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Robust Control Scheme for Three-Phase
Grid-Connected Inverters With LCL-Filter Under

Unbalanced and Distorted Grid Conditions
Ngoc-Bao Lai , Student Member, IEEE and Kyeong-Hwa Kim , Member, IEEE

Abstract—The grid voltage, especially under unbalanced and
harmonically distorted grid conditions, often distorts the injected
currents of grid-connected inverters. To address this problem, a
robust control scheme of grid-connected inverters is presented
in this paper. The proposed scheme is achieved by an internal
model (IM)-based current controller and a robust phase-locked
loop (PLL) scheme. The robust PLL scheme employs open-loop
filtering technique to offer exact steady-state performance as well
as fast transient response. The IM-based current controller is sta-
bilized using the linear matrix inequality approach to optimize
the feedback gains, and implemented in the synchronous reference
frame to reduce computational efforts. A state estimator is also
introduced into current controller for the purpose of reducing the
number of current sensors, which are often required in state feed-
back controller to damp the unstable dynamics of LCL filters. The
validity of the proposed control scheme is demonstrated through
comparative simulations and experimental results using a proto-
type grid-connected inverter.

Index Terms—Grid-connected inverter, internal model princi-
ple, moving average filter, phase-locked loop, unbalanced and dis-
torted grid.

I. INTRODUCTION

CONTROL of grid-connected inverters, particularly under
unbalanced and harmonically distorted grid voltages, is

a crucial issue in operation of distributed generation (DG) sys-
tems. This is due to the fact that adverse grid voltage may distort
the inverter injected current, which often leads to higher level of
distortion current [1]–[3]. Recently, many control approaches,
which focus on the performance of phase-locked loop and the
current controller, have been proposed to minimize the total
harmonic distortion (THD) level of injected current under such
conditions.

In grid-connected inverter systems, a PLL is the most com-
monly used way of synchronizing DG systems with utility grid
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[4]. Under the normal grid condition, the phase angle of grid
voltage can be obtained fast and precisely using the conventional
synchronous reference frame PLL (SFR-PLL) [5]. However, the
SRF-PLL is unable to detect the phase angle of grid voltage with
a sufficient accuracy when the grid voltage is unbalanced and
distorted [6]. One of the most effective approaches to enhance
the robustness of the SFR-PLL is to incorporate the concept of
a moving average filter (MAF) into PLL structure [6]–[8]. This
additional feature enables the SRF-PLL to efficiently cancel
out the effect of harmonics in the grid voltage on the detected
phase angle. Though the MAF-based PLL has a reasonable
steady-state response with low computational burden, its tran-
sient response is relatively slow. To overcome such a drawback,
a MAF-PLL with a phase-lead compensator has been proposed
[9]. By introducing a phase-lead compensator, the transient re-
sponse of the MAF-PLL is significantly improved. However, as
the transient response is improved, the steady-state performance
is proportionally degraded in return.

In addition to PLL scheme, a current controller plays another
important role in minimizing harmonic currents. Convention-
ally, a proportional integral (PI) controller or a proportional
resonant (PR) controller is employed to control the injected cur-
rent [10], [11]. However, the PI-based controller is inherently
incapable of dealing with periodic disturbances efficiently. To
overcome this limitation, different control approaches based on
the resonant control, repetitive control, predictive control, and
sliding mode control have been presented [12]–[24]. Among
these approaches, incorporating resonant terms into the PR con-
trol structure to provide infinite gain at selected frequencies
yields an excellent steady-state response even under distorted
grid voltage [12]–[15]. This method, nevertheless, requires a
great deal of computational efforts since one additional resonant
controller is needed for each harmonic component. To reduce
the number of resonant terms, the PI and resonant control (PI-
RES) scheme has been studied [16], [17]. In these works, the
resonant controller is implemented in the SRF in order that two
harmonics are compensated at the same time. As a consequence,
the number of resonant terms is reduced in half.

The main challenge of using high order linear controller is
that it may be impractical to synthesize the controller that can
fulfill both the stability and robustness requirements. Recently,
robust current control schemes that can guarantee such require-
ments have been presented in [23] and [24]. In [24], the internal
model of both the resonant controllers and inverter is lumped
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together. Then, the feedback and resonant gains can be obtained
simultaneously by solving the linear matrix inequalities (LMIs)
derived from the stability condition of the augmented system in
Lyapunov sense. However, the control structure in [23] and [24]
itself is not optimal in terms of computational burden as a result
of implementing the controller in the stationary reference frame
or natural frame. Moreover, the reported results show an un-
expected transient response with a noticeable oscillation. Also,
there was no numerical or practical evidence in these studies to
prove the usefulness of this control method in the presence of
adverse grid voltages. Another limitation of the work in [24] is
that the current sensors both in inverter side and line side are
required to accomplish the current controller. This often leads
to the increase of cost and system complexity, especially in
three-phase system.

In order to address the aforementioned limitations in exist-
ing research literatures regarding the control design procedure
and system performance for grid-connected inverter, a robust
control scheme for grid-connected inverters is presented in this
paper. The proposed control scheme is achieved by a robust cur-
rent control design and a MAF-based PLL method. The current
controller is designed using the internal model (IM) principle
and implemented in the SRF to ensure a good disturbance rejec-
tion capability with very low computation efforts. Moreover, all
feedback gains are systematically obtained using the LMI opti-
mization technique. Also, a state estimator is incorporated into
the proposed control scheme to estimate the capacitor voltages
and inverter currents. A simple and robust PLL scheme is intro-
duced to enhance the dynamics of the SRF-PLL under adverse
grid voltage. Simulations and experimental results under differ-
ent grid conditions are given to demonstrate the effectiveness of
the proposed control scheme.

II. SYSTEM DESCRIPTION

To suppress the grid voltage disturbances due to imbalance
and harmonic distortion, it is more effective to use the SRF
rather than the stationary reference frame [17]. The trans-

Fig. 1. Configuration of an LCL-filtered three-phase grid-connected inverter:
power circuit and proposed control scheme.

formation between abc- and qd-frame is done by means of
Park’s transformation [25]. Fig. 1 shows the proposed control
scheme for a three-phase grid-connected inverter interfaced
with the utility grid through an LCL filter. R1 , R2 , L1 ,
and L2 represent the resistances and inductances of the
filters, respectively, Cf represents the filter capacity, and
Lg represents the grid inductance. The inverter is controlled
by the proposed current controller through the space vector
pulse width modulator (PWM) [26]. Also, the proposed
PLL scheme is used to facilitate the grid synchronization.
The proposed current controller and PLL scheme will be
presented in detail in Section III. The continuous-time represen-
tation of the inverter can be expressed in the SRF which rotates
synchronously with the angular speed of grid voltage ωg as

xc(t) = Acxc(t) + Bcuc(t) + Bcdwc(t) (1)

y(t) = Ccxc(t) (2)

where xc = [ iiq iid vcq vcd igq igd ]T with ii , vc , and ig
being the inverter current, capacitor voltage, and grid current,
respectively, uc = [ vq vd ]T with v being the inverter output
voltage, and wc = [ eq ed ]T with e being the grid voltage. The

Ac =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

−R1/L1 −ωg 1/L1 0 0 0
ωg −R1/L1 0 1/L1 0 0
1/Cf 0 0 −ωg −1/Cf 0
0 1/Cf ωg 0 0 −1/Cf

0 0 1/Lf 0 −R2/Lf −ωg

0 0 0 1/Lf ωg −R2/Lf

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

Bc =

[
1/L1 0 0 0 0 0
0 1/L1 0 0 0 0

]T

,

Cc =

[
0 0 0 0 1 0
0 0 0 0 0 1

]
,

Bcd =

[
0 0 0 0 −1/Lf 0
0 0 0 0 0 −1/Lf

]T

.



508 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 33, NO. 2, JUNE 2018

subscripts q and d indicate that the designated quantity is in
q-axis and d-axis of the SRF. In (1) and (2), the parametric
matrices are expressed as the equation shown at the bottom of
the previous page, where Lf = L2 + Lg . For the purpose of
digital realization, the system in (1) and (2) can be transformed
into the discrete-time system which is facilitated by a zero-order
hold with the sample period Ts as

[
xd(k + 1)
Φ(k + 1)

]
=

[
Ad Bd

0 0

] [
xd(k)
Φ(k)

]
+

[
0

I

]
u(k)

+

[
Bdd

0

]
w(k) (3)

y(k) =
[
Cc 0

]
[

xd(k)
Φ(k)

]
(4)

where Ad = eAc Ts , Bd =
∫ Ts

0 eAc η dη · Bc , Bdd =
∫ Ts

0
eAc η dη · Bcd , 0 and I denote zero and identity matrices with
appropriate dimension, the variables xd(k), u(k), and w(k)
denote the discrete-time representation of xc(t), uc(t), and
wc(t), respectively, and the additional state vector Φ ∈ �2×1

is introduced to model one sample period delay in the control
input signal u, which is due to the digital implementation [27].

The system in (3) and (4) can be rewritten in a compact form as

x(k + 1) = Ax(k) + Bu(k) + Bdw(k) (5)

y(k) = Cx(k) (6)

III. PROPOSED CONTROL SCHEME

The main objective of this section is to give complete guidance
on designing the proposed robust control scheme that can cope
with both the adverse grid voltage and the variation of grid
impedance.

A. IM-Based Current Controller

According to [28] and [29], for unity feedback control sys-
tem, an IM-based controller which ensures asymptotic refer-
ence tracking and disturbance rejection can be given in the
continuous-time as

żc(t) = Hczic(t) + Γrcr(t) − ΓcCcxc(t) (7)

u(t) = Kxxc(t) + Kzzc(t) (8)

where zc = [zP c z2c z6c z12c ]T , r = [rP r2 r6 r12 ]T

being the reference vector, Kx ,Kz being the feedback gain

matrices, and Hc ,Γc can be given as follows:

Hc =

⎡
⎢⎢⎢⎣

HP c

H2c

H6c

H12c

⎤
⎥⎥⎥⎦ ,

Γrc =

⎡
⎢⎢⎢⎣

ΓP c

Γ2c

Γ6c

Γ12c

⎤
⎥⎥⎥⎦

and Γc = [ΓP c Γ2c Γ6c Γ12c ]T where HP c = 02×2 , ΓP c =
I2×2 ,

H ic =

⎡
⎢⎢⎢⎣

0 1 0 0
−ω2

i 0 0 0
0 0 0 1
0 0 −ω2

i 0

⎤
⎥⎥⎥⎦ ,

and

Γic =

⎡
⎢⎢⎣

0 0
1 0
0 0
0 1

⎤
⎥⎥⎦ with i = 2, 6, 12.

The controller in (7) and (8) is derived with the assumption
that the grid voltage is unbalanced and polluted with 5th, 7th,
11th, and 13th harmonics. These sinusoidal disturbances have
the angular frequency of 2nd, 6th, and 12th in the SRF. Moreover,
the controller in (7) and (8) can be easily expanded for wider
range of grid disturbance in the same manner. The discrete-time
counterpart of (7) and (8) can be written as

z(k + 1) = Hz(k) + Γrr(k) − ΓCx(k) (9)

u(k) = Kxx(k) + Kzz(k) (10)

where H = eHc Ts , Γr =
∫ Ts

0 eHc η dη · Γrc , and Γ =
∫ Ts

0
eHc η dη · Γc .

The existence of such controller is theoretically proved in
[30] and [31].

B. Design of Robust and Optimal Feedback Gain

To determine a set of feedback gains that can guarantee the
control performance as well as system stability, the inverter
system in (5) and (6) is augmented with the controller in (9) and
(10) as[

x(k + 1)
z(k + 1)

]
=

[
A 0

−ΓC H

]
·
[

x(k)
z(k)

]
+

[
B

0

]
u(k)

+

[
Bd

0

]
w(k) +

[
0

Γr

]
r(k) (11)

y(k) =
[
C 0

]
[

x(k)
z(k)

]
(12)

u(k) = Kxx(k) + Kzz(k) (13)
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The augmented system in (11)–(13) can be rewritten in a
compact form as

ξ(k + 1) = AΣξ(k) + BΣu(k) + BdΣw(k) + BrΣr(k)
(14)

y(k) = CΣξ(k) (15)

u(k) = Kξ(k) (16)

where K = [Kx Kz ].
In practice, the grid impedance varies unpredictably. Even

though the values of Lg are unknown, they are generally within
a known bounded range. Then, according to [32], the system
model in (14) can be written in a polytopic form as

ξ(k + 1) = AΣ lξ(k) + BΣ lu(k) + BdΣ lw(k) + BrΣ lr(k)
(17)

where

(AΣ ,BΣ ,BdΣ ,BrΣ)(α) =
2∑

l=1

αj (AΣ ,BΣ ,BdΣ ,BrΣ)l

2∑
l=1

αl = 1, αl ≥ 0, l = 1, 2. (18)

The vertex matrices in (18) are obtained by calculating the
matrices (AΣ ,BΣ ,Bd

∑ ,Br
∑ ) for the maximum and mini-

mum values of grid inductance Lg .
Substituting (16) into (17) yields the closed-loop system as

ξ(k + 1) = (AΣ l + BΣ lK)ξ(k) + BdΣ lw(k) + BrΣ lr(k)
(19)

y(k) = CΣξ(k) (20)

From (19), it is able to derive the stability condition of the
closed-loop system in the sense of Lyapunov as

(AΣ l + BΣ lK)T P (AΣ l + BΣ lK) − P < −(1 − ε2)P
(21)

where ε (0 < ε < 1) denotes the decay rate which represents
the convergent rate of the system states, and P ∈ �22x22 is a
positive definite matrix.

Applying Schur complement, (21) can be rewritten in a matrix
form as [

ε2P (AΣ l + BΣ lK)T

AΣ l + BΣ lK P−1

]
> 0. (22)

Let us define Q = P−1 and Y = KQ. Then, the stability
conditions of the augmented system can be written as

[
ε2Q (AΣ lQ + BΣ lY )T

AΣ lQ + BΣ lY Q

]
> 0. (23)

To minimize the control input with respect to a chosen decay
rate ε, the feedback gain can be obtained by minimizing Q under
the LMI constraints in (23) as

Minimize
ε,Y

Q subject to (23) (24)

As long as Q and Y are determined, the feedback gain matrix
can be computed as K = Y Q−1 .

It can be observed from (24) that all of the elements in the
feedback gain matrix rely solely on the choice of the tunable
scalar ε which guarantees the convergent speed of the Lyapunov
function in (21). Therefore, the proposed design procedure sim-
plifies the design of current controller. Also, for a chosen decay
rate, all of the elements of K can be simultaneously obtained
by solving (24), which accelerates the current controller de-
sign process. In order to select a proper decay rate, it would be
useful to bear in mind that the decay rate in (24) is inversely
proportional to the convergent rate of system states and directly
proportional to the maximum tolerable value of grid impedance.

C. LMI-Based State Estimator

The controller in (9) and (10) is synthesized under the assump-
tion that all the states are available for feedback. However, this
is not often the case in three-phase LCL-filtered grid-connected
inverter since the need for additional sensing devices brings
about the increase in the overall cost and system complexity.
Therefore, in this section, a LMI-based state estimator is intro-
duced to estimate the system states which are ic , vc , and ig from
the control input and ig .

From (3) and (4), the discrete-time representation of the
LCL-filter which is not disturbed by the grid voltage and grid
impedance can be given as

xd(k + 1) = Adxd(k) + BdΦ(k) (25)

y(k) = Ccxd(k). (26)

According to [27], a state estimator can be constructed as

x̃d(k + 1) = Ad x̃d(k) + BdΦ(k) + L(Cx̃d(k) − y(k))
(27)

where x̃d ∈ �6×1 is the estimated state vector and L ∈ �6×2 is
the estimator gain matrix.

In order to determine the value of L, it is useful to obtain the
estimation errors by subtracting (27) from (25) as

x̃e(k + 1) = (Ad + LC)x̃e(k) (28)

where x̃e(k) = xd(k) − x̃d(k). Applying the same procedures
in the previous subsection to (28), the LMI conditions for the
state estimator can be obtained as[

εe
2Qe Qe Ad + Y eC

(Qe Ad + Y eC)T Qe

]
> 0 and Qe > 0.

(29)

where Qe ∈ �6×6 is a positive definite matrix, Y e = Qe L,
and 0 < εe < 1 is the decay rate of the estimator. For a chosen
decay rate, Qe and Y e can be obtained by solving the LMI
optimization as follows:

Minimize
εe ,Y e

Qe subject to (29), (30)

then, the estimator gain matrix is evaluated as L = Q−1
e Y e .

The block diagram of the proposed current controller is de-
picted in Fig. 2, where ΓP , Γ2 , Γ6 , Γ12 , HP , H2 , H6 , and
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Fig. 2. Block diagram of the proposed current controller.

Fig. 3. Block diagram of the proposed PLL scheme.

H12 denote the discrete-time counterparts of ΓP c , Γ2c , Γ6c ,
Γ12c , HP c , H2c , H6c , and H12c , respectively.

D. Robust Grid Synchronization

To alleviate the adverse effect of grid disturbances on the
detected grid angular frequency, a MAF concept is incorporated
with the SRF-PLL scheme as shown in Fig. 3. Initially, the SRF-
PLL is used to determine the grid angular frequency ω̃ and angle
θ̃. After that, ω̃ is processed by the MAF block to remove all
the sinusoidal disturbances. The filtered angular frequency ω̂ is
then used to construct the estimated phase angle θ̂. Unlike the
MAF-PLL in [6], in the proposed PLL scheme, the MAF block
locates outside of the closed-loop PLL to prevent any phase
delay caused by the MAF on the dynamic characteristic of the
SRF-PLL. Although placing the MAF outside of the SRF-PLL
maintains the dynamic nature of the SRF-PLL, this introduces a
consequential delay in ω̂ and θ̂. An adaptive delay compensator
F is employed to compensate such a delay in θ̂ caused by the

MAF. Since the implementation of the SRF-PLL and MAF has
been clearly reported in [6], the remainder of this subsection is
devoted to design the adaptive delay compensator F .

To design F , the discrete-time description of a MAF is taken
into consideration as

ω̂(k) =
1
N

N − 1∑
i = 0

ω̃(k − i) (31)

where N is the number of samples in a window length. The
frequency response of the MAF can be calculated from (31) as

M(ω) =
1
N

N − 1∑
i = 0

e−jωTw i (32)

where Tw = NTs is the window length of the MAF.
Applying the sum of a finite-length geometric series and Eu-

ler’s formula to (32) yields the magnitude and phase as

M(ω) =
1
N

(sin(ωTsN/2)
(sin(ωTs/2))

e−jωTs (N −1)/ 2 . (33)

From (33), it is obvious that the MAF introduces a phase lag
of ωTs(N − 1)/2 into the filtered angular frequency ω̂, where
the frequency ω in (33) is also the estimated grid frequency
ω̂. Thus, the phase lag caused by the MAF can be written
as ω̂Ts(N − 1)/2. In order to remove such a phase lag com-
pletely, the estimated grid angle should be compensated by a
phase lead of +ω̂Ts(N − 1)/2. The block diagram of the delay
compensator is also given in Fig. 3, where F is expressed as

F =
Ts(N − 1)

2
. (34)

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to highlight the superior performance of the pro-
posed control scheme, the simulation using PSIM software
and experiments have been carried out. The experimental sys-
tem consists of a DSP based controller, a three-phase inverter
with LCL filter, a transformer, and magnetic contactor for
grid-connecting operation. The controller is implemented us-
ing a 32-bit floating-point DSP TMS320F28335 with the clock
frequency of 150 MHz. The sampling period is chosen as
100 μsec, which yields the switching frequency of 10 kHz. A
three-phase programmable AC power source (PACIFIC Power
Source 320-ASX) is used to emulate various grid conditions.
The parameters of a grid-connected inverter system are summa-
rized as in Table I.

From Table I, AΣ l and BΣ l are evaluated for the maxi-
mum and minimum values of Lg . The decay rate of the cur-
rent controller and the estimator are chosen to be ε = 0.95
and εe = 0.85, respectively. Then, Q, Y , Qe , and Y e are cal-
culated by solving the LMI optimization conditions in (24)
and (30), respectively After that, the gains are computed as
K = Y Q−1 and L = Q−1

e Y e . In this paper, (24) and (30) are
solved by LMI Control Toolbox in MATLAB [33].

Frequency responses of the closed-loop system using the pro-
posed controller are given in Fig. 4. These responses clearly
show that the closed-loop system has unity gain and zero phase
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TABLE I
PARAMETERS OF GRID-CONNECTED INVERTER SYSTEM

Inverter nominal power: P 2.5 kW
Grid nominal frequency: fg 60 Hz

Grid nominal line-line voltage 220 V
DC-link voltage: VDC 340 V

Filter resistance: R1 /R2 0.5/0.3 ± 10% Ω

Filter inductance: L1 /L2 1.7/0.6 ± 10% mH

Filter capacitance: Cf 4.5 ± 10% μF

Grid inductance: Lg Min. 0 mH
Max. 1.2

Fig. 4. Frequency responses of the closed-loop system using the proposed
current controller under different values of Lg : (a) Reference tracking charac-
teristic; (b) Disturbance rejection characteristic.

Fig. 5. Eigenvalues of the closed-loop system using the proposed current
controller under different values of Lg .

at positive-sequence frequency, while very low gains at har-
monic frequencies. This guarantees a good reference tracking
and disturbance rejection characteristic as expected.

Fig. 5 shows the eigenvalues of the closed-loop system. The
figure clearly demonstrates that some eigenvalues of the closed-
loop system move towards the boundary of the unit circle, as
the grid impedance increases. This movement indicates that
the stability margin of the closed-loop system is reduced in
accordance with the increase of gird impedance. Despite the
variation of grid impedance, however, all the eigenvalues still
remain inside the unit circle. This confirms the robustness of the
proposed controller against parameter variations.

Fig. 6. Eigenvalues of closed-loop system using proposed current controller
under parameter variations of R1 , R2 , Lg , L2 and Cf .

In designing the proposed current controller, the perturbation
of filter parameters such as R1 , R2 , L1 , L2 , and Cf are not con-
sidered since these parameters are subject to only small varia-
tions during operation. Nevertheless, the designed controller
should be capable of tolerating the variations of such parameters.
To investigate the system stability under the perturbation of such
filter parameters, Fig. 6 represents the plots of eigenvalues of the
inverter system when L1 , R1 , R2 , Lf , and Cf are varied with
±10% from the nominal values. From Fig. 6, it is clearly seen
that all the eigenvalues lie in the unit circle despite the variations
of these inverter parameters. This well verifies the robustness of
the proposed controller against filter parameter variations.

To highlight the robustness of the proposed control scheme
against adverse grid voltage, two different grid conditions are
used. One is the ideal grid voltage whose harmonic contents are
negligibly low. The other is three-phase unbalanced and dis-
torted grid voltages which have 80% voltage sag in c-phase and
contain the 5th, the 7th, the 11th, and the 13th harmonic compo-
nents with the magnitude of 10%, 10%, 5%, and 5% with respect
to a-phase voltage, which yields the THD value of 15.8%.

Fig. 7 shows the simulation results of three PLL schemes
when the grid voltage undergoes a step change in frequency by
+5 Hz. It can be observed that the dynamic response of the pro-
posed PLL scheme is as good as that of the SRF-PLL. On the
other hand, the conventional MAF-PLL scheme suffers a slow
transient response. Moreover, in Fig. 7(b), the SRF-PLL exhibits
large oscillation in detected frequency due to poor filtering ca-
pability in comparison to the MAF-PLL and the proposed PLL
schemes. Also, the proposed PLL scheme has the lowest value
of steady-state errors under the ideal as well as abnormal grid
conditions. These results imply that the proposed PLL scheme
offers preferable dynamic and steady-state response.

To verify the effectiveness of the proposed control scheme,
the performance is compared with the PI-RES controller [17]
and an extended version of the controller in [24]. The transfer
function of a PI-RES controller is given in the SRF as

GP I+RES = Kp +
Ki

s
+

2 · Kr2 · s
s2 + (2ωg )

2 +
2 · Kr6 · s

s2 + (6ωg )
2

+
2 · Kr12 · s

s2 + (12ωg )
2 .
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Fig. 7. Simulation results when the grid voltage undergoes a step change in
frequency by +5 Hz: (a) Under the ideal grid voltage; (b) Under unbalanced
and distorted grid voltage.

where Kp = 18, Ki = 8000, Kr2 = 8000, Kr6 = 8000, and
Kr12 = 8000. Also, the controller in [24] was especially pre-
sented for a single-phase inverter and only applicable for LCL-
filtered inverter when the full information of system states is
available. However, the grid-connected inverter described in
Fig. 1 is three-phase and has only the information on grid voltage
and grid current. Therefore, the controller in [24] is extended
to be applicable to such a system and comparable with the
propose control scheme. For this purpose, the extended con-
troller of [24] is implemented in the SRF and incorporated with
the state estimator as in Section III-C. Also, both the PI-RES

Fig. 8. Simulation results of transient response under unbalanced and distorted
grid voltages: (a) Three-phase unbalanced and distorted grid voltages; (b) PI-
RES controller with the SRF-PLL; (c) Extended controller of [24] with the
SRF-PLL; (d) Proposed control scheme.

Fig. 9. Simulation results under unbalanced and distorted grid voltages:
(a) Three-phase unbalanced and distorted grid voltages; (b) PI-RES con-
troller with the SRF-PLL; (c) Extended controller of [24] with the SRF-PLL;
(d) Proposed control scheme.

controller and the extended controller of [24] are synchronized
with the grid using the SRF-PLL.

Figs. 8 and 9 show the simulation results under unbalanced
and distorted grid voltages using three control schemes. As can
be observed, under a step change of q-axis reference current
of 3 A, the settling time for three control schemes is more or
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Fig. 10. Responses of the proposed current controller to a +10° phase angle
transition of unbalanced and distorted grid voltage: (a) with SRF-PLL; (b) with
MAF-PLL; (c) with proposed PLL.

Fig. 11. Experimental results of transient response under unbalanced and
distorted grid voltages: (a) actual unbalanced and distorted grid voltage; (b)
PI-RES controller with the SRF-PLL; (c) extended controller of [24] with the
SRF-PLL; (d) proposed control scheme.

less the same with 10 msec. Nevertheless, the PI-RES controller
with the SRF-PLL, and the extended controller of [24] with
the SRF-PLL suffer severe oscillation during transient periods,
which may lead to the degradation of grid power quality as well
as ineffective use of primary power sources. Also, as is clearly
shown in Fig. 9, the proposed control scheme offers the highest
quality of injected currents.

To investigate the influence of the proposed PLL scheme
on the current control, Fig. 10 shows the simulation results
for current responses when three PLL schemes are applied to
the proposed current controller under +10° phase angle tran-
sition of unbalanced and distorted grid voltage. As is shown
in Fig. 10(c), the proposed PLL scheme gives the lowest THD

Fig. 12. Experimental results under unbalanced and distorted grid voltages:
(a) Actual unbalanced and distorted grid voltage; (b) PI-RES controller with
the SRF-PLL; (c) Extended controller of [24] with the SRF-PLL; (d) Proposed
control scheme.

Fig. 13. Experimental FFT results of a-phase current in comparison with
IEEE Std. 1547: (a) Actual unbalanced and distorted grid voltage; (b) PI-RES
controller with the SRF-PLL; (c) Extended controller of [24] with the SRF-PLL;
(d) Proposed control scheme.

value in currents. Even though the difference in dynamic re-
sponse of currents is not significant due to robust characteristic
of the proposed current controller providing a good dynamic
performance, a slight dynamic improvement is still observed in
Fig. 10(c) as compared with Fig. 10(b).

To validate the usefulness of the proposed control scheme
in view of the practical aspect, the experimental results
corresponding to those in Figs. 8 and 9 are given in Figs. 11
and 12. From these results, it is confirmed that the experimental
results correspond well with the simulations. As a result, the
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proposed control scheme offers better steady-state and dynamic
responses than the existing control approaches.

To evaluate the injected current quality, the experimental FFT
results of a-phase current under unbalanced and distorted grid
voltage are shown in Fig. 13. Also, the harmonic limit according
to IEEE Std. 1547 is given in these figures. Fig. 13(a) shows the
FFT data and THD value of a-phase grid voltage. As is shown
in Fig. 13(b), under such a heavily distorted grid voltage, the
PI-RES controller with the SRF-PLL fails to meet the grid in-
terconnection requirements in terms of injected current quality.
On the other hand, both extended controller of [24] with the
SRF-PLL and the proposed control scheme satisfy the standard.
Nevertheless, the proposed control scheme gives the smaller
THD level of 3.3255% in comparison to 4.3248% in the case of
extended controller of [24] with the SRF-PLL.

V. CONCLUSION

In this paper, a robust control scheme for grid-connected
inverters with LCL filter under unbalanced and distorted grid
conditions has been presented. The proposed control scheme is
primarily achieved by an IM-based current controller and a ro-
bust PLL scheme. The key component of the proposed scheme
is a design of IM-based current controller where the gains are
systematically obtained for a chosen decay rate by adopting the
LMI optimization approach. The LMI optimization approach is
also employed to design a state estimator. The proposed scheme
ensures harmonic-free injected currents and smooth transient re-
sponse even under severely abnormal grid voltages. In addition,
a great deal of computational efforts is reduced as a result of im-
plementing the controller in the SRF. Also, a simple and robust
PLL scheme has been proposed in this paper to detect the angular
frequency of fundamental grid voltage fast and precisely. This
can contribute to improve the performance of grid-connected
inverter systems in view of effectiveness and secure operation.
The simulation and experimental results well confirmed the per-
formance improvements in both transient and steady-state op-
erations even in the presence of harsh grid environment.
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