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The Dual-Current Control Strategy of
Grid-Connected Inverter With LCL Filter

Yuanpeng Guan , Yu Wang , Yunxiang Xie, Yi Liang, Anna Lin, and Xuemei Wang, Member, IEEE

Abstract—In the renewable energy generation systems, the grid-
connected inverter with LCL filter (GCI-LCL) is an important de-
vice to realize dc–ac power conversion and connect the distributed
power generation system and power grid. However, the resonance
problems of the LCL filter may bring instability to GCI-LCL. Be-
sides, the grid impedance and the time delay in digital controllers
also have a harmful influence on the stability of GCI-LCL. To
solve these problems, a dual-current active damping control strat-
egy based on the inverter-side current and grid-connected current
feedback for GCI-LCL is proposed in this paper, and the systematic
parameters design process is investigated. Compared with the con-
ventional damping strategies, a resonance suppression for the LCL
filter, a larger stability margin, and a better anti-interference capa-
bility in a weak grid can be achieved under the proposed strategy.
In addition, by analyzing the active damping effect of the proposed
strategy, a simplified model in a low-frequency band for GCI-LCL
is proposed to enhance the anti-interference capability in the weak
grid and simplify the parameters design process. Finally, a GCI-
LCL prototype is constructed and the experiment results verify the
correctness and feasibility of the analysis and proposed strategy.

Index Terms—Anti-interference capability, dual-current control
strategy, grid-connected inverter with LCL filter (GCI-LCL), res-
onance suppression, stability margin.

NOMENCLATURE

C Capacitor in the LCL filter.
fLC L Resonance frequency of the LCL filter.
fn Fundamental frequency.
fS Switching frequency.
GCI Grid-connected inverter.
GCI-LCL Grid-connected inverter with LCL filter.
GD Whole time delay model.
Gi PI controller.
Ginv Transfer function from uinv to i2 .
GM Gain margin.
i1 Inverter-side current.
i2o Grid-connected current in the open loop.
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i2c Grid-connected current in the close loop.
i2oD Grid-connected current with time delay in the open

loop.
i2cD Grid-connected current with time delay in the close

loop.
i2 i Ideal grid-connected current.
i2 iD Ideal grid-connected current with time delay.
i2ref Reference of the grid-connected current.
ic Current of the capacitor in the LCL filter.
K Inverter-side current feedback parameter.
KP Integration gain in the PI controller.
KI Proportion gain in the PI controller.
KPWM Transfer function from modulation wave to output

of the inverter side.
L1 Inverter-side inductance in the LCL filter.
L2 Grid-side inductance in the LCL filter.
Lg Grid inductance.
PLL Phase-lock loop.
PCC Point of common coupling.
Pn Rated power of GCI-LCL.
PM Phase margin.
TS Sampling period.
uc Capacitor voltage in the LCL filter.
Udc DC-side voltage.
uinv Inverter-side voltage.
ug Grid voltage.
ωc Cross frequency of GCI-LCL.
ωi Corner frequency of the PI controller.
ωinv Resonance frequency of GCI-LCL with the inverter-

side current feedback.
Δi2 g Interference current caused by grid voltage.
Δi2 gD Interference current caused by grid voltage with

time delay.
ξ Damping ratio.
θ Phase detected by the PLL.
δ Power factor angle.

I. INTRODUCTION

IN RECENT years, with the large and unsustainable con-
sumption of fossil fuels and the deterioration of global

climate, the wind power, photovoltaic energy, and other renew-
able energies have received extensive attention and developing
rapidly [1], [2]. The GCI becomes an important interface device
connecting the distributed power generation system and power
grid, and its performance directly affects the electric power in
the power generation system [3], [4].
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To eliminate the high-frequency harmonics generated by op-
eration of the GCI, a filter is generally installed between the
GCI and power grid. Compared with the L-type filter, the LCL
filter has a better high-frequency harmonic attenuation capabil-
ity, a smaller inductance, and a higher power density. Therefore,
the LCL-type filter is usually applied [5], [6]. However, the
LCL filter is a third-order system with resonance problem that
causes oscillation and instability for the GCI. Fortunately, the
problem can be solved with varieties of strategies, including
the passive damping method [7], [8], active damping method
[9]–[12], model-based reduce-order method [13], [14], and ad-
ditional filter method [15], [16]. Due to the large power loss in
passive damping resistance, the passive damping method is often
replaced by other methods. Besides, the model-based reduce-
order method mainly contains the splitting capacitor method
and weighted current method, and they are sensitive to pa-
rameters perturbation. Moreover, the additional filter method
is achieved with an ideal damping performance by designing
filters including a notch filter, a lead-lag compensator, or a
quadratic filter, and it is a high-order system that its parame-
ters design process is complicated. The active damping method
suppresses the resonance through the state variables feedback,
including

1) capacitor current and grid-connected current feedback;
2) capacitor current and inverter-side current feedback;
3) capacitor voltage and grid-connected current feedback;
4) capacitor voltage and inverter-side current feedback;
5) full-state variables feedback.
The state variables feedback strategies based on capacitor

current or capacitor voltage increase the damping of GCI-LCL.
However, in the capacitor voltage feedback strategy, a better ef-
fect can be obtained by the differential link, which is difficult to
realize in a digital signal processor (DSP). Besides, in the capac-
itor current feedback strategy, the detection of a high-frequency
current generates high cost from the current transformers, col-
lectors, and DSP. In addition, the full-state feedback can rebuild
a new damping model to gain a better damping effect. However,
it requires more sensors, thus increasing the control complexity
and cost. Moreover, the full-order observer and reduced-order
observer benefit from reduced sensors based on an accurate
model of the LCL filter. However, they are interfered by the grid
impedance [17], [18]. Furthermore, the above-mentioned meth-
ods seldom focus on both the protection of switches in bridges
and the grid-connected characteristics.

The grid impedance and LCL filter disturbance bring
challenges in the stability of GCI-LCL and the grid-connected
characteristics including the filtering and damping characteris-
tic, stability margin, and power factor (PF) [19]–[24]. Moreover,
the time delay caused by the one sampling period time delay,
the sampler, and the zero-order hold also has an influence on the
GCI-LCL’s stability and deteriorates the filtering characteristic
[25]–[30]. To solve the problems, a numerous time-delay com-
pensation method based on a model-free delay compensation
is proposed [25]. However, the compensator is an IIR digital
filter, which increases the system order, and the compensator
design is difficult with the influence of a weak grid. In [26] and
[27], the digital controller is designed with the determination of

resonance frequency. However, the controller design becomes
more complex with the uncertainty of the weak grid. In [28],
the resonance frequency is limited under 1/6 fs to ensure the
stability of GCI-LCL. However, its controller parameters were
designed without time delay. In [29], the controller parameters
are determined considering time delay. However, the design
process considering stability factors is complicated. In [30], the
equivalent effect between virtual damping model and passive
damping model is applied to simplify the design process. How-
ever, its optimal damping residence needs to be designed in
advance.

Considering the above disadvantages in the existing damp-
ing strategies, a dual-current feedback control strategy based on
the inverter-side current and grid-connected current feedback is
proposed for GCI-LCL in this paper. The inverter-side current
feedback provides the resonance suppression for GCI-LCL and
improves quality of the inverter-side current to protect switches
in bridges. Then, a simplified model in a low-frequency band
based on the inverter-side current feedback is proposed to sim-
plify the parameters design process. The grid-connected current
feedback benefits the grid-connected characteristics and con-
troller design. The systematic parameters design process of the
proposed strategy, considering the resonance suppression, sta-
bility margin, and grid-connected characteristics, is presented
to ensure the stable operation of GCI-LCL under the weak grid.
Comparing with the previous works, the GCI-LCL under the
proposed strategy achieves an ideal resonance suppression and
a larger stability margin, and ensures the robustness of GCI-LCL
and better grid-connected characteristics under the weak grid.

The rest of this paper is organized as follows. In Section II,
the dual-current feedback control strategy based on the inverter-
side current and grid-connected current feedback is proposed,
and its mathematical model with time delay is established. In
Section III, the systematic parameters design of the proposed
strategy is discussed. In Section IV, a case study under the pro-
posed strategy and its systematic parameters design process is
investigated, and the comparison between the proposed strat-
egy and conventional control strategies under the weak grid is
presented. In Section V, the experiments results verify the cor-
rectness and feasibility of the analysis and proposed strategy.
Finally, a conclusion is drawn in Section VI.

II. DUAL-CURRENT CONTROL STRATEGY OF GCL-LCL
AND ITS MATHEMATICAL MODEL

The configuration of GCI-LCL under the proposed dual-
current control strategy is depicted in Fig. 1. The inverter-side
inductance L1 , the capacitor C, and the grid-side induc-
tance L2 constitute the LCL filter. The grid impedance is
equivalent as an inductance Lg . i1 , i2 , and ic are the inverter-
side current, grid-connected current, and capacitor current,
respectively. Udc, uinv, uc , and ug are the dc-side voltage,
inverter-side voltage, capacitor voltage, and grid voltage, re-
spectively. The PLL provides the phase of grid voltage at PCC to
ensure the reference current in sync with grid voltage. The pro-
posed dual-current control strategy is based on inverter-side cur-
rent and grid-connected current feedback. The grid-connected
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Fig. 1. Configuration of GCI-LCL under the proposed dual-current control
strategy.

current feedback is the outer current close loop to trace the
reference current by a PI controller in the ABC coordinate, thus
satisfying the requirements of PF and total harmonic distortion
(THD). Besides, the inverter-side current feedback through
feedback parameter K is the inner loop to improve the reso-
nance suppression effect, stability margin, and anti-interference
capability. Then, the signal is modulated by a sinusoidal
pulsewidth modulation (SPWM) strategy to gate drivers in
switches.

From Fig. 2, the transfer function of the LCL filter from
inverter-side voltage uinv to grid-connected current i2 is

GLC L (s) =
i2

uinv
=

1
L1L2Cs3 + (L1 + L2)s

. (1)

The resonance frequency fLC L of the LCL filter can be ex-
pressed as

fLC L =
1
2π

√
L1 + L2

L1L2C
. (2)

Without considering the time delay, the equivalent block di-
agram of GCI-LCL under the proposed strategy is shown in
Fig. 2(a). The open- and close-loop transfer functions with PI
controller and grid voltage ug are described as (3) and (4) shown
at the bottom of this page.

Gi(s) = KP +
KI

s
(5)

where Gi is the transfer function of the PI controller, and Δi2 g

and i2 i are the interference current caused by grid voltage and
grid-connected current.

Considering the time delay, the equivalent block diagram of
GCI-LCL under the proposed strategy is shown in Fig. 2(b).
The one sampling period time delay is e−sT s , the sampler is
1/TS , the zero-order holder is (1 − e−sT s)/s, and the open- and
close-loop transfer functions with PI controller and grid voltage
ug are described as (6) and (7) shown at the bottom of this page.

GD (s) =
1
TS

e−sTS
1 − e−sTS

s
≈ e−1.5sTS (8)

where GD is the whole time delay, and Δi2 gD and i2 iD are the
interference current caused by grid voltage and grid- connected
current with time delay.

i2o(s) =
KPWM

L1(L2 + Lg )Cs3 + C(L2 + Lg )KKPWMs2 + (L1 + L2 + Lg ) s + KKPWM
× Gii2ref

− s2L1C + sCKPWMK + 1
s3L1(L2 + Lg )C + C(L2 + Lg )KKPWMs2 + s (L1 + L2 + Lg ) + KKPWM + KPWMGi

× ug (3)

i2c(s) = i2c i + Δi2c g

=
KP KPWMs + KI KPWM

L1 (L2 + Lg ) Cs4 + C(L2 + Lg )KKPWMs3 + (L1 + L2 + Lg ) s2 + (KP + K) KPWMs + KI KPWM
i2ref

− L1Cs3 + CKKPWMs2 + s

L1 (L2 + Lg ) Cs4 + C(L2 + Lg )KKPWMs3 + (L1 + L2 + Lg ) s2 + (KP + K)KPWMs + KI KPWM
ug (4)

i2oD (s) =
GD KPWMGi

L1 (L2 + Lg ) Cs3 + C(L2 + Lg )KGD KPWMs2 + (L1 + L2 + Lg ) s + KGD KPWM
× i2ref

− s2L1C + sCGD KPWMK + 1
s3L1 (L2 + Lg ) C + C(L2 + Lg )KGD KPWMs2 + s (L1 + L2 + Lg ) + KGD KPWM + KPWMGD Gi

× ug (6)

i2cD (s) =

(KP KPWMs + KI KPWM) GD

L1 (L2 + Lg ) Cs4 + C(L2 + Lg )KGD KPWMs3 + (L1 + L2 + Lg ) s2 + (KP + K) GD KPWMs + KI GD KPWM
i2ref

− L1Cs3 + CKKPWMGD s2 + s

L1 (L2 + Lg ) Cs4 + C(L2 + Lg )KKPWMGD s3 + (L1 + L2 + Lg ) s2 + (KP + K) KPWMGD s + KI KPWMGD
ug

= i2 iD + Δi2 gD (7)
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Fig. 2. Equivalent block diagram of GCI-LCL under the proposed dual-current control strategy. (a) Without time delay. (b) With time delay.

TABLE I
ROUTH ARRAY OF THE GRID-CONNECTED INVERTER WITH LCL FILTER UNDER THE DUAL-CURRENT CONTROL STRATEGY

Note: RS 1 = (K + KP )KP W M − 1.5TS KI KP W M − (L 2 + L g )C K K 2
P W M

K I

(L 1 + L 2 + L g )K −(K + K P −1 . 5 T S K I )L 1
.

III. SYSTEMATIC PARAMETERS DESIGN PROCESS

OF THE PROPOSED CONTROL STRATEGY

In the proposed dual-current feedback control strategy, the
inverter-side current feedback parameter K and the PI con-
troller parameters KP and KI have significant influences on
GCI-LCL performance, including the resonance frequency, res-
onance suppression, stability margin, and grid-connected char-
acteristics. To satisfy the above-mentioned requirements, the
systematic parameters design process is presented as follows.

1) Stability limitation of parameters considering time delay.
2) Resonance suppression of the LCL filter provided by the

inverter-side current feedback to determine parameter K.
3) Proposing a simplified model in a low-frequency band.
4) Design of PI controller parameters with a hybrid

model considering grid-connected demands and system
stability.

A. Parameters Stability Limitation With Time Delay Based
on the Routh–Hurwitz Criterion

According to one-order Taylor expansion, the time delay
model GD can be rewritten as

GD (s) =
1

1 + 1.5TS s
. (9)

According to (6)–(9), the characteristic equation of the close-
loop system is

DcD (s) = 1.5L1(L2 + Lg )CTS s5 + L1(L2 + Lg )Cs4

+ [(L2 + Lg )CKKPWM + 1.5 (L1 + L2 + Lg ) TS ] s3

+ (L1 + L2 + Lg ) s2 + (K + KP ) KPWMs + KI KPWM .
(10)

From (10), the Routh array of GCI-LCL under the proposed
strategy is shown in Table I. According to the Routh–Hurwitz
criterion, if the poles of the system are not in the right half-
plane, the elements in the first column of the Routh array and
the elements in the characteristic equation of the close-loop
system should be equal to or greater than zero. Thus, to ensure
the stability of GCI-LCL, the parameter ranges of K,KP , and
KI are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K >
L1

L2 + Lg
(KP − 1.5TS KI )

K + KP > 1.5TS KI >
L1

L2 + Lg
(KP − K)

L2 + Lg

L1
K + 1.5TS KI > KP > 1.5TS KI − K

RS 1 > 0.

(11)
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Fig. 3. Control block diagram of the inverter-side current feedback.

From (11), with the increase of grid inductance Lg , the value
ranges of K,KP , and KI to ensure the stability of GCI-LCL
increase.

B. Inverter-Side Current Feedback Designed and the
Simplified System Model in a Low-Frequency Band

The control block diagram of GCI-LCL with inverter-side
current feedback is shown in Fig. 3. According to the figure, the
characteristic equation is expressed as

Do(s) = as3 + bs2 + cs + d = 0 (12)

where a = L1(L2 + Lg)C, b = C(L2 + Lg )KKPWM, c = L1 +
L2 + Lg , d = KKPWM. Comparing with (1), Do(s) adds the
damping terms CL2KKPWMs2 and KKPWM.

From (12), the characteristic equation of GCI-LCL with
inverter-side current feedback is a general three-order function.
According to Cardano’s method, if K is larger than zero, the
discriminant Δ will be greaters than zero

Δ = (ba − 9ad)2 − 4
(
b2 − 3ac

) (
c2 − 3bd

)

= 3L6
2

[
e2K2K2

PWM

(
27y3 + 26y2 − 2y − 1

)
+4(1 + y)3ye + 4e3K4K4

PWM

]
> 0.

(13)

Thus, the equation has one real root and two conjugate com-
plex roots, and the system characteristic function with inverter-
side current feedback can be rewritten as

Do(s) = (ms + n)
(
s2 + ξωinvs + ω2

inv
)

= 0 (14)

where –n/m, ξ, and ωinv are the real root, damping ratio, and res-
onance frequency of GCI-LCL with inverter-side current feed-
back
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ξ =
−b + 1

2

(
3
√

Y1 + 3
√

Y2
)

3a · ωinv

ωinv =
1
3a

√[
−b+

1
2

(
3
√

Y1 + 3
√

Y2
)]2

+
3
4
(

3
√

Y1 + 3
√

Y2
)2

− n

m
=

−b − 1
2

(
3
√

Y1 + 3
√

Y2
)

3a
(15)

Fig. 4. Design process of parameter K in the inverter-side current feedback
loop.

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

e = C/(L2 + Lg ), y = L1/(L2 + Lg )

Y1,2 = e2L6
2KKPWM

[
K2K2

PWM − 3ey(1 + y)
]

+3
2 eyL3

2

[
eL3

2KKPWM (8y − 1) ±√
Δ

]
.

(16)

However, the resonance frequency of GCI-LCL with an active
damping method is often ignored. If the resonance frequency is
between 10 fn and 1/4 fS , the better dynamic response and har-
monic current suppression can be achieved [31]. According to
(15), the damping ratio ξ, the inverter-side current feedback pa-
rameter K, and the resonance frequency ωinv are interconnected.
Besides, K must be in the stability limitation in (11).

The design process of ξ,K, and ωinv is depicted in Fig. 4.
First, the range of resonance frequency in GCI-LCL can be
determined by switch frequency. The range of K can be deter-
mined according to (15) subsequently. If the range of K is in
the stability limitation in (11), the optimal value of ξ is achieved
at the next step. If not, the ranges of K and ωinv must be mod-
ified to enter the stability limitation in (11). Then, the optimal
value of ξ is allowed to be determined. Finally, K and ωinv are
determined.

Then, the Bode diagram of GCI-LCL with inverter-side cur-
rent feedback is shown in Fig. 5. From the figure, the inverter-
side current feedback can provide damping for the resonance of
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Fig. 5. Bode diagram of GCI-LCL with the inverter-side current feedback.

the LCL filter. When K varies, the damping ratio ξ is a max-
imum value. Moreover, the cross frequency ωc of the system
is smaller than the resonance frequency ωinv with inverter-side
current feedback. On the other hand, the two conjugate complex
roots of the characteristic equation of GCI-LCL with inverter-
side current feedback are far from the imaginary axis. Thus,
to simplify the systematic design process of control system
parameters, the simplified system transfer function in the low-
frequency band is proposed

Ginv =
1
K

. (17)

According to (17), the phase–frequency curve begins at zero,
and the magnitude–frequency curve is paralleled with the fre-
quency axis. It matches the curves in the low-frequency band
in the Bode diagram of GCI-LCL presented in Fig. 5. Hence, in
the low-frequency band or fundamental frequency, the simpli-
fied model is correct and feasible, and the influence of the weak
grid on the GCI-LCL is reduced obviously.

C. Design of the PI Controller

PI controller parameters have a strong influence on the robust-
ness and stability of GCI-LCL. Since the corner frequency ωi is
suggested to be set lower than ωinv, Gi (s) can be approximated
to KP at the frequencies higher than ωinv [32]. In this sec-
tion, the PI controller parameters are determined by the stability
margin, interference suppression of grid voltage, and dynamic
response.

According to (15) and Fig. 4, the resonance frequency of
GCI-LCL can be determined. In the Bode diagram of the system
open-loop transfer function, the phase-frequency curve crosses
the –180° at the resonance frequency of the LCL filter. Thus, in
the GM design, the model of GCI-LCL with inverter-side current

feedback is considered, and the system GM can be depicted as

− 20 lg
∣∣∣∣
(

KP +
KI

s

)

· KPWM

L1 (L2 + Lg ) Cs3 + CL2KKPWMs2

+ (L1 + L2 + Lg ) s + KKPWM

∣∣∣∣∣∣∣∣∣
s=jω in v

≥ GM.

(18)

Considering the grid inductance Lg , the range of KP in-
creases. Hence, the range of KP without grid inductance
Lg is

KP ≥

∣∣∣∣L1L2Cs3 + CL2KKPWMs2

+ (L1 + L2) s + KKPWM

∣∣∣∣
s=j2πfL C L

KPWM × 10
G M
2 0

. (19)

From (19), if C or L1 increases, the range of KP decreases.
The cross frequency ωc of GCI-LCL is much smaller than the
resonance frequency of the LCL filter, even after damping. Thus,
the system transfer function with the PI controller at the low-
frequency band is

Gop = Gi · Ginv =
(

KP +
KI

s

)
· 1
K

. (20)

Then, the PM of the system can be described as

180◦ + ∠ (KP s + KI )
s · K ≥ PM. (21)

Generally, the PM value should be greater than 45° to ensure
the stability of the system under disturbance. Considering the
cross frequency of the system as (22), the ranges of KP and KI

can be obtained as (23) and (24), respectively,

ωc =
KI√

K2 − K2
P

≤ 10fn × 2π (22)

0 < KP ≤ K (23)

KI ≤ 10fn × 2π ×
√

K2 − K2
P . (24)

In this paper, the GCI-LCL operates in unity PF. Thus, the
ideal grid-connected current i2 iD coincides with the grid volt-
age ug in the ABC coordinate. Besides, the inference current of
grid voltage Δi2 gD lags behind ug with 90°. Considering the
grid-connected current i2 iD and the inference current of grid
voltage Δi2 gD , the output power-factor angle can be defined as

tan δ =
Δi2 gD

i2 iD
=

(L1Cs3 + CKGD KPWMs2 + s)ug

GD KPWM(KP s + KI )i2ref
.

(25)
Because the rated frequency of grid voltage is much smaller

than the cross frequency of GCI-LCL, KP and GD can be
ignored at the fundamental frequency [27]. When the output PF
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Fig. 6. Bode diagrams of GCI-LCL interfered by the weak grid. (a) Under the proposed strategy. (b) Under the conventional active damping control strategy
based on capacitor current and grid-connected current feedback. (c) Under the additional filter strategy based on the notch filter.

cos δ is achieved, KI is limited as

tan δ =
Δi2 g

i2 i
=

(L1Cs3 + CKKPWMs2 + s)uS

(KP KPWMs + KI KPWM)i2 ref

∣∣∣∣
s=j2πfn

≤
√

1 − cos2δ

cos δ

∣∣∣∣∣
cos θ=0.9

⇔ KI ≥ (L1Cs3 + CKKPWMs2 + s)ug

tan δ × KPWM × i2ref
. (26)

D. Comparison Between the Proposed Strategy
and the Conventional Control Strategy

The bode diagrams of GCI-LCL with the proposed strategy,
the conventional active damping strategy based on capacitor
current and grid-connected current feedback, and the additional
filter strategy based on the notch filter are depicted in Fig. 6.
In damping characteristic, the proposed strategy and the con-
ventional active damping strategy both have ideal resonance
suppression effect of GCI-LCL considering time delay, which
is better than that under the additional filter strategy. Besides,
in anti-interference capability, when the LCL filter is disturbed
by increased grid impedance, the proposed strategy maintains a
steady state at the low-frequency band. In contrast, the gains and
system cross frequencies under the conventional active damping
strategy and additional filter strategy are decreased. It has a sig-
nificant influence on the output characteristics of GCI-LCL, such
as PF and THD of the grid-connected current. Moreover, in the
stability margin of the system, the proposed strategy maintains
a larger stability margin than the conventional active damping
strategy and additional filter strategy, even if the LCL filter is
disturbed by the weak grid.

IV. CASE STUDY

A design example for GCI-LCL under the proposed strategy is
discussed in this section. The main parameters of GCI-LCL are
shown in Table II. According to the LCL filter design criteria, the
LCL filter for a 3 kW GCI-LCL prototype is set up and satisfies
the requirements as follows.

1) THD of the grid-connected current is less than 5%.

TABLE II
BASIC PARAMETERS OF THE GRID-CONNECTED INVERTER

WITH LCL FILTER

2) PF is larger than 0.9.
3) Inverter-side current ripple is less than 20%.
4) Reactive power caused by the capacitor is less than 10%.
5) Switching harmonics is less than 3%.
6) Resonance frequency is between 10fn and 0.5fs .
From (11), K,KP , and KI are larger than zero, and their

ranges can be calculated by the Routh–Hurwitz criterion as

K + KP > 1.5TS KI > KP − K (27)

(K + KP ) − 1.5TS KI − CKKPWMKI

K − (KP − 1.5TS KI )
> 0. (28)

Then, to achieve the resonance suppression for the LCL filter,
K is determined. According to (15), the range of ωinv, ξ gains
the maximum of 0.27, if K and ωinv are determined as 0.057 and
9726 rad/s, respectively. To satisfy the requirements of PM >
40°, GM > 3 dB, and PF > 0.9 at rated power Pn , the region of
KP and KI is calculated according to (19), (23), (24), and (26)–
(28), as shown in Fig. 7. Moreover, considering the variation of
L1 (±20%), L2 (0 − 400%), and C (±20%), the range of KP is
decreased from [0.0335, 0.057] to [0.0418, 0.057] according to
(27). Thus, KP is set as 0.05. To achieve a better PF (PF > 0.98),
the range of KI is decreased from [60, 100] to [70, 100] at
KP = 0.05. Then, KP = 0.05 and KI = 90 at point A are set
to achieve a larger stability margin. The fundamental frequency
gain (ωinv = 100 πrad/s) is 14 dB. Besides, the PM and GMs
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Fig. 7. Range of the parameters in the PI controller with multirestrictions.

Fig. 8. Root locus of the open-loop system before the compensation of the PI
controller.

are 89.2°, 3.71 dB, and –6.57 dB, respectively, thus satisfying
the stability requirement and the anti-interference of the system.
However, point B (KP = 0.03,KI = 90) is out of the region,
and the PM and GMs are 92.1°, 8.14 dB, and 0.10 dB, and point
C (KP = 0.05,KI = 150) is also out of the region, and the PM
and GMs are 41.8°, 2.0 dB, and –7.8 dB, as shown in Fig. 7.
From the figure, the PMs of points A and B vary slightly around
90°, which are larger than the PM of point C. However, the GMs
of point B are larger than zero, and the corresponding system
is unstable. The GM of point C is less than 3 dB of point A,
and the corresponding system is stable. Therefore, the point at
the shadow area, which is the overlapping area of (23)–(28),
ensures the stable operation of the system and satisfies the grid-
connected requirements, and the points out of the shadow area
lead to dissatisfaction of part or all of the requirements for
GCI-LCL stable operation.

The pole-zero map of the open-loop system before the
compensation of the PI controller with the increase of K is
presented in Fig. 8. As can be seen from the figure, a pair of
conjugate poles get away from the imaginary axis and then
close to the imaginary axis with the increase of K. Hence,
the damping ratio would reach the maximum value, and the
resonance frequency would be decreased with the increase of
K. Moreover, the real pole gets away from the imaginary axis

quickly with the increase of K. Thus, the equivalent model at
the low-frequency band is a proportional model, and K affects
the equivalent model at the low-frequency band, the resonance
frequency, and the damping ratio significantly.

To verify the stability and anti-interference capability of
the system, the model with time delay is established, and
the time delay equals to the sample time (100 μs). The
bode diagrams of GCI-LCL interfered by LCL parameters,
and the weak grid under the proposed strategy are presented
in Fig. 9. When the inverter-side inductance L1 in the LCL
filter is disturbed and varies from 12 to 18 mH (±20%),
the Bode diagram of the open loop in GCI-LCL is shown
in Fig. 9(a). From the figure, with the variation of L1 , the
fundamental frequency gain is almost undisturbed at 14 dB,
the GMs vary from 4.5 to 3.31 dB and from –3.2 to –42.5 dB, and
the PM varies from 89.2° to 66.2°. Thus, the system still oper-
ates with high stability. When the capacitor C in the LCL filter is
disturbed and varies from 8 to 12 μF (±20%), the Bode diagram
of the open loop in GCI-LCL is shown in Fig. 9(b). From the fig-
ure, with the variation of C, the fundamental frequency gain is
almost undisturbed at 14 dB, the GMs vary from 3.77 to 2.66 dB
and from –3.67 to –13.7 dB, and the PM decreases from 84.4°
to 58.4°. Thus, the system still operates with high stability. With
the selected grid inductance Lg = 0, 1.6, and 4.8 mH, the Bode
diagram of the open loop in GCI-LCL interfered by grid induc-
tance Lg is shown in Fig. 9(c). From the figure, with the variation
of Lg , the fundamental frequency gain is almost undisturbed at
14 dB, the GMs vary from 3.31 to 12.3 dB and –6.57 to –13 dB,
and the PM decreases from 79.2° to 67.8°. Thus, the resonant an-
gular frequency decreases to the frequency near or less than the
cross angular frequency of the PI controller, and it has an adverse
impact on the PM of the system. According to the analysis, with
the interference from LCL parameters and weak grid, the GCI-
LCL operates in a high stable state under the proposed control
strategy.

The bode diagrams of GCI-LCL interfered by the weak grid
under the conventional active damping strategy and additional
filter strategy are shown in Fig. 9(d) and (e). Their equivalent
inductance at the low-frequency band is a single inductor fil-
ter (L1 + L2 + Lg ), which is affected by the grid impedance.
With the increased disturbance of Lg , under the conventional
active damping strategy based on capacitor current and grid-
connected current feedback, the fundamental frequency gain
changes from 32.8 to 24.8 dB, the GM varies from 5.66 to
11.8 dB, and the PM varies slightly from 33.8° to 31.3°. With
the selected grid inductance Lg = 0, 1.6, and 4.8 mH, under the
additional filter strategy based on a notch filter, the fundamen-
tal frequency gains are 18.5, 14.9, and 10.5 dB, the GMs are
3.47, 6.12, and 7.19 dB, and the PMs are 59.1°, 62.4°, and
60.9°, respectively. Therefore, with the increase of Lg , the fun-
damental frequency gain under conventional active damping
strategy and additional filter strategy is varied, bringing in-
stability to the system. Besides, the GM and PM under the
conventional active damping strategy and additional filter strat-
egy are both smaller than that under the proposed control
strategy.
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Fig. 9. Bode diagrams of GCI-LCL interfered by LCL parameters and the weak grid. (a) L1 disturbance under the proposed strategy. (b) C disturbance under the
proposed strategy. (c) With the weak grid under the proposed strategy. (d) With the weak grid under the conventional active damping strategy based on capacitor
current and grid-connected current feedback. (e) With the weak grid under the additional filter strategy based on the notch filter.

From the case study mentioned above, compared with the
conventional active damping control strategies, the proposed
strategy has a larger stability margin, a higher anti-interference
capability, and a more stable gain at the low-frequency band.
Moreover, compared with the additional filter strategy, the pro-
posed strategy has a better resonance suppression effect with
time delay. Under the proposed control strategy, the equiva-
lent effect on the low-frequency band with inverter-side current
feedback is only related to the parameter K, which obtains a
higher anti-interference capability and a better filtering perfor-
mance with the variation of parameters, especially with the grid
impedance in the weak grid. Moreover, the grid-current feed-
back is used as an outer loop of current control, so that the design
process of the controller is more concise and clear. Therefore,
the proposed control strategy has a better anti-interference per-
formance and can be adopted in the application with disturbance
from circuit parameters and weak grid.

V. VERIFICATION IN EXPERIMENTS

To verify the correctness and effectiveness of the analysis
and the proposed strategy, a 3 kW GCI-LCL prototype is set

Fig. 10. GCI-LCL prototype and experiment setup.

up, as shown in Fig. 10. The main circuit parameters of the
GCI-LCL prototype are presented in Table II, and the controller
parameters are discussed in Section IV. The experiment setup is
composed of:
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Fig. 11. Experiment results under the proposed control strategy, when
inverter-side current feedback parameter K changes from 0.057 to 0.

1) a programmable ac source (Chroma 61845) with the grid
impedance;

2) the GCI-LCL prototype with a TMS320F28335 DSP con-
troller;

3) a programmable dc source (Chroma 61604);
4) a scope for currents and voltages measurement.

A. Experiment Results When Lg = 0

When the inverter-side current feedback parameter K
changes from 0.057 to 0 with Lg = 0, the experiment results
under the proposed strategy are shown in Fig. 11. Before the
time t1 , the GCI-LCL operates steadily with full load under
the proposed strategy. At time t1 , the parameter K suddenly
changes from 0.057 to 0, the GCI-LCL changes from stable
state to divergent state subsequently, and the grid-connected
current i2 increases rapidly. At the time t2 , the grid-connected
current exceeds the overload current, and the GCI-LCL is out
of operation. Thus, under the proposed strategy with the ac-
tive damping K = 0.057, the GCI-LCL works steadily. How-
ever, when the active damping K = 0, the grid-connected cur-
rent is divergent, thus leading to an unstable case and off-grid
operation.

The grid voltage and grid-connected current with Lg = 0 are
shown in Fig. 12(a). As can be seen from the figure, the grid
voltage at PCC ug is stable without harmonic distortion. Be-
sides, the THD in grid-connected current i2 is 3.02% and the
PF is 99.3%, satisfying the operation requirement of the grid-
connected current in the grid. The inverter-side currents un-
der the proposed strategy and the conventional active damping
strategy based on capacitor current and grid-connected current
feedback are shown in Fig. 12(b). As can be seen from the
figure, the THD of inverter-side current i1 under the conven-
tional active damping strategy is 7.74%. On the other hand, the
THD of the inverter-side current under the proposed strategy
is 4.53%. Therefore, the GCI-LCL under the proposed control
strategy obtains lower THD of the inverter-side current than that

under the conventional active damping strategy, satisfying the
operation requirement of the inverter-side current in the power
grid and protecting the switches in bridge arms.

B. Experiment Results With Grid Inductance

When the GCI-LCL operates in the weak grid Lg = 1.6 mH,
the experiment results under the proposed control strategy, the
conventional active damping strategy based on capacitor current
and grid-connected current feedback, and the additional filter
strategy based on the notch filter are shown in Fig. 13. From the
figure, the THD of grid-connected current i2 under the proposed
control strategy is 3.13%, which is lower than 3.47% under
the conventional active damping strategy and 4.14% under the
additional filter strategy. Besides, the PF under the proposed
control strategy is 99.2%, which is higher than 97.2% under
the conventional active damping strategy and 95.9% under the
additional filter strategy. Moreover, the load change happens at
ta , tb , and tc in Fig. 13(a), (b), and (c), respectively. In Fig. 13(a),
the grid-connected current i2 under the proposed control strategy
has no overshoot, and the dynamic response adjust time is about
3.8 ms. In Fig. 13(b), the grid-connected current i2 under the
conventional active damping strategy also has no overshoot, and
the dynamic response adjust time is about 4 ms. In Fig. 13(c),
the grid-connected current i2 under the additional filter has an
overshoot of about 8.5 A, and the dynamic response adjust
time is about 5.7 ms. According to the experiment results, the
GCI-LCL under the proposed control strategy obtains lower
THD of the grid-connected current, higher PF and no overshoot,
and better dynamic response characteristics during load change
occasion.

When GCI-LCL operates with Lg = 4.8 mH, the experiment
results under the proposed control strategy and the conventional
active damping strategy based on capacitor current and grid-
connected current feedback, and the additional filter strategy
based on the notch filter are shown in Fig. 14. The THDs of grid-
connected current i2 are 3.24%, 4.05%, and 5.75% in Fig. 14(a),
(b), and (c), respectively. Thus, the GCI-LCL under the proposed
control strategy obtains a better damping effect than the conven-
tional active damping strategy and additional filter strategy. Be-
sides, the PF is 99.0%, 95.6%, and 94.3% in Fig. 14(a), (b), and
(c), respectively. Thus, the GCI-LCL under the proposed control
strategy obtains larger stable gain at the fundamental frequency
than the conventional active damping strategy and additional fil-
ter strategy. Moreover, the overshoots of grid-connected current
i2 are 7.3, 8.2, and 16.6 A, and the dynamic response adjust
time is 5.1, 3.2, and 6.1 ms in Fig. 14(a), (b), and (c), respec-
tively. Thus, the GCI-LCL under the proposed control strategy
obtains lower overshoot and better dynamic response character-
istics during the load change occasion. In addition, the dynamic
response adjustment time becomes larger with the increase of
grid inductance.

The comparison of PFs under the proposed control strategy
and the conventional damping control strategies in the weak
grid is shown in Fig. 15(a). The GCI-LCL operates in full load,
and the grid inductance increases with 0, 0.3, 0.8, 1.6, 3.2,
4.8, 6.4, and 8 mH. Under the proposed control strategy, the
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Fig. 12. Steady experiment results. (a) Voltage at PCC ug and the grid-connected current i2 . (b) Comparison of inverter-side current i1 under the proposed
strategy and the conventional active damping strategy based on capacitor current and grid-connected current feedback.

Fig. 13. Grid voltage at PCC and grid-connected current with Lg = 1.6 mH. (a) Under the proposed control strategy. (b) Under the conventional active damping
strategy based on capacitor current and grid-connected current feedback. (c) Under the additional filter strategy based on the notch filter.

Fig. 14. Grid voltage at PCC and grid-connected current with Lg = 4.8 mH. (a) Under the proposed control strategy. (b) Under the conventional active damping
strategy based on capacitor current and grid-connected current feedback. (c) Under the additional filter strategy based on the notch filter.

PF maintains a steady state about 99% with the disturbance
of the weak grid. On the other hand, the PFs decrease from
99.4% to 93.8% under the conventional active damping strategy
and from 98.9% to 93.2% under the additional filter strategy.
Then, the comparison of THDs of grid-connected current i2
under the proposed control strategy and the conventional control

strategies in the weak grid is shown in Fig. 15(b). When the grid
inductance increases, the THDs of grid-connected current i2
under the proposed control strategy and conventional control
strategies all increase. However, the THD of grid-connected
current i2 under the proposed control strategy has the minimum
increase, maintaining the lowest THD value.
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Fig. 15. Comparison of power factor and THD of grid-connected current i2 under the proposed control strategy and the control conventional active damping
strategy and the additional filter strategy in the weak grid.

VI. CONCLUSION

To achieve the resonance suppression of the LCL filter, a
larger stability margin, the robustness of GCI-LCL, and better
grid-connected characteristics in the weak grid, a dual-current
feedback active damping control strategy based on inverter-
side current and grid-connected current feedback is proposed
in this paper. Then, the active damping characteristic of GCI-
LCL based on the inverter-side current feedback is analyzed,
and the Routh–Hurwitz criterion, stability margin, output PF,
and active damping characteristic of the system are investigated
to achieve the ranges of parameters. Moreover, the systematic
parameters design process is discussed and verified by the root
locus diagram and Bode diagram in a case study. A 3 kW GCI-
LCL prototype is set up and the experiments are conducted.
The experiment results verify the correctness and feasibility of
the analysis and proposed strategy. Comparing with the con-
ventional active damping strategy and the additional filter strat-
egy, GCI-LCL under the proposed dual-current feedback control
strategy achieves an ideal resonance suppression, a larger sta-
bility margin, a better grid-connected current characteristic, and
anti-interference capability for GCI-LCL under the weak grid.
The proposed dual-current feedback control strategy provides
another method in active damping, performance improvement,
and optimized operation for GCI-LCL in the modern power grid.
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