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ABSTRACT As for a grid-connected PWM converter with LCL filter, harmonic current can flow freely into
the grid-side inductor and filter capacitor, when the connected power grid is harmonically distorted. The
fact lies in that the conventional control scheme has a little ability to suppress the grid current harmonics.
Though the harmonics can be suppressed by the capacitor current compensation method, it may lead to
system stability issues. This paper proposes an improved harmonic suppression scheme with the partial
capacitor current feedforward, which can effectively suppress the specified grid current harmonics on the
premise of ensuring the system stability. Since the partial capacitor current is obtained as the differential
output of a multi-second-order generalized integrator, no extra current sensors are needed. The effectiveness
and feasibility of the proposed strategy are verified by detailed experimental results.

INDEX TERMS Grid-connected converter, LCL filter, harmonic current, resonant control.

I. INTRODUCTION
LCL filters are broadly applied in the grid-connected PWM
converters to filter out the high-frequency harmonics of the
grid currents [1]–[3]. Compared with the L filter, the LCL
filter has better high-frequency harmonic attenuation capa-
bility [4], [5]. The control algorithms of the grid-connected
PWM converter with LCL filter can be simply classified into
two categories, i.e., converter current feedback (CCF) con-
trol and grid current feedback (GCF) control [6]. As shown
in Fig. 1, when the selected switch turns to i1, the CCF con-
trol is adopted, with its feedback of the closed-loop control
system being the converter-side current; when the selected
switch turns to i2, however, the GCF control is triggered, with
the grid side current being its feedback. The CCF control
is widely used in industrial products due to its convenience
of the overcurrent protection [8]. Furthermore, under the
weak grid conditions, the CCF control system is easy to
keep stable because of its inherent impedance characteris-
tics [9]. However, the GCF control system, usually needs to
introduce an auxiliary damping control to ensure the system
stability [10]–[14].

As for the harmonic current suppression capability, it has
been proved that with CCF control system, harmonic current
can flow into the capacitor freely [15], [16], if the grid voltage
is harmonically distorted. The experimental waveforms of the

FIGURE 1. Block diagram of CCF control and GCF control.

grid voltage, the grid current and the capacitor current the
PWM converter with the CCF control are shown in Fig. 2.
Obviously, the currents are seriously distorted because the
grid voltage has some harmonic components, i.e., the grid-
background harmonics. As illustrated in Fig. 1, no grid-
background harmonic information is included in the CCF
control loop, which is why it cannot suppress the grid-side
harmonic currents.

A lot of work has been done to improve the harmonic
suppression capability of the CCF control [7], [8], [17].
In [7], a grid voltage proportional feedforward strategy was
proposed. It shows a better harmonic suppression capability
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FIGURE 2. Experimental waveforms of the grid voltage, the grid current
and the capacitor current.

when the system delay is not considered. However, the delay
is inevitable in the digital control system, which may lead
to the instability of the system. Then, Butterworth low-pass
filter and the repetitive controller were proposed for the
delay compensation to improve the system stability, which
introduce the complexity and parameter sensitivity issues.
In [17], a low-pass filter was adopted in the grid voltage
feedforward loop to ensure the system stability. Taking the
low-pass filter’s amplitude and the phase errors into account,
the grid current may still be distorted. In [8], the grid volt-
age feedforward transfer function was obtained, which fully
reduced the influence of grid background harmonics on the
grid current. However, the function contained a second order
differentiator that was sensitive to high frequency noises.
In addition, the capacitor current was needed in the feedfor-
ward scheme [8], which increased the cost of the extra current
sensors. A simple way to suppress the harmonics may be to
feed forward all the capacitor current to the current reference
in the CCF control. Nevertheless, the CCF control turns to
be equivalent to the GCF control in such design, which may
cause system instability [18].

This paper thus proposes a novel improved control scheme
based on the CCF control system to suppress the grid-side
harmonic current caused by the grid-background harmonics.
A partial capacitor current compensation method is proposed,
with the specified harmonic currents feedforward. A multi-
second-order generalized integrator (MOSGI) is utilized to
extract the specified harmonic currents from the voltage of
the capacitor. Hence, no extra current sensors are needed. The
proposed control strategy possesses the stability characteris-
tic of the CCF control and harmonic suppression capability
of the GCF control, simultaneously.

This paper is organized as follows. Section II describes
the conventional CCF control system by modeling the grid
harmonic impedance. In Section III, the capacitor current
extraction method based on MSOGI is presented in detail.
To suppress the grid-background harmonics, an enhanced
CCF control scheme is developed in section IV. Besides,
the system stability with the proposed scheme is discussed.
The experimental tests are then performed in Section V to
validate the effectiveness and feasibility of the proposed

strategy. Finally, some useful conclusions are summarized in
Section VI.

II. MODEL AND PROBLEM ANALYSIS OF
CONVENTIONAL CCF CONTROL SYSTEM
A. MODEL OF CONVENTIONAL CCF CONTROL SYSTEM
Fig. 3(a) shows the topology of a LCL-filtered grid-connected
converter with the conventional CCF control. The LCL filter
consists of a converter-side inductor L1, grid-side inductor L2
and filter capacitorCf . Fig. 3(b) presents the equivalent block
diagram of the conventional CCF control. The current con-
troller herein is a proportional–resonant (PR) controller [19]
plus a group of harmonic controllers (HCs). And the HCs
consists of multiple resonant controllers, with their resonant
frequencies at the harmonic frequencies. The transfer func-
tion of the combined current controller can be represented as
follows.

Gc(s) = Kp +
Kr1s

s2 + ω′2
+

J∑
h

Krhs
s2 + h2ω′2

(1)

where Kp, ω′,Kr1, h,Krh and J respectively denote the pro-
portional gain, the fundamental frequency, the resonant gain
of fundamental component, the harmonic order, the resonant
gain of each harmonic component, and the maximum har-
monic order to be suppressed.

FIGURE 3. Three-phase LCL-filtered grid-connected converter.
(a) topology of converter with conventional CCF control, (b) equivalent
block diagram of conventional CCF control.

In the s-domain, the converter control delay can be
described as

Gd (s) = e−Td s (2)
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where Td is the system total time delay, which can be approx-
imated as 1.5 Ts [6] by considering the process of sampling,
computation, compare registers update, and zero-order-hold
of the Pulse-Width Modulation (PWM) [20].

According to Fig. 3, the open-loop transfer function of the
system can be obtained as

T1(s) = Gc(s)Gd (s)G1(s) (3)

The converter current and grid current can be extracted
from the reference current and the grid voltage, which can
be separately expressed as

i1 =
Gc(s)Gd (s)G1(s)

1+ G1(s)Gc(s)Gd (s)
i∗ −

G1(s)G2(s)
1+ G1(s)Gc(s)Gd (s)

vg

(4)

i2 =
Gc(s)Gd (s)G1(s)G2(s)
1+ G1(s)Gc(s)Gd (s)

i∗

−

(
G1(s)G2

2(s)

1+ G1(s)Gc(s)Gd (s)
+ sCfG2(s)

)
vg (5)

where G1(s) =
s2L2Cf+1

s3L1L2Cf+s(L1+L2)
,G2(s) = 1

s2L2Cf+1
.

B. HARMONIC IMPEDANCE ANALYSIS
To elaborate grid-current harmonic attenuation ability,
the grid harmonic impedance can be established to evaluate
the relationship between the grid voltage and the result-
ing grid current [18]. It has been proved that the sensitiv-
ity of a converter control system to the harmonics of the
grid voltage can be investigated by calculating its harmonic
impedance [8]. In response to a harmonic voltage disturbance,
higher harmonic impedance will lead to a smaller harmonic
current. Thus, it is an effective way to evaluate the harmonic
disturbance rejection capability of the system [8]. The grid
harmonic impedance of conventional CCF control system can
be extracted from (4) as

zg=
vg
i2
=
s3L1L2 + s(L1 + L2)+

[
1+ s2L2Cf

]
Gc(s)Gd (s)

1+ s2L2Cf + sCfGc(s)Gd (s)
(6)

At harmonic frequencies, Gc (s) has infinite gain by HCs.
As a result, (6) can be simplified as

zg_harmonic ≈ sL2 +
1
sCf

(7)

According to (7), the harmonic impedance exhibits both
inductive characteristic and capacitive characteristic, which
is determined by the grid-side inductor L2 and filter capacitor
Cf . The characteristic can also be descripted by the equivalent
circuit model [21], as shown in Fig. 4, where the controller is
regarded as a parallel branch formed by a set of LC circuits.
At the harmonic frequencies, the impedance of the LC circuit
becomes infinite, which blocks the harmonic current flowing
into loop1. Consequently, the harmonic current mainly flows
in loop2 though L2 and Cf .

The Bode diagrams of the grid harmonic impedance are
given in Fig. 5 with the HCs (5th, 7th, 11th and 13th orders)

FIGURE 4. Equivalent impedance model of the LCL-filtered
grid-connected converter with conventional CCF control.

being enabled and disabled, respectively. Here the funda-
mental resonant controller is disabled in order to distinguish
the difference caused by the HCs. The controller parameters,
i.e., Kp and Krh, are properly designed according to [22].
As shown in Fig. 5, the harmonic impedance magnitude

with HCs enabled is slightly larger than that of the disabled
condition at harmonic frequencies. However, the harmonic
impedance magnitudes in the two conditions are both below
50dB, which would show a limited harmonic suppression
capability. This is because the HCs can only suppress the
harmonic current in loop1 in Fig. 4 but has no effect on
the harmonic current in loop2. It can thus be concluded that
the CCF control system with HCs can attenuate harmonic
current caused by distorted grid voltage partially but not
completely due to the lack of the grid harmonic current
information.

FIGURE 5. Bode diagrams of the harmonic impedance in conventional
CCF control system with HCs enabled and disabled.

Therefore, to eliminate the grid harmonic currents,
the lacked harmonic information should be compensated into
the CCF control system. Since the grid harmonic currents
flow through the filter capacitor directly, the capacitor cur-
rent contains all the harmonic information which can be
selected as the compensation references. Hence, it becomes
a crucial issue to extract the capacitor current accurately and
expediently.

III. CAPACITOR CURRENT EXTRACTION
BASED ON MSOGI
In term of capacitor current sampling, the current sensor
has the advantages of convenient and high precision, but
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the cost is considerable. As we know, the capacitor current
is the differentiation of its voltage. Hence a differentiator
can be applied to the capacitor voltage to extract its current
component, which could reduce the cost. A digital differen-
tiator based on second-order generalized integrator (SOGI) is
explored in the paper. Note that the proposed control system
is not so sensitive to the magnitude error introduced by the
digital differentiator, since such error can be eliminated by
the integration characteristic of the resonant controllers.

In practice, the grid voltage may contain harmonics at
various frequencies, with several of them dominating the
voltage distortion. Furthermore, the digital system has severe
distortion of high-order harmonic sampling because the sam-
pling rate is always limited. Hence, it is not necessary to
extract all the capacitor current. The SOGI has an infinite
gain at its resonant frequency [23] and such characteristic
can be applied to extract the capacitor current at the harmonic
frequencies.

A. PRINCIPLE OF THE CAPACITOR CURRENT
EXTRACTION BASED ON SOGI
The SOGI structure is shown in Fig. 6, whereω′ is the turning
frequency, and k is the gain, v′c is the observation signal with
the same magnitude and phase as the input signal vc. d_v′c is
the differential of vc.

FIGURE 6. Structure of SOGI.

Assume the capacitor voltage to be

vc = A sin(ω′t) (8)

Then there are

v′c = A sin(ω′t) (9)

and

d_v′c = ω
′A cos(ω′t) (10)

The capacitor current can be expressed as

i′c = C
dv′c
dt
= Cω′A cos(ω′t) (11)

From (10) and (11), the capacitor current can be given as

i′c = Cd_v′c (12)

Consequently, the capacitor current can be extracted by the
digital differentiator based on SOGI, and the transfer function
between the capacitor current and the capacitor voltage can be
represented as

IC1(s) =
i′c(s)
vc(s)

= −C
kω′3

s2 + ω′2
(13)

FIGURE 7. Scheme of the capacitor current extraction based on MSOGI.
(a) scheme of MSOGI, (b) normalized structure of SOGI.

B. EXTRACTION OF THE CAPACITOR HARMONIC
CURRENTS BASED ON MSOGI
The former section illustrates the principle of extracting fun-
damental component of capacitor current based on SOGI.
In fact, it can be effectively explored to extract the har-
monic capacitor current as well by a parallel SOGI structure,
i.e., MSOGI. The diagram of the MSOGI-based capacitor
harmonic currents extraction is shown in Fig. 7(a). Fig. 7(b)
shows the normalized structure the SOGI, and h representing
the harmonic order.

According Fig. 7(b), the transfer function of the observa-
tion signal to the system error can be obtained as

Bh(s) =
v′ch(s)

εv(s)
=

kω′s
s2 + h2ω′2

(14)

And the transfer function of the system error to the input
signal can be achieved as

N (s) =
εv

vc
(s) =

1
1+ B0(s)+ B1(s)+ · · ·

=
1

1+
∑

h=0,1,···
Bh(s)

(15)

Synthetic (14) and (15), the transfer function between the
output in-phase signal and the input signal can be obtained as

Mh(s) =
v′ch
vc

(s) =
Bh(s)

1+
∑

h=0,1,···
Bh(s)

(16)

And the transfer function between the output differential
signal and the input signal can be then represented as

Lh(s) =
d_v′ch
vc

(s) = −
h2ω′2

s
Bh(s)

1+
∑

h=0,1,···
Bh(s)

(17)
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As a result, the transfer function between the sum of the
extracted capacitor current and the capacitor voltage can be
given by

IC (s) = C
∑

h=0,1,···

Lh(s) (18)

To verify the current extraction accuracy, the Bode diagram
of equation (18) is presented in Fig. 8, whereω′ = 100π,C =
10µF, k =

√
2 and h = 0, 1, 5, 7. At the harmonic fre-

quencies, the theoretical amplitude gains are20 lg(ω′C) =
−50.1dB, 20 lg(5ω′C) = −36.1dB, 20 lg(7ω′C) =

−33.2dB, respectively. Explicitly, the obtained amplitude
gains from the Bode diagram are very well consistent with
the theoretical calculated ones. So the accuracy of the current
extraction method is initially demonstrated.

FIGURE 8. Bode diagram of transfer function of capacitor current and
capacitor voltage.

IV. CCF CONTROL SCHEME WITH PARTIAL CAPACITOR
CURRENT FEEDFORWARD
In order to suppress the grid current harmonics effectively
and ensure the stability of the system simultaneously, a CCF
based control scheme with partial capacitor current feedfor-
ward is put forward. The partial capacitor current contains the
fundamental component and selected order harmonics to be
suppressed.

A. MODEL OF CCF CONTROL SYSTEM WITH PARTIAL
CAPACITOR CURRENT FEEDFORWARD
The whole control block diagram of the proposed scheme is
shown in Fig. 9, where the capacitor current is extracted by
theMSOGI. According to the diagram, the open loop transfer
function of the system can be derived as

T ′1(s) =
Gc(s)Gd (s)G1(s)

1− Gc(s)Gd (s)GvcI (s)
(19)

where Gvc =
vc(s)
i1(s)
=

L2
s2L1L2Cf+L1+L2

.

FIGURE 9. Three-phase LCL-filtered grid-connected converter.
(a) topology of converter with proposed CCF control scheme,
(b) equivalent block diagram of proposed CCF control.

The grid current can be extracted from the reference current
and grid voltage, which can be expressed as

i2 =
Gc(s)Gd (s)G1(s)G2(s)

1− [G3(s)G5(s)− G1(s)]Gc(s)Gd (s)

× i∗ −

(
G1(s)G2

2(s)− G5(s)Gc(s)Gd (s)G4(s)G2(s)

1− [G3(s)G5(s)− G1(s)]Gc(s)Gd (s)

+ sCfG2(s)

)
vg (20)

where G1 =
s2L2Cf+1

s3L1L2Cf+s(L1+L2)
, G2 =

1
s2L2Cf+1

, G3 =

s2L2Cf
s3L1L2Cf+s(L1+L2)

, G4 =
sCf

s3L1L2Cf+s(L1+L2)
, G5(s) =

IC (s)
sCf

.

B. HARMONIC IMPEDANCE ANALYSIS
To elaborate the grid-current harmonic attenuation ability of
the proposed control scheme, the grid harmonic impedance is
firstly derived from (20), which can be obtained as

vg
i2

=

s3L1L2+s(L1+L2)+
[
1+s2L2Cf

(
1− IC (s)

sCf

)]
Gc(s)Gd (s)

s2L2Cf +1+sCfGc(s)Gd (s)
(
1− IC (s)

sCf

)
(21)

At harmonic frequencies, the partial capacitor current is
accurately extracted by MSOGI, i.e., IC (s)

/
sCf ≈ 1; then

the grid harmonic impedance is mainly determined by HCs.
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As a result, the transfer function can be simplified as

vg
i2
≈

Krh
s2 + h2ω′2

(22)

From (22), it can be seen that infinite gains can be obtained
at the resonant frequencies, which means infinite resistances
for the grid harmonic currents.

FIGURE 10. Bode diagram of the grid harmonic impedance for the CCF
control system when partial capacitor current feedforward is enabled and
disabled.

Fig. 10 illustrates the bode diagram of the grid harmonic
impedance for the CCF control system when partial capac-
itor current feedforward is enabled and disabled. Gc(s) is
configured to be resonant at the 5th, 7th, 11th and 13th order
harmonics, while the fundamental resonant controller is dis-
abled in order to clearly distinguish the difference caused by
the harmonic controller. It can be seen that theHCs shows a
satisfactory harmonic attenuation ability with the grid har-
monic information indirectly provided by the partial capacitor
current. However, as for the conventional CCF control, the
impedance is always below 50dB, which means that the har-
monic attenuation ability is limited. It thus can be concluded
that the proposed scheme is superior to the conventional CCF
control scheme on the harmonic suppression capability.

Though the proposed control behaves well in the grid
harmonic current suppression, it is known that the CCF based
control scheme with all capacitor current feedforward can
lead to system instability. Considering that the proposed con-
trol scheme equals toGCF control scheme in some extent. It is
necessary to discuss the system stability effected by partial
capacitor current feedforward.

C. STABILITY ANALYSIS OF CCF CONTROL SYSTEM WITH
PARTIAL CAPACITOR CURRENT FEEDFORWARD
As for CCF and GCF control, system instability usually
occurs around the resonant frequencies. Note that the feedfor-
ward component in the proposed scheme is the partial capaci-
tor current with specific frequencies (e.g., 5th, 7th harmonics,
etc.). Since the frequencies of the feedforward component are
far below the resonant frequencies, the stable region with the
proposed control scheme is almost the same as that of the

conventional CCF control scheme. As a result, the proposed
scheme can be concluded to have little effect on the system
stability.

According to (19) , the amplitude gains of IC (s) are
20 lg(hω′C) at harmonic frequencies, while the gains decline
at other frequencies, including the LCL resonant frequencies.
In other words, IC (s) exhibits such attenuation characteristic
which can be ideally considered to have zero gain at those
frequencies except harmonic frequencies. Hence, there is no
capacitor current feedforward except that at the harmonic
frequencies.

To further discuss the system stability issues, the root loci
method is used. Typically, a root locus diagram indicates the
transfer function’s pole locations for the varying values of
scalar gain. Note that the root locus cannot be plotted in the s-
domain since the system studied contains a delay component.
Thus, the analysis is implemented in the z-domain herein. The
controller transfer function can be simplified to be Gc(s) =
Kp, since the resonant terms have negligible influence on
system stability [20]. IC (s) is configured to extract the 1st,
5th and 7th order capacitor current harmonics. The system
characteristic equation in z- domain can then be represented
as

1+Kp
E(z)R(z)−P(z)Q(z)

ωrL1(L1 + L2)(z−1)z[z2−2z cos(ωrTs)+ 1]R(z)
=0

(23)

where G5(z) =
Q(z)
R(z) , P(z) = sin(ωrTs)(L1 + L2)(z − 1)2,

E(z) = ωrL1Ts[z2−2z cos(ωrTs)+1]+L2 sin(ωrTs)(z−1)2.
The root loci is exhibited in Fig. 11 with four different

resonance frequencies corresponding to the capacitor values
shown in Table 1. In z-domain, the necessary and sufficient
condition for the system stability is that there should be
no pole-zero of open-loop transfer function outside the unit
circle. It can be observed form Fig. 11 that the root loci
cross the unit circle at the frequency of fs/6, which is the
boundary from stability to instability, and is the same as
that of the conventional CCF control [6], [20]. However,
there are some poles and zeros added compared with those
of the conventional CCF control system in [9]. It can be
confirmed that R(z) contains no unstable poles outside the
unit circle. Therefore, the stability is not affected by those

TABLE 1. LCL parameters and resonance frequencies.
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FIGURE 11. (a) Root loci of proposed scheme with four different LCL
resonance frequencies, (b) the zoomed-in root loci.

FIGURE 12. Bode diagram of proposed CCF control system with different
damping gains of MSOGI.

new added poles. Consequently, the stable region is almost
the same as that of the conventional CCF control system.

In order to study the slight deviation caused by theMSOGI,
bode diagram is shown in Fig. 12 with different damping
gains, i.e., k (k = 0, 0.01, 0.1 and 1) of MSOGI. Note

FIGURE 13. Experimental platform of Three-phase LCL-filtered
grid-connected converter.

that k = 0 represents the conventional CCF control sys-
tem. According to Fig. 12, it can be summarized that the
magnitude and phase gradually approach the conventional
CCF control system with k decreasing. Therefore, the slight
deviation can be ignored when k is properly selected. And the
stable region of the proposed scheme can thus be confirmed
to (0, fs/6).

Based on the analysis, it is obvious that the proposed
scheme is actually a fusion of both the CCF and GCF control,
i.e., inheriting the stability characteristics of the conventional
CCF control scheme and the harmonic attenuation capability
of the GCF control scheme.

V. EXPERIMENTAL VALIDATIONS
In order to verify the effectiveness of the proposed control,
an experimental platform of three-phase LCL grid-connected
converter was constructed, as shown in Fig. 13. The platform
is rated at 5kWwith the first set of parameters shown in Tab.1.

The measuring equipment are the Teledyne LeCroy-
HDO4024 oscilloscope and the Fluke 435 II power quality
analyzer. Texas Instruments TMS320F28335 DSP is used to
implement the control algorithm including MSOGI andHCs.
The switching frequency of the converter is 20 kHz with 2us
dead time.

During the test, the grid voltage is harmonically distorted
with the 5th, 7th, 11th and 13th harmonics at THD 2.1%. And
the MSOGI is thus configured at the fundamental and 5th,
7th, 11th, and 13th harmonics. When the converter current is
zero, all the grid current flows into the filter capacitor through
the grid-side inductor, at which time the capacitor voltage is
sampled to extract the current. Fig. 14 shows the measured
capacitor current waveform, i.e., ic by the current sensor and
the extracted current waveform, i.e., i′c based on the MSOGI.
As shown, the current error, i.e. (ic − i′c), is almost zero. The
accuracy of the capacitor current extraction method based on
MSOGI is thus verified.

Fig. 15 shows the experimental waveforms of the grid
current and the converter current with the proposed CCF
control and conventional GCF control. It can be observed
that the system is stable when the partial capacitor current
compensated. However, when the GCF control is applied,
the converter current oscillates and triggers the overcurrent
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FIGURE 14. Extracted capacitor-current waveform based on MSOGI and
measured capacitor-current waveform.

protection eventually. The effectiveness and feasibility of the
proposed control are hence demonstrated.

The closed-loop experiment test is then carried out and
the current reference is set to be 10A. Fig. 16 shows the
experimental waveforms of the grid voltage, converter current
and grid current under different control schemes, i.e., (a)
conventional CCF control without HCs, (b) conventional
CCF control with HCs and (c) proposed control, respectively.
To show the harmonics clearly, the spectrum analysis is

FIGURE 15. Experimental waveforms of the grid current and the
converter current of proposed CCF control and GCF control.

applied and the FFT of grid current is also shown in Fig. 16.
As shown in Fig. 16(a), when the conventional CCF control
is performed, the grid current is seriously distorted by the
gird background harmonics, and the THD reaches up to 8.3%
with amount of 5th, 7th, 11th and 13th harmonics. When the
harmonic controller HCs (configured as 5th, 7th, 11th and
13th harmonics) is applied, however, as shown Fig. 16(b),

FIGURE 16. Experimental waveforms of the grid voltage, converter current and grid current and the
FFT of grid current based on different control methods. (a) Conventional CCF control without HCs,
(b) Conventional CCF control with HCs, (c) proposed CCF control.
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the grid current is significantly improved, and the THD is
reduced to be 4.3%. Note that the grid current still contains
certain amount of harmonic current since no grid background
harmonic information is feedback in such control system.
As a contrast, when the proposed control is employed, the grid
current THD reduces to be 2.9%, and the system is sta-
ble without any oscillations, as shown in Fig. 16(c). Con-
sequently, the harmonic suppression capability and system
stability of the proposed control are validated.

VI. CONCLUSIONS
This paper analyses the influence of grid background har-
monics on the grid current of grid-connected PWM con-
verters with LCL filters. To suppress the harmonic current,
an improved CCF control scheme with partial capacitor cur-
rent feedforward is proposed, which inherits the superior
stability characteristics of CCF control scheme and the excel-
lent capability of harmonic suppression of the GCF control
scheme. The system harmonic impendence is modeling and
discussed to study the harmonic suppression capability. And
in term of the system stability, the root loci method is applied,
and the stability is verified to be the same as that of the
conventional CCF control scheme. Since the capacitor current
is extracted by the MSOGI, no extra current sensors are
needed. Experimental results verified the effectiveness and
feasibility of the proposed control scheme.
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