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Abstract—The injected grid current regulator and active damp-
ing of the LCL filter are essential to the control of LCL-type grid-
connected inverters. Generally speaking, the current regulator
guarantees the quality of the injected grid current, and the ac-
tive damping suppresses the resonance peak caused by the LCL
filter and makes it easier to stabilize the whole system. Based
on the proportional-integral (PI) and proportional-resonant (PR)
compensator together with capacitor–current-feedback active-
damping which are widely used for their effectiveness and simple
implementations, this paper proposes a simple step-by-step con-
troller design method for the LCL-type grid-connected inverter. By
carefully dealing with the interaction between the current regula-
tor and active damping, the complete satisfactory regions of the
controller parameters for meeting the system specifications are ob-
tained, and from which the controller parameters can be easily
picked out. Based on these satisfactory regions, it is more conve-
nient and explicit to optimize the system performance. Besides,
the insight of tuning the controller parameters from these satisfac-
tory regions is also discussed. Simulation and experimental results
verify the proposed step-by-step design method.

Index Terms—Active damping, controller design, grid-
connected inverter, LCL filter, single-phase.

I. INTRODUCTION

NOWADAYS, distributed power generation system (DPGS)
based on renewable energy, such as wind energy and solar

energy, has been drawing more and more attentions, for its envi-
ronmental friendly features. As the interface between the DPGS
and power grid, grid-connected inverter plays an important role
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in injecting high-quality power into the grid [1]. An L filter or
LCL filter is usually placed between the inverter and the grid to
attenuate the switching frequency harmonics produced by the
grid-connected inverter. Compared with L filter, LCL filter has
better attenuation of the switching frequency harmonics, which
usually yields lower volume and costs [2], [3]. However, the
inherent resonance of the LCL filter requires proper damping
methods to avoid the possible instability of the system [4], [5].

A direct way to damp the resonance of the LCL filter is intro-
ducing a passive resistor to be in series or parallel with the filter
inductors or filter capacitor, which is called passive-damping
method. Among which, adding a resistor in series with the fil-
ter capacitor has been widely adopted for its simplicity and
relatively low power loss. However, it will weaken the switch-
ing harmonic attenuation ability [5]–[8]. Adding a resistor in
parallel with the filter capacitor will not impair the low-and
high-frequency characteristics of the LCL filter, but the power
loss brought by this resistor is too large to be accepted [9].

In order to avoid the power loss resulted from the passive re-
sistor, the concept of virtual resistor was proposed in place of the
passive resistor, and the virtual resistor can be realized through
proper control schemes [10]. Such methods are called active-
damping methods [11], [12]. It was proved that the proportional
feedback of the filter capacitor current is equivalent to a resistor
in parallel with the filter capacitor [10]. Besides, multiple-state
feedback can also be used to achieve LCL resonance damp-
ing, fast dynamic response, and reasonable robustness [13].
Multiple-state feedback can be formalized within general theo-
retical frameworks of state-space control by properly specified
pole placements [13]–[15], predictive control by proper dead-
beat control laws and observers [16]–[18], or h-infinity con-
trol by solving one single optimization problem with specified
control constraints [19]–[23], etc. In this paper, the capacitor–
current-feedback active-damping is studied due to its effective-
ness, simple implementation, and wide application [24]–[26].
The capacitor–current feedback coefficient should be selected
with great caution, since a too small one cannot damp the res-
onance effectively, and a too large one may result in system
instability [26].

Besides the system stability, high-quality injected power is
another essential object in the control of the grid-connected in-
verter. Therefore, the design of the injected grid current regulator
is very important. The primary goals of the injected grid current
regulator are to minimize the steady-state error, achieve the best
possible dynamic performance, minimize the harmonics in the
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Fig. 1. LCL-type single-phase grid-connected inverter based on capacitor–current-feedback active-damping. (a) Schematic diagram. (b) ASM.

injected grid current, and so on [27]. Generally, these system
performance and stability margin can be specified by steady-
state error, crossover frequency (fc), phase margin (PM), and
gain margin (GM) of the system. As a consequence, these terms
will be frequently referred during the design of the current reg-
ulator and capacitor–current-feedback active-damping in this
paper.

In recent years, the design of current regulator and capacitor–
current-feedback active-damping for LCL-type grid-connected
inverter has been extensively discussed. The root-locus design
method was used in [24], but the controller parameters were
partially tuned according to the simulations and experiments.
Both proportional-integral (PI) and proportional-resonant (PR)
current regulators were investigated in [28], and pole-zero can-
cellation along with pole placement method was introduced. The
design procedure was complex, and the feedbacks of the capac-
itor current and injected grid current (only two state variables)
could not provide complete information of the three-order LCL
filter to assign all the poles in the optimal positions. Therefore,
parameter adjustments were necessary to obtain an optimized
result. Symmetrical optimum (SO) was used to design the cur-
rent regulator whereas the LCL filter was approximated to the L
filter, and then the capacitor–current feedback coefficient could
be determined easily using root-locus method [26], [29]. SO
mainly focused on the PM, and did not pay enough attention
to the specifications of steady-state error, fc , and GM. The
active-damping method of capacitor–current feedback would
deteriorate the PM to obtain sufficient GM, thus the controller
parameters designed by SO may not be good enough, some
further work was needed to obtain an optimized result. Be-
sides, technical optimum was also widely used in designing
controller parameters especially for second-order systems, but
it was not convenient for designing the controller parameters of
high-order systems such as LCL-type grid-connected inverters,
and may lead to a poor disturbance rejection system [11]. In fact,
the frequency responses of the current regulator and capacitor–
current-feedback active-damping interact with each other on the
PM and GM of the system, thus the design and optimization of
the current regulator and capacitor–current feedback coefficient
are coupled.

This paper analyzes the characteristics of the controller pa-
rameters of PI and PR regulators for the injected grid current

closed-loop together with capacitor–current-feedback active-
damping [26]–[31] in detail and proposes a simple step-by-
step design and optimized method of the current regulator and
capacitor–current feedback coefficient for the LCL-type grid-
connected inverter. Performance improvements over state-space
control, predictive control, h-infinity, etc., are beyond the scope
of this paper and might be discussed in future work. By carefully
dealing with the interaction between the current regulator and
active-damping, the satisfactory regions of the controller param-
eters can be obtained with the given specifications of the system
performance and stability margin, which reveal the boundaries
of the controller parameters and make the choices and optimiza-
tions of these parameters more convenient and explicit. This
paper is organized as follows. In Section II, the mathematical
model of the LCL-type grid-connected inverter using averaged
switch model (ASM) is derived. Based on the derived ASM, the
relationship between the controller parameters and the system
loop gain is analyzed preliminarily in Section III. In Section IV,
a step-by-step design method of the PI injected grid current reg-
ulator and capacitor–current-feedback active-damping is pre-
sented in detail. In Section V, the proposed method is extended
to design the controllers based on PI current regulator plus grid
voltage feedforward scheme, and PR current regulator, respec-
tively. In Section VI, design examples and simulation results of
an LCL-type single-phase grid-connected inverter are presented.
The experimental results are presented in Section VII and the
conclusion is given in Section VIII.

II. MODELING THE LCL–TYPE SINGLE-PHASE

GRID-CONNECTED INVERTER

Fig. 1(a) shows the topology and the control scheme of an
LCL-type single-phase grid-connected inverter. A typical single-
phase voltage-source inverter (VSI) is connected to the grid
through an LCL filter, which is composed of the inverter-side
inductor L1 , filter capacitor C, and grid-side inductor L2 . The
equivalent series resistors of L1 , C, and L2 are relatively small
and ignored here. A phase-locked loop (PLL) is used to syn-
chronize the reference of the injected grid current iref with the
grid voltage vg . Hv and Hi2 are the gains of the grid voltage and
injected grid current sensors, respectively. Gi(s) is the injected
grid current regulator. The feedback of the filter capacitor current
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is adopted to damp the resonance peak caused by the LCL fil-
ter, and Hi1 is the feedback coefficient. Unipolar sinusoidal
pulsewidth modulation (SPWM) is used for the grid-connected
inverter. An outer-loop power control is usually introduced to
automatically adjust the current reference amplitude I∗. This is
beyond the scope of this paper and will not be discussed, and
the current reference amplitude I∗ is directly given here.

The resonance frequency of the LCL filter fr is derived as

fr =
1
2π

√
L1 + L2

L1L2C
. (1)

Fig. 1(b) shows the ASM of the LCL-type grid-connected in-
verter, where Ginv is the transfer function of the inverter bridge.
The switching frequency of VSI is assumed to be sufficiently
high, thus Ginv can be approximated as Vin /Vtri , where Vin is
the dc-link voltage and Vtri is the amplitude of the triangle car-
rier wave. According to Mason’s gain formula [32], the injected
grid current ig can be derived as

ig (s) =
1

Hi2

T (s)
1 + T (s)

iref (s) − Gg (s)
1 + T (s)

vg (s)

Δ= ig1 (s) + ig2 (s) (2)

where T (s) is the loop gain of the system and is expressed as

T (s) =
Hi2GinvGi (s)

s3L1L2C + s2L2CH i1Ginv + s (L1 + L2)
(3)

and Gg (s) is expressed as

Gg (s) =
s2L1C + sCGinvHi1 + 1

s3L1L2C + s2L2CH i1Ginv + s (L1 + L2)
. (4)

ig1 is related to the injected grid current reference iref and ig2
is related to the grid voltage vg . ig1 and ig2 are expressed as

ig1 (s) =
1

Hi2

T (s)
1 + T (s)

iref (s) (5)

ig2 (s) = − Gg (s)
1 + T (s)

vg (s) . (6)

III. FREQUENCY RESPONSES OF THE CURRENT REGULATOR

AND CAPACITOR–CURRENT-FEEDBACK ACTIVE-DAMPING

According to (3), the bode diagram of the uncompensated
loop gain is depicted in Fig. 2. As seen, introducing the feedback
of the filter capacitor current can effectively damp the resonance
peak, and it only affects the magnitude of the loop gain at
the neighbor of the resonance frequency. However, this active-
damping method has significant impact on the phase of the
loop gain and the phase decreases at the frequencies lower than
the resonance frequency. A larger capacitor–current feedback
coefficient leads to better damping of the resonance peak, but
results in a larger negative phase shift.

The crossover frequency fc is typically restricted lower than
fs considering the effect of attenuating high-frequency noise,
where fs is the switching frequency of the inverter [9], and the
resonance frequency of the LCL filter fr is usually constrained
between 1/4 and 1/2 of the equivalent switching frequency of
the inverter (when unipolar SPWM is adopted, the equivalent

Fig. 2. Bode diagram of the loop gain without compensation.

Fig. 3. Bode diagram of PI and PR compensators.

switching frequency is 2fs), for the sake of effective harmonics
suppression and good dynamic response. Therefore, for a prop-
erly designed LCL-type grid-connected inverter, the crossover
frequency fc will be lower than the resonance frequency fr , thus
the influence of the filter capacitor can be ignored when calcu-
lating the magnitude of the loop gain at fc and the frequencies
lower than fc , i.e., the magnitude of T (s) can be approximated
as

|T (s)| ≈
∣∣∣∣Hi2GinvGi (s)

s (L1 + L2)

∣∣∣∣ . (7)

PI compensator is adopted as the injected grid current regu-
lator and the transfer function of Gi(s) is given by

Gi (s) = Kp +
Ki

s
. (8)

According to (8), the bode diagram of PI compensator is
depicted in Fig. 3. As seen, at the frequencies around the corner
frequency fL which is expressed as fL = Ki /(2πKp ), the slope
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of the magnitude changes from −20 to 0 dB/dec, and the phase
escalates from − 90◦ up to 0◦. To avoid the decrease of the
PM resulted from PI compensator, fL is suggested to be set
sufficiently lower than fc . Thus, the magnitude of Gi(s) can
be approximated to Kp at fc and the frequencies higher than
fc . Because the magnitude of the loop gain T (s) is unity at fc ,
substituting |Gi(s)| ≈ Kp into (7) yields

Kp ≈ 2πfc (L1 + L2)
Hi2Ginv

. (9)

Equation (9) shows that fc is approximatively proportional
to Kp . Therefore, a larger Kp means a faster dynamic response
and a larger loop gain at low frequencies.

IV. STEP-BY-STEP DESIGN METHOD OF THE PI CURRENT

REGULATOR AND CAPACITOR–CURRENT FEEDBACK

COEFFICIENT

A step-by-step interactive and optimized design method of the
PI injected grid current regulator and capacitor–current feedback
coefficient is proposed in this section with careful examinations
of the steady-state error and stability margin of the system.

A. Requirement of Steady-State Errors

The steady-state error of ig at the fundamental frequency fo is
an important index of the controller parameters design. As given
by (2), the injected grid current ig consists of ig1 and ig2 . For
the convenience of illustration, the fundamental components of
ig , ig1 , ig2 , and vg are denoted by ig(1) , ig1(1) , ig2(1) , and vg(1) ,
respectively. If Tf o , the magnitude of the loop gain at fo is
sufficiently large, for instance Tf o ≥ 40 dB, then 1 + T (j2πfo)
≈ T (j2πfo). Thus, according to (5), ig1(1) ≈ iref /Hi2 . As the
influence of the filter capacitor is negligible at fo , considering
(3), (4), and (6), ig2(1) can be approximated as

ig2(1) ≈ −
vg(1)

Hi2GinvGi (j2πfo)
. (10)

When PI compensator is adopted, Gi(j2πfo) ≈Ki /(j2πfo),
so ig2(1) ≈−j2πfo vg(1) /(Hi2GinvKi), which means that ig2(1)
is 90◦ lagging to vg (1) . Fig. 4(a) shows the phasor diagrams of
ig (1) , ig1(1) , ig2(1) , vg (1) , and iref , where ig1(1) and iref are in
the same direction as explained earlier, and iref leads vg(1) by
the phase angle θ. θ is usually set according to the power flow
requirement of the system. As seen, it is ig2(1) that makes ig(1)
away from ig1(1) . The steady-state errors can be defined as the
amplitude error EA and the phase error δ. Referring to Fig. 4(a),
the amplitude error EA can be expressed as

EA =
∣∣∣∣Hi2Ig − Iref

Iref

∣∣∣∣ =
∣∣∣∣Hi2

Iref

√
I2
g1 + I2

g2 − 2Ig1Ig2 sin θ − 1
∣∣∣∣

(11)
where Iref , Ig , Ig1 , Ig2 , are the rms values of iref , ig(1) , ig1(1) ,
and ig2(1) , respectively. As ig1(1) ≈ iref /Hi2 , solving (11),
the upper boundary of Ig2 constrained by EA, Ig2max EAPI is

Fig. 4. Steady-state error with PI compensator. (a) Phasor diagrams of
ig (1) , ig 1(1) , ig 2(1) , vg (1) , and iref . (b) Variations of Ig 2m ax EAPI and
Ig 2m ax δPI for given EA and δ when θ varies.

derived in the Appendix, and is expressed as

Ig2 max EAPI ≈

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Iref

Hi2

(
sin θ +

√
(EA+1)2 − cos2 θ

)

−90◦ ≤ θ < θ1

Iref

Hi2

(
sin θ −

√
(EA − 1)2 − cos2 θ

)

θ1 ≤ θ ≤ 90◦
(12)

where θ1 = arc sin
√

2EA − E2
A and as no active power is ab-

sorbed from the grid, θ ∈ [− 90◦, 90◦].
According to Fig. 4(a) and sine law, sinδ is given as

sin δ =
Ig2

Ig1
|sin (90◦ + θ − δ)| . (13)

From Fig. 4(a) and (13), it is obvious that δ = 0 when θ =
±90◦ and when θ �=±90◦, the upper boundary of Ig2 constrained
by δ, Ig2max δPI , can be expressed as

Ig2 max δPI ≈
Iref

Hi2

∣∣∣∣ sin δ

cos (θ − δ)

∣∣∣∣ . (14)

According to (12) and (14), the variations of Ig2max EAPI
and Ig2max δPI when θ varies are depicted as Fig. 4(b). As
EA and δ should be small for a properly designed inverter, it
is obvious that Ig2max EAPI is minimum when θ ≈ ±90◦ and
Ig2max δPI is minimum when θ ≈ 0◦. The specific requirement
of the steady-state error can be easily simplified to the worst
situation of Ig2 , min{Ig2max EAPI , Ig2max δPI}, in the range of
θ which is concerned.

Considering (7) and (10), Ig2 can be approximated as

Ig2 ≈ Vg

Hi2Ginv |Gi (j2πfo)|
≈ Vg

2πfo (L1 + L2) |T (j2πfo)|
(15)

where Vg is the rms value of vg(1) .
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Equation (15) can be rewritten as

Tf o = 20 log10 |T (j2πfo)| ≈ 20 log10
Vg

2πfo (L1 + L2) Ig2
(16)

where the unit of Tf o is dB. From (16), it is found that Ig2
is related to Tf o , thus the requirement of the steady-state er-
ror can be further specified by the requirement of Tf o after
min{Ig2max EAPI , Ig2max δPI} is confirmed.

B. Controller Parameters Constrained by Steady-State Error
and Stability Margin

According to (7) and (8), Tf o is expressed as

Tf o = 20 log10 |T (j2πfo)| = 20 log10

∣∣∣∣∣∣
Hi2Ginv

(
Kp + Ki

j2πfo

)
j2πfo (L1 + L2)

∣∣∣∣∣∣ .

(17)

Substituting (9) into (17) leads to

Ki =
4π2fo (L1 + L2)

Hi2Ginv

√(
10

T f o
2 0 fo

)2
− f 2

c . (18)

According to (3), the PM of the system can be expressed as

PM = 180◦

+ ∠ Hi2GinvGi (s)
s3L1L2C + s2L2CH i1Ginv + s (L1 + L2)

∣∣∣∣
s=j2πfc

.

(19)

Substituting (8) into (19), leads to

PM = arctan
2πL1

(
f 2

r − f 2
c

)
Hi1Ginvfc

− arctan
Ki

2πfcKp
. (20)

Equation (20) can be rewritten as

Ki = 2πfcKp

2πL1
(
f 2

r − f 2
c

)
− GinvfcHi1 tan PM

2πL1 (f 2
r − f 2

c ) tan PM + GinvfcHi1
. (21)

Substituting (9) and (18) into (21), leads to

Hi1 =

2πL1
(
f 2
r − f 2

c

)
⎛
⎝f 2

c − fo

√(
10

T f o
2 0 fo

)2
− f 2

c tan PM

⎞
⎠

Ginvfc

⎛
⎝f 2

c tan PM + fo

√(
10

T f o
2 0 fo

)2
− f 2

c

⎞
⎠

.

(22)

As seen from Fig. 2, the phase of the uncompensated loop
gain T (s) runs across −180◦ at fr , thus the GM of the system
can be obtained as

GM = −20 log10 |T (j2πfr )| (23)

where the unit of GM is dB.
It should be noticed that the magnitude of the loop gain T (s)

shown in (7) is not accurate at fr . Therefore, substituting (3),
the expression of the loop gain without approximation and (9)

into (23), yields

Hi1 = 10
G M
2 0 · 2πfcL1

Ginv
. (24)

C. PWM Constraint

In PWM systems, the maximum rate of the change of the
reference should not equal or exceed that of the carrier signal
[31], [34]–[39]. For an analog system, this requirement must
be met for a fixed PWM switching frequency. In this case,
the current ripple of ig is small and the maximum rate of the
modulation wave mainly affects Hi1 . Therefore, the critical gain
of Hi1 is

Hi1(max) =
4VtrifsL1

Vin
. (25)

D. Design of the PI Compensator and Capacitor–Current
Feedback Coefficient

Thus, a step-by-step controller design procedure based on the
examinations of the steady-state error and stability margin of
the system is proposed as follows:

Step 1) Determine the specifications of the loop gain, specifi-
cally, Tf o by the requirement of the steady-state error,
PM by the requirements of the dynamic response and
robustness of the system, and GM by the requirement
of the robustness.

As shown in Fig. 4, the steady-state errors are more
remarkable in light power cases, thus Tf o can be con-
firmed by the specific situation in the standards, for
instance, power factor (PF) in 10% of the rated power
case must be larger than 0.85 [41] or PF in half power
case must be larger than 0.98 [42], and Tf o can also
be confirmed by requirements of customers. In gen-
eral, PM in the range of (30◦, 60◦) is adopted for good
dynamic response and robustness, GM ≥ 3−6 dB is
introduced to ensure the system robust stability.

Step 2) Based on the above given specifications, draw the
satisfactory region of fc and Hi1 according to (22),
(24), and (25).

According to the LCL filter design methods pro-
posed in [6] and [40], the specified requirements of
the LCL filter are presented as follows: 1) L1 + L2 is
less than 0.1 pu to limit the ac voltage drop, 2) the
reactive power is less than 5% of the rated power,
3) the converter-side current ripple is less than 30%
of the rms value of the injected grid current at rated
power, 4) the resonance frequency is in the range of
1/4 and 1/2 of the equivalent switching frequency; 5)
and the switching harmonics are less than 0.3% of
the fundamental current at rated power [41]. Table I
shows the parameters of an LCL-type single-phase
grid-connected inverter.

With the above inverter parameters, the satisfac-
tory region of fc and Hi1 is depicted in Fig. 5. The
area upon the dashed line meets the requirement of
the GM and the area under the solid line meets the
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TABLE I
SYSTEM PARAMETERS

Fig. 5. Region of fc and Hi1 constrained by GM, PM, and Tf o when PI
compensator is adopted.

requirements of the PM and Tf o . Thus, the shaded
area between these two lines includes all the possible
Hi1 and fc satisfying the aforementioned specifica-
tions of the loop gain. From Fig. 5, it can be seen
that:

1) when fc increases, the lower boundary of the
shaded area increases, as a larger Hi1 is needed
for a larger fc to obtain the same GM;

2) when fc increases, the upper boundary of the
shaded area ascends first and then descends.
With the increase of fc , the impact of the neg-
ative phase shift caused by the current regu-
lator becomes less, so the upper boundary of
Hi1 rises first. But when fc keeps increasing,
the negative phase shift caused by the active-
damping becomes larger and the dominate fac-
tor, the upper boundary of Hi1 falls then.

It is noticed that, if the confirmed specifications
of Tf o , PM, and GM determined in Step (1) are too
strict, the satisfactory region may be very small or
even does not exist. If that, return to Step (1) and
modify the specifications and then renew Step (2).

Step 3) Determine fc according to the satisfactory region con-
strained by the specifications aformentioned.

With the precondition of fc lower than fs /5 consid-
ering the attenuation of high-frequency noise, a larger

Fig. 6. Region of fc and Hi1 according to the parameters proposed in [24].

fc in the satisfactory region is preferred and then Kp

from (9) is calculated.
Step 4) For a specific fc , calculate the lower boundary of Hi1

from (24), the upper boundaries of Hi1 from (22) and
(25), respectively. Then pick out a proper Hi1 from
this interval.

For a specific fc , a larger Hi1 leads to less PM and
thus worse dynamic response with no Tf o increased,
and thus cannot reduce the steady-state error. There-
fore, it should be pointed out that there is no need
to design a system that is overdamped or critically
damped, which may lead to a poor dynamic response.
A smaller Hi1 in the satisfactory interval which offers
enough GM is recommended.

Step 5) After fc and Hi1 have been determined, calculate the
lower and upper boundaries of Ki from (18) and (21),
respectively, and then picked out Ki from this interval.

For a specific fc , a larger Ki leads to smaller steady-
state error but less PM and thus worse dynamic re-
sponse. Therefore, choose Ki from this interval by
trading OFF between the steady-state error and PM
of the system.

Step 6) Check the compensated system to ensure that all the
specifications are well satisfied.

E. Controller Optimization and Robustness Analysis

According to (21), (22), (24), and (25), when PM = 0◦ and
GM = 0 dB, respectively, the critical stability boudaries of
Ki and Hi1 can be obtained. If the chosen Hi1 and Ki are
outside these critical boudaries, the system will not have enough
PM or GM to retain a stable operation. So we need to pay
close attention to these critical boundaries when designing the
controller parameters.

And it is noticed that, the satisfactory region plotted with
the proposed design method is an effective design tool not only
to choose but also to optimize the controller parameters what-
ever system parameters and design goals are. For instance, the
satisfactory region according to the system parameters given
in [24] is depicted in Fig. 6. In [24], in order to achieve a suf-
ficiently damped frequency response at the fr of the LCL filter
while maintaining an acceptable phase margin, the controller
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Fig. 7. Variation tendencies of fc , Tf o , PM, and GM when Lg increases.

parameters at point A in Fig. 6 are chosen by authors based
on root locus. According to the proposed design method and
Fig. 6, it is intuitive and easy to pick out a group of controller
parameters, for instance at point B, so that the compensated sys-
tem has similar stability margin and a larger fc which implies
faster transient response (although the controller parameters at
point B can also be achieved by proper parameters adjustment
according to the design procedure proposed in [24]).

Furthermore, with the regions of Hi1 and Ki obtained from
the aforementioned design procedure, once fc is determined,
the controller parameters can be further optimized according to
different requirements:

1) a larger Ki can be chosen to get a smaller steady-state
error;

2) a larger Hi1 can be chosen for a larger gain margin;
3) a smaller Ki and Hi1 can be chosen for a larger phase

margin.
The robustness of the system should also be respected. Al-

though the specifications of the system, specifically, the PM and
GM, have considered the robustness against the variations of
the LCL filter parameters, in practical, the wide variation range
of the grid impedance which does affect the properties of the
system must be considered [4]. As the grid-side inductor L2 is
in series with the grid, the grid impedance Lg which is mainly
inductive can be considered as a part of L2 . It is clear that,
when Lg increases, fc and Tf o decrease and thus the impact of
the negative phase shift caused by the PI compensator becomes
larger as fc decreases, which leads to less PM. Besides, the
increased Lg leads to larger GM. The variation tendencies of
system specifications, i.e., fc , Tf o , PM, and GM, in front of Lg

variation are depicted in Fig. 7.
As fc , Tf o , and PM all decrease when Lg increases, the

steady-state and transient responses of the system will be in-
evitably worse. In order to obtain a better system performance
in front of Lg variation, a larger Kp which leads to larger fc

and Tf o , and a smaller Hi1 which leads to larger PM are wel-
comed. Therefore, choosing the upper boundary of Kp and lower

boundary of Hi1 introduced in Section IV-D, is preferred in this
situation (and the choice of Ki should tradeoff between the
steady-state response and transient response of the system).

V. EXTENSION OF THE PROPOSED DESIGN METHOD

In practical applications, in order to reduce the steady-
state error of the injected grid current for the single-phase
grid-connected inverter, PI compensator with the grid volt-
age feedforward scheme, and PR injected grid current reg-
ulator, are usually adopted. The controller design method
proposed in Section IV is extended to these cases in this
section.

A. Controller Design Based on PI Compensator With the Grid
Voltage Feedforward Scheme

PI compensator is widely used for its simplicity and effective-
ness, but it cannot achieve zero steady-state error of the injected
grid current for a single-phase grid-connected inverter. An ef-
fective approach to reduce the steady-state error of the injected
grid current is to feedforward the grid voltage [33], [43], [44]. It
was pointed out in [43] that, for an LCL-type single-phase grid-
connected inverter, when the grid voltage was feedforwarded,
the component of the injected grid current ig2 produced by the
grid voltage could be eliminated, thus the steady-state error was
effectively reduced.

Therefore, EA is the only steady-state error that should be
considered, and the constraint of Tf o is determined by the cur-
rent reference tracking. Since ig2 is eliminated, Ig = Ig1 , EA

can be redefined as

EA ≈ Iref − Hi2Ig1

Iref
= 1 −

∣∣∣∣ T (j2πfo)
1 + T (j2πfo)

∣∣∣∣ . (26)

As Tf o is much larger than 1, EA can be approximated as

EA ≈ 1
|1 + T (j2πfo)|

≈ 1
|T (j2πfo)|

= 10−
T f o
2 0 . (27)

Therefore, the minimum value of Tf o can be determined
as 20log10 (1/EA ). Since the grid voltage feedforward scheme
has no effect on the loop gain, the controller design method
proposed in Section IV can be extended to PI compensator plus
the grid voltage feedforward control strategy without any other
modification. The detail design procedure is not repeated here.

B. Controller Design Based on PR Compensator

Compared with PI compensator, PR compensator can provide
larger gain at the fundamental frequency to eliminate the steady-
sate error [27], [30], [31]. A practical transfer function of PR
compensator is given by

Gi(s) = Kp +
2Krωis

s2 + 2ωis + ω2
o

(28)

where ωo = 2πfo and ωi is the bandwidth of the resonant part
concerning −3 dB cutoff frequency to reduce the sensitivity of
the compensator to variations at the fundamental frequency,
which means the gain of the resonant part of PR compen-
sator is Kr

/√
2 at ωo ± ωi . For small PV power stations, the
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Fig. 8. Steady-state error with PR compensator. (a) Phasor diagrams
of ig (1) , ig 1(1) , ig 2(1) , vg (1) , and iref . (b) Variations of Ig 2m ax EAPR ,
Ig 2m ax δPR for given EA and δ when θ varies.

grid-connected inverters are required to work normally when
the fundamental frequency of the grid fluctuates between 49.5
and 50.2 Hz [42]. The corresponding maximum frequency fluc-
tuation Δf = 0.5 Hz. Therefore, ωi = 2πΔf = π rad/s is set to
attain enough gain in the entire working frequency range.

According to (28), the bode diagram of PR compensator is
depicted in Fig. 3. PR compensator can provide large gain at
fo , but it also introduces negative phase shift at the frequencies
higher than the selected frequency, especially at the frequen-
cies close to the selected resonance frequency, which damages
the PM of the system. To avoid this side effect, the crossover
frequency fc is suggested to be set far away from the selected
resonance frequency [4]. Therefore, PR compensator can be ap-
proximated to Kp in magnitude at fc and the frequencies higher
than fc , which is similar to PI compensator. Thus, (9), (24), and
(25) are still reasonable, that is to say, Kp can be expressed as
the function of fc given by (9), and Hi1 is constrained by the
functions of GM given by (24), and PWM constraint given by
(25).

Different from the case that PI compensator is used, refer-
ring to (28) Gi(j2πfo) = Kp + Kr when PR compensator is
adopted, so ig2(1) ≈ −vg(1) /[Hi2Ginv (Kp + Kr )] according
to (10). Therefore, ig2(1) is about 180◦ lagging behind vg(1) ,
as shown in Fig. 8(a). Similar to the derivation depicted in
Section IV-A, referring to Fig. 8(a) the upper boundaries of Ig2
can be derived as

Ig2 max EAPR ≈

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Iref

Hi2

(
cos θ +

√
(EA + 1)2 − sin2 θ

)

−90◦ ≤ θ < −θ2 , θ2 < θ ≤ 90◦

Iref

Hi2

(
cos θ −

√
(EA − 1)2 − sin2 θ

)

−θ2 ≤ θ ≤ θ2

(29a)

Ig2 δPR ≈ Iref

Hi2

∣∣∣∣ sin δ

sin (θ + δ)

∣∣∣∣ (29b)

Fig. 9. Region of fc and Hi1 constrained by GM, PM, and Tf o with PR
compensator.

where θ2 = arc cos
√

2EA − E2
A , Ig2max EAPR , and

Ig2max δPR are the upper boundaries of Ig2 constrained
by EA and δ, respectively, and δ = 0 when θ = 0◦.

According to (29), the variations of Ig2max EAPR and
Ig2max δPR when θ varies are depicted as Fig. 8(b). As EA

and δ should be small for a properly designed inverter, as seen,
Ig2max EAPR is minimum when θ ≈ 0◦ and Ig2max δPR is min-
imum when θ ≈ ± 90◦. Thus, when PR compensator is used,
the specific requirement of the steady-state error can be sim-
plified to the requirement of min{Ig2max EAPR , Ig2max δPR},
and then this requirement can also be further specified by the
requirement of Tf o according to (16).

As the gain of the resonant part of the PR compensator is
Kr

/√
2 at fo ± Δf , thus

√
2 times of the gain in magnitude

at fo are required to ensure enough magnitude of the loop gain
when the fundamental frequency fluctuates between fo ± Δf .
Therefore, considering (7), (9), and (28), Kr can be derived as

Kr =
(√

210
T f o
2 0 fo − fc

)
2π (L1 + L2)

Hi2Ginv
. (30)

According to (19) and (28), the PM can be rewritten as

PM = arctan
2πL1

(
f 2

r − f 2
c

)
Hi1Ginvfc

− arctan
Krωi

πfcKp
(31)

where Gi(s) is approximated as Kp + 2Krωi /s at fc , for fc is
much larger than fo and ωi /π.

According to (31), Kr can also be expressed as

Kr =
πfcKp

ωi

2πL1
(
f 2

r − f 2
c

)
− Hi1Ginvfc tan PM

Hi1Ginvfc + 2πL1 (f 2
r − f 2

c ) tan PM
. (32)

Substituting (9) and (30) into (32) leads to the expression of
Hi1 , given by

Hi1 =
2πL1

(
f 2

r − f 2
c

)
Ginvfc

πf 2
c −

(√
210

T f o
2 0 fo − fc

)
ωi tan PM(√

210
T f o
2 0 fo − fc

)
ωi + πf 2

c tan PM
.

(33)
Based on (24), (25), and (33), the possible Hi1 and fc that

satisfy the specifications of Tf o , GM, and PM are included in
the shaded area depicted in Fig. 9. It is noticed that the charac-
teristics of the controller parameters based on PR compensator
are almost the same as that based on PI compensator, except Ki
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Fig. 10. Bode diagram of the compensated system with PI compensator.

is replaced by Kr . Therefore, the design procedure proposed in
Section IV-D can be extended to this case, except (18), (21), (22)
are replaced by (30), (32), (33), respectively, and the optimized
design of the controller parameters and analysis of system ro-
bustness proposed in Section IV-E are also applicable in the PR
case.

VI. DESIGN EXAMPLE AND SIMULATION RESULTS

A design example of the PI injected grid current regu-
lator and capacitor–current-feedback active-damping for an
LCL-type single-phase grid-connected inverter is presented in
this section. The key parameters of the inverter are given in
Table I.

First, the specifications of the loop gain are given as follows:
PM ≥ 45◦ and GM ≥ 5 dB, which ensure good dynamic perfor-
mance and enough stability margin; Tf o ≥ 52 dB, which ensures
PF greater than 0.98 when the output power of the inverter is
larger than 50% of the rated power [42], so the corresponding
PF is greater than 0.994 and amplitude error is less than 0.5%
at the rated power.

Then the satisfactory region of Hi1 and fc constrained by
the aforementioned specifications is calculate according to (22),
(24), and (25), as depicted in Fig. 5. Based on this satisfactory
region, the crossover frequency fc is set at 2 kHz (1/5 switching
frequency of the inverter) here to ensure that the system has
fast dynamic response and good ability of attenuating high-
frequency noise. After that, Kp = 0.45 is calculated from (9).
Substituting fc = 2 kHz into (22), (24) and (25), the possible
interval of Hi1 , which is (0.114, 0.165), can be obtained. To get
larger phase margin, Hi1 = 0.12 is chosen. Substituting fc =
2 kHz and Hi1 = 0.12 into (18) and (21), the possible interval
of Ki , which is (1657, 2205), can be obtained. By trading off
between the steady-state error and phase margin, Ki = 2200 is
chosen to get better steady-state response.

Afterward, the bode diagram of the loop gain with compen-
sation is depicted in Fig. 10, the crossover frequency of the
compensated loop gain is 2.05 kHz, the PM is 45◦, the GM is

5.6 dB, and the gain in magnitude at the fundamental frequency
is 54.4 dB. It is obvious that all the specifications are satisfied
as expected.

To examine the robustness of the system, the bode diagrams of
the compensated loop gain considering the variations of the LCL
filter parameters are given in Fig. 11. The grid impedance Lg is
considered as a part of L2 . It is found that, although C varies
from 8 to 12 μF (10 μF ± 20%), L1 varies from 480 to 720 μH
(600 μH ± 20%), or L2 varies from 100 to 600 μH (150 μH
– 30% + 300%, considering the effect of the grid impedance),
the lowest crossover frequency is still higher than 1.3 kHz, the
PM is larger than 24◦, the GM is larger than 5 dB, and the
gain in magnitude at the fundamental frequency is larger than
51 dB. All of these results verify that the designed system has
a strong robustness, which is in accordance with the analysis in
Section IV-E.

Fig. 12 shows the simulation results with the controller param-
eters designed above. Fig. 12(a) shows the steady-state wave-
form of the compensated system at full load, the power factor
is 0.997, and the fundamental rms value of ig is 27.38 A (the
reference value is 27.27 A), thus the amplitude error is 0.4%.
Fig. 12(b) shows the transient response of the compensated
system. As the current regulator may be saturated when the ref-
erence value iref steps up from half load to full load, here the
transient response of the inverter when iref steps down from full
load to half load is measured, the percentage overshoot (PO) of
ig [σ/Istep in Fig. 12(b)] is 45.2%, and the settling time is about
1.2 ms.

With the same system parameters given in Table I, when PR
compensator is adopted, the specifications of the loop gain are
given as follows: Tf o ≥ 75 dB ensuring the amplitude error less
than 1% at the rated power (Ig2max EAPR is minimum when
θ = 0◦, and the PFs constrained by [41], [42] are easy to be
satisfied), and PM ≥ 45◦, GM ≥ 5 dB. With the assistance
of the satisfactory parameter region depicted in Fig. 9, the PR
compensator and capacitor–current feedback coefficient can be
easily chosen as Kp = 0.45, Kr = 350, Hi1 = 0.12. The bode
diagram of the compensated loop gain is depicted in Fig. 13.
Fig. 14 shows the simulation results of the compensated system,
the power factor is 1.0, the fundamental rms value of ig is 27.2 A,
the amplitude error is 0.3%, and PO is 45%, the settling time
is about 1.2 ms. The design and simulation results verify the
effectiveness of the proposed simple frequency-based design
method.

VII. EXPERIMENTAL RESULTS

A 6-kW prototype has been constructed in the lab to verify
the analysis given above and the effectiveness of the proposed
step-by-step design method. The parameters of the prototype are
listed in Table I. A galvanic isolated transformer is placed be-
tween the single-phase grid-connected inverter and the grid, and
the leakage inductor of the transformer is included in L2 . The
grid-connected inverter is implemented using two insulated gate
bipolar transistor modules (CM100DY- 24NF). These modules
are driven by M57962L. The grid voltage is sensed by a hall
voltage transducer (LV25-P) for the PLL. The filter capacitor
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Fig. 11. Bode diagrams of system considering the variations of the LCL filter parameters. (a) C varies from 8 to 12 μF (10 μF ± 20%). (b) L1 varies from 480
to 720 μH (600 μH ± 20%). (c) L2 varies from 100 to 600 μH (150 μH – 30% + 300%).

Fig. 12. Simulation results (Hi1 = 0.12, Kp = 0.45, Ki = 2200). (a) Steady-state response. (b) When the reference of ig jumps between half and full load.

Fig. 13. Bode diagram of the compensated system with PR compensator.

current and injected grid current are sensed by two hall current
transducers (LA55-P). TL074 is used to implement both PI and
PR compensators, ICL8038 is used to generate the analog tri-
angle carrier wave, and LM311 is used to compare the carrier
and modulation waves.

Fig. 15 shows the experimental waveforms when PI compen-
sator is used as the injected grid current regulator. Fig. 15(a)

Fig. 14. Simulation results (Hi1 = 0.12, Kp = 0.45, Kr = 350). (a) Steady-
state response. (b) When the reference of ig jumps between half and full load.

shows the experimental waveform at full load, the measured
power factor is 0.995, and the fundamental rms value of ig is
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Fig. 15. Experimental waveforms with PI compensator (Hi1 = 0.12, Kp = 0.45, Ki = 2200) when PFs of the system are set to (a) 1.0 and (b) its corresponding
spectrum of vg and ig , (c) 0.8 (capacitive), (d) 0 (capacitive), (e) 0.8 (inductive), and (f) 0 (inductive), respectively. (g) Injected grid current reference jumps
between half and full load with PF set to 1.0.

TABLE II
STEADY-STATE ERRORS OF THE EXPERIMENT RESULTS

27.13 A, the amplitude error is 0.5%. Fig. 15(b) shows the spec-
tra of vg and ig . Because of the dead-time effect, ig contains
harmonics at fs , and the frequencies nearby, but the switching
harmonics are all less than 0.3% of the fundamental current
at rated power. The attenuation of switching harmonics satis-
fies the specified requirements of the LCL filter. Figs. 15(c)–(f)
show the experimental waveforms at full load when the PFs of
the system are set to 0.8 (capacitive), 0 (capacitive), 0.8 (in-
ductive), and 0 (inductive), respectively, and the steady-state
errors are listed in Table II. Fig. 15(g) shows the experimental

waveform when the reference value of the injected grid current
step changes between half load and full load. The measured PO
of ig [σ/Istep in Fig. 15(g)] is 38% and the settling time is about
1.5 ms.

Fig. 16 shows the experimental waveforms when PR com-
pensator is used as the injected grid current regulator. Fig. 16(a)
shows the experimental waveform at full load, the measured
power factor is 0.999, the fundamental rms value of ig is 27.1 A,
the amplitude error is 0.6%. Figs. 16(b)–(e) show the experi-
mental waveforms at full load when the PFs of the reference
are nonunity, the steady-state errors are listed in Table II. From
Fig. 16(f), the measured PO of ig [σ/Istep in Fig. 16(f)] is 38%,
and the settling time is about 1.5 ms. Compared with the exper-
imental waveforms when PI compensator is used, the system
with PR compensator has similar responses except the ampli-
tude errors are much smaller especially when the PFs of the
reference decrease.

Because of the measurement error, and the effect of the
dead time, parasitic parameters, grid voltage distortion, etc.,
the steady-state errors of the experiment results are a bit larger
than the simulation results and the transient responses are better
than the simulation results. All the experiment waveforms verify
the effectiveness of the proposed design method.

Taking PI compensator for instance, Fig. 17 shows the di-
agrams of the measured amplitude error, power factor, and



1250 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 29, NO. 3, MARCH 2014

Fig. 16. Experimental waveforms with PR compensator (Hi1 = 0.12, Kp = 0.45, Kr = 350) when PFs of the system are set to (a) 1.0, (b) 0.8 (capacitive),
(c) 0 (capacitive), (d) 0.8(inductive), and (e) 0 (inductive), respectively. (f) Injected grid current reference jumps between half and full load with PF set to 1.0.

Fig. 17. Amplitude error, power factor, and percentage overshoot of ig when
Hi1 varies (Kp = 0.45, Ki = 2200).

percentage overshoot of ig at rated power when Hi1 varies.
When Hi1 increases from 0.1 to 0.2, the experimentally mea-
sured PO increases from 34% to 50%, the amplitude error keeps
0.5%, and the power factor keeps 0.995. It is obvious that,
increasing Hi1 has no improvement in steady-state error, but
it reduces the PM and thus increases the percentage overshoot.
Fig. 18 shows the experimental waveforms when Hi1 is reduced
to 0.016, from which it can be seen that there is resonance os-
cillation at the frequency near fr in the output current. This
means that a too small Hi1 will result in resonance oscillation
and even instability of the system. The experimental results are
in accordance with the analysis in Section IV that a small Hi1 in
the satisfactory region will lead to good dynamic performance
with no impact on the steady-state response, and Hi1 outside
the stability boundary cannot be tolerated.

Fig. 19 shows the diagram of the measured amplitude error,
power factor, and percentage overshoot of ig at rated power when
Ki increases from 600 to 2600. It can be seen that the measured
amplitude error decreases from 5.8% to 0.5%, the power factor

Fig. 18. Oscillation of experimental results at full load (Hi1 = 0.016, Kp =
0.45, Ki = 2200). (a) Experimental waveform. (b) Spectra of vg and ig .

increases from 0.935 to 0.996, and the percentage overshoot
increases from 11% to 41%. There is significant improvement
in the steady-state error when Ki increases, but the PM decreases
and the percentage overshoot increases as well. However, a too
large Ki leads to resonance oscillation of the output current at
the frequency near the bandwidth frequency or even unstable
response, as shown in Fig. 20. The results are in accordance
with the analysis of Ki in Section IV and the appropriate Ki

could be picked out from the satisfactory interval by trading off
between the steady-state error and the PM of the system.
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Fig. 19. Amplitude error, power factor, and percentage overshoot of ig when
Ki varies (Hi1 = 0.12, Kp = 0.45).

Fig. 20. Oscillation of experimental results at full load (Hi1 = 0.12, Kp =
0.45, Ki = 7400). (a) Experimental waveform. (b) Spectra of vg and ig .

VIII. CONCLUSION

This paper has studied the characteristics and design method
of the injected grid current regulator and capacitor–current-
feedback active-damping for the LCL-type grid-connected in-
verter. The relationship between the controller parameters and
the system loop gain has been investigated: 1) active-damping
method based on the feedback of the filter capacitor current can
damp the resonance peak caused by the LCL filter effectively,
but it impairs the PM of the system; 2) the injected grid current
regulator determines the crossover frequency and steady-state
error of the system, but the negative phase shift of the regulator
impairs the phase margin. A proper simple step-by-step inter-
active and optimized controller design method is proposed in
this paper. The satisfactory regions of the controller parameters
constrained by the specifications of the phase margin, gain mar-

gin, and steady-state error, are calculated and drawn to assist in
determining and optimizing the controller parameters. Thus the
compensated system can satisfy all the aforementioned speci-
fications. Experimental results of a 6-kW prototype verify the
effectiveness of the proposed design method and validity of the
analysis. This idea has been investigated based on PI current
regulator in detail, and extended to the controller design based
on PI current regulator plus grid voltage feedforward scheme,
PR current regulator, and also can be applied to the controller
design of LCL-type three-phase grid-connected inverters. It is
hoped that this work will offer a useful reference for engineers
to design the controller parameters of LCL-type grid-connected
inverters.

APPENDIX

The upper boundary of Ig2 constrained by EA when PI com-
pensator is used, Ig2max EAPI , is derived in this Appendix. For
a properly designed inverter, Ig2 is small and EA 
 1, thus (11)
can be rewritten as

±EA =
Hi2

Iref

√
I2
g1 + I2

g2 − 2Ig1Ig2 sin θ − 1. (A.1)

As ig1(1) ≈ iref /Hi2 thus Ig1 ≈ Iref /Hi2 , solving (A.1), the
roots of Ig2 can be expressed as

Ig2 rt1 =
Iref

Hi2

(
sin θ +

√
sin2 θ − 2EA + E2

A

)

Ig2 rt2 =
Iref

Hi2

(
sin θ −

√
sin2 θ − 2EA + E2

A

)

Ig2 rt3 =
Iref

Hi2

(
sin θ +

√
sin2 θ + 2EA + E2

A

)

Ig2 rt4 =
Iref

Hi2

(
sin θ −

√
sin2 θ + 2EA + E2

A

)
. (A.2)

As Ig2 ≥ 0 and Ig2 rt4 < 0, the root Ig2 rt4 is invalid.
If −90◦≤ θ ≤ − θ1 where θ1 = arc sin

√
2EA − E2

A , both
Ig2 rt1 and Ig2 rt2 are negative and invalid and Ig2max EAPI is
given as

Ig2 max EAPI = Ig2 rt3

=
Iref

Hi2

(
sin θ +

√
sin2 θ + 2EA + E2

A

)
. (A.3)

If −θ1 < θ < θ1 , sin2 θ − 2EA + E2
A < 0, and Ig2 rt1 and

Ig2 rt2 are inexistent, Ig2max EAPI is given as

Ig2 max EAPI = Ig2 rt3 =
Iref

Hi2

(
sin θ +

√
sin2 θ + 2EA + E2

A

)
.

(A.4)

Else if θ1 ≤ θ ≤ −90◦, Ig2 rt1 , Ig2 rt2 , and Ig2 rt3 are all
valid. Choose the smallest root as Ig2max EAPI , given as

Ig2 max EAPI = Ig2 rt2 =
Iref

Hi2

(
sin θ −

√
sin2 θ − 2EA + E2

A

)
.

(A.5)
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Therefore, Ig2max EAPI can be expressed as

Ig2 max EAPI ≈

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Iref

Hi2

(
sin θ +

√
(EA+1)2 − cos2 θ

)

−90◦ ≤ θ < θ1

Iref

Hi2

(
sin θ −

√
(EA − 1)2 − cos2 θ

)

θ1 ≤ θ ≤ 90◦.
(A.6)
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