Experimental waveforms of grid voltage, grid current, and its FFT
spectrum with LLCL-filtered APF.

operating the APF, the current harmonics around fs and 2fs

are basically negligible. Fig. 25 shows the experimental results
when the nonlinear load is compensated by the LCL-filtered
half-bridge APF. The current harmonic spike at fs is obvious
and may fail to comply with IEEE standard 1547.2-2008 and
IEEE standard 519-1992. After compensation, the grid current
becomes more sinusoidal with its THD reduced to 4.1%. Fig. 26
illustrates the experimental compensation results of the LLCL
filter-based APF. The THD of the grid current is reduced to
3.5% thanks to the elimination of the current harmonics at fs .
However, the current harmonics at 2fs are noted to be increased
as the roll-off rate of LLCL filters is only 20 dB/decade at high
frequencies.

In order to simultaneously suppress switching-frequency and
double switching-frequency harmonics, the LLCL filter is re-
placed by the SPRLCL filter designed with method II, and the
experimental results are given in Fig. 27. It is clear that these
two dominant switching current harmonics can be successfully

Fig. 27. Experimental waveforms of grid voltage, grid current, and its FFT
spectrum with SPRLCL-filtered APF (design method II).

Fig. 28. Experimental waveforms of grid voltage, grid current, and its FFT
spectrum with LLCL-filtered APF and SPRLCL-filtered APF (design method
III) considering 50% deviation of Lf .

eliminated, and the grid current THD is further reduced to 3.3%,
which is the lowest among all the cases.

As discussed, the SPRLCL filter designed with method III
can be immune to parameter deviations. Its experimental result
under 50% deviation of Lf is presented in Fig. 28 and com-
pared to that of the LLCL filter subjected to the same parameter
deviation.

As seen from Fig. 28, the switching-frequency current har-
monics can be well attenuated by the SPRLCL filter designed
with method III and the grid current THD is 3.5%, whereas for
the LLCL filter may lose the harmonic attenuation ability at fs ,
leading to an increased THD value of 3.9%. These experimental
results match well with the theoretical analysis. It should be
noted that the reduction of switching-frequency harmonics in
experiments is not so significant as compared to that of the sim-
ulated ones shown in Fig. 22. This is mainly due to the presence
of measurement noises and other system noises in experiments,
and such noises cannot be removed by the proposed SPRLCL
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filter. Moreover, the ESRs of passive components may also limit
the harmonic attenuation while these ESRs (except for Rs) are
all ignored in simulations.

VII. CONCLUSION

This paper has proposed a novel high-order passive filter,
named SPRLCL filter, to suppress the dominant switching har-
monic currents of a single-phase half-bridge APF. The proposed
SPRLCL filter features a reduced number of discrete passive
components and an easy implementation of active damping
control. Three design methods are also proposed to realize
different objectives. Design method I and method II enable
the SPRLCL filter to simultaneously remove the switching-
frequency and double switching-frequency harmonics, while
with design method III, the proposed SPRLCL filter will be
more robust against parameter variations. Through analyzing
the capacitor-current active damping control, it is identified that
setting the resonance frequency at one-third of the sampling fre-
quency may give rise to a minimized virtual damping resistance,
and, thus, offer the best damping effect to the LCL resonance.
Moreover, the resonance frequency under this design is always
fixed at one-third of the sampling frequency irrespective of the
value of the capacitor-current-feedback coefficient. A compre-
hensive step-by-step design process has been given to guide the
parameter selections of the proposed SPRLCL filter, and the de-
signed filters can also be robust to source impedance variations.
With the derived filter parameters, a proportional plus repeti-
tive current controller is designed. Simulation and experimental
results are finally presented to verify the effectiveness of the
designed filters.
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