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For the purpose of reducing the fluctuations in magnitude and
frequency of voltage at the PCC, several control strategies
have been proposed. Considering the operation mode
transition, a seamless transfer algorithm for grid-connected
inverters has been presented [4]. In the same vein, indirect
current control techniques have been further developed in [5]
and [6]. To mitigate the transient behavior of voltage in the
event of grid fault, the indirect current controller proposed in
[4]-[6] is switched from the current control mode into the
voltage control mode. Even though the stability of load
voltages under the intentional mode transition can be ensured,
unintentional islanding events were not considered in these
studies. Other control strategies have been presented to ensure
that the grid-connected inverters can operate satisfactorily
during seamless mode transition at the intentional as well as
unintentional islanding [7], [8]. However, since the harmonic
disturbances of the grid voltage have not been considered in
these studies, the quality of the injected currents is not
satisfactory under harmonically distorted grid voltages.

Abstract
Indirect current control schemes have been recently used for
LCL-filtered inverters to provide seamless transition between
the standalone mode and grid-connected mode. The seamless
transfer of operation modes even at the event of unintentional
islanding is achieved by monitoring and controlling the
capacitor voltages properly. For the purpose of dealing with
harmonic disturbances caused by distorted grid voltages, the
proportional, integral, and resonant controllers are often
incorporated in an indirect current control scheme. The main
drawback of the conventional indirect current control is that
this scheme requires the measurements of not only grid-side
currents but also capacitor voltages and inverter-side currents.
This requirement significantly increases the total cost and
complexity of inverter systems. To address such a problem, an
observer-based indirect control scheme is proposed in this
paper. By using a full-state observer, the capacitor voltages
and inverter-side currents can be effectively estimated from
the measured grid-side currents. As a result of employing the
state observer, an indirect control scheme can be achieved by
using only the measurements of grid-side currents.
Comparative simulation results are given to confirm the
validity and usefulness of the proposed control scheme.

To eliminate the adverse effect of distorted grid voltages on
the injected output currents, a sliding mode harmonic
compensation strategy has been suggested in [9]. In this work,
the fundamental and harmonic terms are treated separately by
a proportional integral controller and a sliding mode
controller. Even though this control scheme provides
reasonable performance under distorted voltage conditions, it
often suffers from the chattering problems caused by the
nonlinear switching control input. As another approach, a
disturbance observe-based control scheme for L-filtered gridconnected inverter has been presented [10]. In this study, the
parameter variations and grid voltage disturbance are
considered as total disturbance which can be estimated by a
disturbance observer. The estimated total disturbance is used
to cancel out the effect of parameter variations as well as grid
voltage disturbance on the injected current. To improve the
quality of injected output current into grid, a model predictive
control with modulation has also been proposed in [11].

Keywords: Grid-connected Inverters, LCL Filters,
Proportional Integral Resonant Controller, Reduced Sensors,
Seamless Transition, State Observer.

INTRODUCTION
The use of a grid-connected inverter has been significantly
increasing in recent years due to the development of
distributed generation (DG) power systems [1], [2]. The key
role of the grid-connected inverters is to ensure not only a
stable operation in the environment of grid interconnection
but also continuous supply of electricity for critical loads [3].
When the grid-connected inverters undergo an operation mode
transition, the voltages at the point of common coupling
(PCC) often exhibit transient behavior. To fulfill the voltage
specifications of critical loads, such a transient behavior needs
to be minimal [4]. For the purpose of achieving unnoticeable
voltage variations at the PCC even in the presence of a sudden
operation mode transition, the multiloop and indirect current
control schemes have been commonly used in the literatures.

Despite the fact that the control schemes presented in [9]-[11]
ensure a good disturbance rejection capability, they are only
applicable for L-filtered grid connected inverters. To cope
with the case of LCL filter, a discrete-time integral state
feedback control and state observer has been proposed in [12].
Even though this scheme provides a comprehensive and
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systematic design tool for an inverter system with LCL filter,
this control scheme gives relatively poor performance under
adverse grid conditions since the grid voltage distortions were
not considered. To overcome such a drawback, a robust
control scheme based on internal model principle has been
proposed in [13]. Despite the fact this control scheme gives a
good performance under adverse grid conditions, the design
procedure is quite complicated to apply it in a commercial
system. To take into account the capacitor voltage control
loop, an enhanced multiloop control scheme has been
presented in [14]. The main drawback of this work is that it
requires not only the measurements of grid-side currents but
also capacitor voltages and inverter-side currents, which
unpractically increases the total cost of inverter systems as
well as the implementation complexity of digital controller.
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The system equations in (1)-(3) can be transformed into the
synchronous reference frame (SRF) as
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where superscript “qd” denotes q- and d-axis frame, ω
denotes the angular frequency of the grid voltage.
Since the coupling terms in (4)-(6) merely influence the
dynamics of the overall system, they can be omitted in the
controller design process for convenience. Then, the transfer
functions of the inverter system can be derived from (4)-(6) as
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To further facilitate the design and analysis of the proposed
control system, the inverter model can be described by using
state equations as

(2)
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R1

Figure 1. Schematic of a Three-phase Grid-connected
Inverter System

Fig. 1 shows the basic schematic of a three-phase gridconnected inverter, which is connected to the grid through
LCL filters. In this configuration, the grid-connected inverter
is used not only to inject the power into the grid but also to
supply the power continuously to critical local loads. The
mathematical model of the inverter system can be expressed
in abc-frame as
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Modeling of Three-phase Grid-connected Inverter
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To eliminate the need of capacitor voltage sensors and
inverter-side current sensors, an observer-based indirect
current control method is proposed in this paper. The
proposed control scheme mainly consists of a proportional
integral resonant (PI+RES) controller, two PI controllers, and
a full-state observer. The observed is used to estimate the
capacitor voltages and the inverter-side currents. As a result of
using the observer, an indirect current control can be
effectively accomplished by using only the measurements of
grid-side currents. Also, the proposed control scheme
guarantees the quality of injected currents into grid regardless
of the grid voltage conditions with a simple control structure.
In addition to theoretical analysis, the comparative simulation
results are provided to confirm the effectiveness of the
proposed control scheme.

v abc  vcfabc  R1i1abc  L1

PWM
Inverter

VDC

(3)

where superscript “abc” denotes three-phase variables, v, vcf,
and e denote the inverter voltage, capacitor voltage, and grid
voltage, respectively, i1 and i2 denote the inverter-side current
and grid-side current, respectively, R1, R2, L1, L2, and Cf
denote the resistances, inductances, and capacitance of the
filters, respectively.
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Figure 2. Overall Block Diagram of the Proposed Control Scheme
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The state-space equations in (10) and (11) can be discretized
by using a zero-order hold (ZOH) as

GPI ( z ) 

x(k  1)  Gx(k )  Hu(k )  Hd w(k )

(12)

where Ts is the sampling period of the controller.

y(k )  Cx(k )

(13)

Apart from the reference tracking capability of the controller,
the grid-side current controller is required to maintain a low
harmonic distortion level of the injected current under the
presence of harmonically distorted grid voltages. In general,
the grid voltage is composed of a fundamental component and
harmonic components. In the SRF, the fundamental grid
voltages are transformed into constant values which can be
easily dealt with by using the PI controller. On the contrary,
the harmonic components of the grid voltage still vary
sinusoidally with time in the SRF. To suppress these
sinusoidally-varying disturbances effectively, resonant control
is introduced. The resonant control can be incorporated into
the traditional PI controller to constitute PI+RES controller.
The resonant control terms can be expressed as

where G , H , and H d denote the discrete-time
representation of matrices in the state equations (10) and (11)
[15].

Proposed Control Scheme
To provide the inverter output voltage in the event of
operation mode transition, the proposed control scheme
consists of three cascaded control loops which are composed
of the grid-side current control loop, capacitor voltage control
loop, and inverter-side current control loop. The control of
each of these control loops is accomplished by a separate
controller. Since the inverter has to operate as a voltage source
in the islanded mode, the grid-side current control loop
becomes inactive in this operation mode. Thus, only the
capacitor voltage controller and inverter-side current
controller are used in the islanded mode. To implement both
the capacitor voltage controller and inverter-side current
controller, the traditional PI controllers are employed as
follows:
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2 K RESici s
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2

(15)

(16)

where i  6k  1 denotes the order of the harmonics which
three-phase grid voltages include, k is a positive integer,
K RESi is the resonant control gain, ci is the cut-off
frequency, and ωi is the resonant frequency. Transfer function
in (16) can be discretized by using the bilinear transformation
as

(14)

a2 z 2  a1 z1  a0
b2 z 2  b1 z1  b0

where KP and KI are the proportional and integral gains,
respectively

GRES ( z ) 

For the purpose of digital implementation, the transfer
function of the PI controller can be discretized by using the
bilinear transformation as

where a2  4KresTs ωci , b2  Ts2 ωi2  2ωciTs2  4 , a1  0

b1  2Ts2 ωi2  4Ts2 ωci  8 , a0  4KresTs ωci
b0  Ts2 ωi2  2Ts2 ωc  4 .

5548

(17)

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 7 (2018) pp. 5546-5553
© Research India Publications. http://www.ripublication.com

Figure 3. Simulation Configuration for a Grid-connected Inverter System

PSIM software. The simulation model for an LCL-filtered
grid-connected inverter is constructed as depicted in Fig. 3.
The main controllers are implemented by using the PSIM
DLL block.

In three-phase system, the harmonic components in threephase grid voltages exist in the order of i  6k  1 , namely, in
the orders of the 5th, 7th, 11th, and 13th. Thus, the proposed
control scheme is designed by considering that three-phase
grid voltages consist of the fundamental term and the
harmonic terms in the orders of the 5th, 7th, 11th, and 13th. As a
result of using the Park’s transformation, these harmonic
disturbances become the harmonic components in the orders
of the 6th and 12th in the SRF. By taking these two main
harmonic terms into account, the PI+RES controller for the
grid-side current control loop can be given as

GPI  RES ( z)  GPI ( z)  GRES 6 ( z)  GRES12 ( z) .

To verify the robustness of the proposed control scheme
against the abnormal grid environment, the harmonically
distorted grid voltages are added to the ideal grid voltages.
The entire distorted grid voltages are formed by adding 10%
of the 5th and 7th harmonic components with respect to the
nominal grid voltage, and 5% of the 11th and 13th harmonic
components with respect to the nominal grid voltage into the
ideal grid. For performance comparison, the conventional
indirect current control scheme [7] and the enhanced indirect
current control scheme [14] are employed to highlight the
superior performance of the proposed control scheme.

(18)

Generally, to realize a seamless transfer algorithm or indirect
current control scheme for a grid-connected inverter, all the
inverter state variables such as the grid-side currents,
capacitor voltages, and inverter-side currents should be
measured. However, such a realization as in the conventional
works is neither acceptable nor adequate any longer because it
unpractically increases the total cost of inverter systems as
well as the implementation complexity of digital controller.

Fig. 4 shows the simulation results of the conventional
indirect current control scheme under the ideal grid voltages.
As can be observed from Fig. 4(b), the conventional indirect
current controller provides reasonably sinusoidal steady-state
current waveforms. Moreover, Fig. 4(c) through Fig. 4(e)
shows considerably stable capacitor voltage responses and fast
transient current responses under a step change in reference
current.

To alleviate this limitation, a state estimation approach is
introduced in this paper, which significantly reduces the
system cost by eliminating the requirement of additional
number of sensors in implementing the proposed control
structure. For this purpose, a full-state observer is used in the
discrete-time domain. As a result, by estimating the capacitor
voltages and inverter-side currents by the full-state observer,
the proposed control structure can be achieved by using only
the measurements of grid-side currents. A full-state observer
which estimates the capacitor voltages and inverter-side
currents can be constructed in the discrete-time domain as

xˆ (k  1)  Gxˆ (k )  Hu(k )  Hd w(k )  L(y(k )  Cxˆ (k ))

Fig. 5 shows the simulation results of the conventional
indirect current control scheme under distorted grid voltages
as given in Fig. 5(a). As opposed to the phase-current
waveforms in Fig. 4(b), the steady-state responses of grid-side
currents are severely distorted due to the adverse grid voltages
as shown in Fig. 5(b), even though the transient responses are
similar to Fig. 4. These harmful distortions can be also
observed in the Fig. 5(c), Fig. 5(d), and Fig. 5(e).
Fig. 6 shows the simulation results for the enhanced multiloop
control scheme presented in [14] under the same distorted grid
conditions as in Fig. 5(a). As can be clearly seen from Fig.
6(b), the grid-side three-phase current waveforms remain
quite sinusoidal regardless of highly distorted grid voltage.
Moreover, Fig. 6(c) and Fig 6(e) reveal that the existing
enhanced multiloop control scheme still provides fast and
stable transient responses. It is worth mentioning that the
inverter-side currents and capacitor voltages are distorted due
to the distorted grid voltage. However, these distortions do not
influence the grid-side currents. As a result, the simulation

(19)

where the symbol “^” denotes the estimated quantities and L
is the observer gain vector. The entire block diagram of the
proposed control scheme is shown in Fig. 2.

Comparative Simulation Results
To validate the usefulness of the proposed control scheme, the
comparative simulations have been carried out using the
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Current [A]

results in Fig. 6 confirm that the existing enhanced multiloop
control scheme [14] can provide better control performance
than that of the conventional indirect current control scheme.
To highlight the usefulness of the proposed control scheme,
Fig. 7 shows the simulation results of the proposed scheme
under the same distorted grid voltages. As can be seen from
Fig. 7, the proposed control scheme can give a similar control
performance with that of the existing enhanced multiloop
control scheme in [14] even though the proposed control
scheme only employs the grid-side current sensors instead of
measuring all the system states as in the conventional
approaches. This fact well confirms the validity and
usefulness of the proposed control structure.
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Figure 4. Simulation Results of the Conventional Indirect
Current Control Scheme under the Ideal Grid Voltage
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Fig. 8 shows the FFT results of a-phase current for three
control schemes under the same distorted grid voltages. As
can be observed, the inability of the conventional indirect
current control scheme to deal with sinusoidal disturbances
leads to considerably high total harmonic distortion (THD)
level of injected current as shown in Fig. 8(a). On the other
hand, as shown in Fig. 8(b) and Fig. 8(c), the enhanced
indirect current control method and the proposed control
scheme produce lower THD levels in the injected current even
under heavily distorted grid voltages. The THD values in Fig.
8(b) and Fig. 8(c) indicate the good control performance of
the proposed control scheme even if only grid-side current
sensors are used in the proposed scheme.
ear

V15

eb

ec

100
0
-100
-200

-10
0.1

0.12

0.14

0.16

0.1

Time (s)

0.12

0.14
Time (s)

(b) Three-phase grid-side currents

(a) Three-phase grid voltages

5550

0.16

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 7 (2018) pp. 5546-5553
© Research India Publications. http://www.ripublication.com
iar

icr

i2 a

ear

i2 b

i2 c

ebr

5
0
-5

ecr

ea

200

Voltage [V]

10

Current [A]

ibr

eb

100
0
-100
-200

-10
0.1

0.12

0.14

0.16

0.1

0.12

0.14

Time (s)

V15

iar

i1q

10

(a) Three-phase grid voltages

id1

5

ibr

icr

i2 a

10

Current [A]

V14

0.16

Time (s)

(b) Three-phase grid-side currents

Current [A]

ec

i2 b

i2 c

5
0
-5

0

-10

0.1

0.12

0.14

0.1

0.16

0.12

vcfd
Current [A]

Voltage [V]

V14

V17

vcfq

200

0.16

(b) Three-phase grid-side currents

(c) Inverter-side currents in the SRF
V16

0.14
Time (s)

Time (s)

100
0

V15

i1q

10

id1

5
0

0.1

0.12

0.14

0.1

0.16

0.12

ide

V18

V19

i2q*

i2d *

i2q

V16

i2d
Voltage [V]

Current [A]

10

0.16

(c) Inverter-side currents in the SRF

(d) Capacitor voltages in the SRF
iqe

0.14
Time (s)

Time (s)

5

V17

vcfq

200

vcfd

100
0

0
0.1

0.12

0.14

0.1

0.16

0.12

0.14
Time (s)

Time (s)

(e) References and grid-side currents in the SRF

(d) Capacitor voltages in the SRF

Figure 5. Simulation Results of the Conventional Indirect
Current Control Scheme under Distorted Grid Voltages

5551

0.16

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 7 (2018) pp. 5546-5553
© Research India Publications. http://www.ripublication.com

10

ide

V18

i2q*

i2d *

V19

i2q

V16

i2d
Voltage [V]

Current [A]

iqe

5

V17

vcfq

200

vcfd

100
0

0
0.1

0.12

0.14

0.1

0.16

0.12

Time (s)

iqe

Voltage [V]

ecr

ea

200

Current [A]

Figure 6. Simulation Results of the Enhanced Indirect Control
under Distorted Grid Voltages
ebr

eb

0.16

(d) Capacitor voltages in the SRF

(e) References and grid-side currents in the SRF

ear

0.14
Time (s)

ec

10

ide

V18

V19

i2q*

i2d *

i2q

i2d

5
0

100

0.1

0

0.12

0.14

0.16

Time (s)

-100

(e) References and grid-side currents in the SRF

-200
0.1

0.12

0.14

0.16

Figure 7. Simulation Results of the Proposed Control Scheme
under Distorted Grid Voltages

Time (s)

(a) Three-phase grid voltages

iar

icr

i2 a

10

Current [A]

ibr

i2 b

0.8

i2 c

Current [A]

iar

5
0
-5

THD: 9.9%

0.6
0.4
0.2
0

-10
0.1

0.12

0.14

0

0.16

Time (s)

iar
i1d

0.8

Current [A]

Current [A]

ide

i1q

10
5
0
0.1

2400

(a) Conventional indirect current control scheme under
distorted grid voltages

(b) Three-phase grid-side currents
iqe

800
1600
Frequency (Hz)

0.12

0.14

THD: 3.7%

0.6
0.4
0.2
0

0.16

Time (s)

0

(c) Inverter-side currents in the SRF

800
1600
Frequency (Hz)

2400

(b) Enhanced indirect current control scheme under distorted
grid voltages

5552

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 7 (2018) pp. 5546-5553
© Research India Publications. http://www.ripublication.com
iar

[4]

Current [A]

0.8

THD: 2.67%

0.6
0.4
0.2

[5]

0
0

800
1600
Frequency (Hz)

2400

[6]

(c) Proposed control scheme under distorted grid voltages
Figure 8. FFT Results of Grid-side a-phase Current
[7]
CONCLUSION
Conventionally, the multiloop and indirect current control
schemes have been used to cope with the unexpected transient
voltages supplied to critical loads. However, the capacitor
voltage and inverter-side currents should be also measured in
these control strategies in addition to the measurements of
grid-side currents. This requirement unpractically increases
the total cost of inverter systems as well as the
implementation complexity of DG systems. To address this
problem, a simple design and implementation method of an
indirect current control for LCL-filtered grid-connected
inverter is presented by using reduced number of sensors. The
proposed control scheme mainly consists of an indirect
current controller and a full-state observer. For the purpose of
enhancing the disturbance rejection capability, a PI+RES
controller is employed in the outer loop of the indirect current
controller, while two PI controllers are used in the inner loops
in a cascaded structure. The full-state observer is used to
estimate the capacitor voltages and inverter-side currents in
the discrete-time domain. As a consequence, the indirect
current controller can be accomplished by using only the
measurements of grid-side currents. Theoretical analyses and
comparative simulation results have been provided to confirm
the usefulness of the proposed control scheme.
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