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Abstract: In islanded operation, precise power sharing is an immensely critical challenge when there
are different line impedance values among the different-rated inverters connected to the same electri-
cal network. Issues in power sharing and voltage compensation at the point of common coupling, as
well as the reverse circulating current between inverters, are problems in existing control strategies
for parallel-connected inverters if mismatched line impedances are not addressed. Therefore, this
study aims to develop an improved decentralized controller for good power sharing with voltage
compensation using the predictive control scheme and circulating current minimization between the
inverters’ current flow. The controller was developed based on adaptive virtual impedance (AVI)
control, combined with finite control set–model predictive control (FCS-MPC). The AVI was used for
the generation of reference voltage, which responded to the parameters from the virtual impedance
loop control to be the input to the FCS-MPC for a faster tracking response and to have minimum
tracking error for better pulse-width modulation generation in the space-vector form. As a result,
the circulating current was maintained at below 5% and the inverters were able to share an equal
power based on the load required. At the end, the performance of the AVI-based control scheme was
compared with those of the conventional and static-virtual-impedance-based methods, which have
also been tested in simulation using MATLAB/Simulink software 2021a version. The comparison
results show that the AVI FCS MPC give 5% error compared to SVI at 10% and conventional PI at
20%, in which AVI is able to minimize the circulating current when mismatch impedance is applied
to the DGs.

Keywords: adaptive virtual impedance (AVI); finite control set–model predictive control; mismatched
impedances; voltage-source converter (VSC); voltage compensation

1. Introduction

In the islanded network, power-sharing issues are considered to be the most critical
problem. However, the droop control technique is used where it has a common role,
especially for creating accurate power sharing of active and reactive powers when several
inverters are connected at the same point of common coupling (PCC). Droop control has the
ability to provide a seamless inverter-to-load power transfer based on the change in voltage
and frequency deviations during load changes at the PCC. Therefore, in islanded systems,
it is important that the droop control gives accurate sharing of active power (P) and reactive
power (Q) between inverters [1]. However, droop control has some drawbacks:
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1. Droop control tends to have a trade-off with load sharing accuracy, where frequency
and voltage variations are reinstated proportional to P and Q in the input generation
from the DG.

2. A dynamic response of power sharing is dependent on droop coefficients and the
method of power calculation. Moreover, the application of droop control is restricted
by the addition of low-pass filters.

3. A reduction in a seamless transfer when the microgrid returns to the grid-connected
mode is another limitation of droop control because voltage restoration is needed to
compensate for the f and v drop that droop control produces.

4. Harmonic signal sharing is not supported by droop control, and hence the conven-
tional droop control strategy is inappropriate for non-linear loads.

The main issues for an islanded system are unequal power sharing and voltage and
frequency deviations at the PCC if the line impedances of the distributed generation (DG)
units are different. Many approaches regarding voltage and frequency restoration have
been proposed, such as in [2,3], where a secondary loop was proposed with PI control
for dual-loop control. A voltage and frequency restoration mechanism that considered
frequency independent of load changes and used droop control was also proposed in [4,5].
In [6], an integral gain was added for real power control in order to tune the controller
without compromising frequency regulation, but reactive power was not taken into account
as tertiary control. In [7], a modified scheme using an online tuning droop gain was
proposed for accurate reactive power sharing in a parallel-connected inverter system for
maintaining control stability.

Nowadays, power systems operate together with parallel DG inverters with different
line impedances depending upon the inverters’ distance from the PCC, as short-, medium-,
or long-distance transmission lines can cause power quality issues to the distribution
system, especially the circulating current. The reliability of islanded systems is affected
by the aforementioned impedance mismatch, as reported in [8–16]. The mismatched line
impedances of parallel-connected inverters can reverse the current to flow back to the
inverter instead of to the load. The current, known as the circulating current, is a major
cause of power losses inside the inverter. Therefore, the idea is to keep the value of
circulating current as minimal as possible, as a large magnitude will damage inverters
and reduce power quality and efficiency. The effect at the PCC is the decrease in voltage–
frequency stability and power sharing between DGs, as discussed in [17–25].

In a low-voltage grid network or short-distribution network, where the line impedances
consist of resistive characteristics, the conventional droop control is insufficient to provide
accurate active and reactive power sharing, as stated in [9,26–28]. In [27], the suppression
of circulating current was addressed with the consideration of different multi-loop control
mechanisms for parallel-connected inverters in order to improve system reliability. The
authors reported [27–29] that the use of virtual impedance control did not suppress circu-
lating current, but the performance of the system can be improved with the use of adaptive
virtual impedance control to suppress the circulating current. In the context of circulating
the current suppression, line impedance mismatch has been addressed by employing the
adaptive virtual impedance, where its value changes at every instant to minimize the varia-
tions in circulating current. A passive solution is using a coupled inductor to overcome
circulating current in inverters. Saturation of the coupled inductor may occur at a high
value of low-frequency circulating current because the coupled inductor is sensitive to the
low-order harmonics of the circulating current due to the unequal power sharing between
the converters.

The circulating current does not only produce heat in the inverter but also power-
sharing inaccuracy in a system with mismatched line impedances. To reduce low-frequency
circulating current in order to ensure system stability, an improved droop control with a
voltage drop compensator was suggested in [30], and a proportional-resonant controller
was used in [23]. A control technique based on virtual impedance for the suppression of
cross-circulating current, as presented in [31], is also one of the solutions.
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A lot of research studies use communication-based or known centralized control
methods, as suggested in [32–34]. However, the disadvantage of these solutions is the
need for a high-bandwidth communication setup. The study in [35] presented a review
of various control strategies for inverter power sharing. A low-cost fuel-cell operational
control strategy for ensuring environmental safety was proposed in [36]. A droop controller,
which behaves like a synchronous generator [37–41], introduces a new key element for
inverters to operate in parallel circuit without any communication mechanism, known
as the decentralized mode. In conventional droop control, inverters essentially have to
share reactive power accurately, and therefore, parallel-connected inverters should ideally
have the same line impedance. However, in a system with parallel-connected inverters,
the line impedance of one DG inverter may be different than that of another DG inverter.
Therefore, current and voltage measured for power calculations are taken into account in
the controller model in order to address the power-sharing issues due to mismatched line
impedances, as stated in [42]. The mismatch in line impedances causes small variations
in voltage and currents, which result in large inaccuracies in power sharing. Moreover,
mismatched feeder impedances also generate circulating current in the inverter, which
causes power loss and sometimes may damage the system’s components [43].

In this study, an adaptive virtual impedance (AVI)-based controller with FCS-MPC
in the decentralized configuration was developed. The controller was used to mitigate
problems due to mismatched line impedances especially to the medium transmission
network, where the AVI was utilized to generate a new reference voltage. Furthermore, the
AVI controller utilized derivative terms for the FCS-MPC for a faster tracking response and
minimum tracking error. The error was based on the virtual line impedance in order to
create a low circulating current in order to improve power-sharing accuracy and voltage–
frequency stability at the PCC.

2. Proposed Control Scheme

In this section, the improved control scheme’s development is described. The con-
troller used an adaptive virtual impedance (AVI) loop as the inner-loop control, which
responds to the mismatch line impedance. The adaptability of the model predictive control
(MPC) used was based on the error input to the cost function as derivative terms of the
controller response. In the end, the control model with AVI-FCS MPC was integrated for
improvements in the PCC with the standard mathematical model of AVI.

2.1. Power Calculations

The power calculation concept is explained by considering DG inverters with mis-
matched line impedances, as presented in Figure 1. The P and Q of the ith inverter connected
to the PCC are given in Equations (1) and (2), respectively, with X/R considered to be very
high and θ = 90◦ because of the dominance of inductive grid impedance [44]:

Pi =
1

X f d
(VoVPCC(sin δi)) (1)

Qi =
Vo

X f d
(Vo − VPCC(cos δi) (2)

From Equations (1) and (2), it is concluded that P is affected by the phase angle, while
Q depends on the voltage difference between Vo and VPCC, considering the X/R ratio.

2.2. Reference Voltage Modification for AVI Input

In the islanded mode, frequency and voltage are adjusted by applying the P-V and
Q-ω relationships for power characteristics the same as droop concept. Considering the
reference voltages, are equal to zero for the islanded mode, as stated in [45,46]:

V = Vnom − mpPi (3)
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ω = ωnom + nqQi (4)

where mp and nq are coefficients and Vnom and ωnom are nominal voltage and frequency,
respectively. In conventional control, DGs do not share accurate power due to voltage
deviations at the PCC when the line impedances of the connected feeders are not the same.
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Figure 1. VSCs with common load.

As mentioned, for resistive-inductive or medium transmission lines, voltage drops
at the PCC must be compensated for parallel-connected DGs with mismatched feeder
impedances. For power control, the reference voltages described above are altered in the dq
frame with PI mechanism in order to minimize the error between the voltage and frequency
at the PCC, which can be presented as follows:

[
V∗

d
V∗

q

]
=


(

kpv(Vnom − Vod) + kiv

t∫
0
(Vnom − Vod)dτ

)
(

kpv(Vnom − Voq) + kiv

t∫
0
(Vnom − Voq)dτ

)
.
[

Vnomd − mpPi
Vnomq − mpPi

]
(5)

where kpv and kiv are the PI controller’s gains, V* is the reference voltage when consid-
ering fundamental power equations, Vo is the output voltage, and Vnom is the nominal
voltage. Figure 2 shows the block diagram of voltage compensation control, along with the
calculation for voltage generation to be the input voltage parameter to the AVI.
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2.3. Adaptive Virtual Impedance (AVI) Model

In order to compensate for voltage drops due to mismatched line impedances, an
adaptive virtual impedance loop was added in voltage control to create a new reference
voltage. The voltage from droop control for a single inverter is modified as follows:[

VAVId
VAVIq

]
=

[
Rvir −ωnomLvir

ωnomLvir Rvir

][
iod
ioq

]
(6)

where Rvir, ωnom, and Lvir are the resistive virtual impedance, nominal frequency (ω = 2π fnom),
and inductive virtual impedance, respectively, while iod and ioq are output currents in the dq
reference frame. The addition of the adaptive virtual impedance is represented as follows:[

V∗
AVIq

V∗
AVIq

]
=

[
V∗

d
V∗

q

]
+

[
VAVId
VAVIq

]
(7)

[
V∗

AVId
V∗

AVIq

]
=




(kpv.(Vnom − Vod) + kiv

t∫
0
(Vnom − Vod)dτ)

kpv.(Vnom − Voq) + kiv

t∫
0
(Vnom − Voq)dτ)

.
[

Vnomd − mpPi
Vnomq − mpPi

]+
[

Rvir −ωnomLvir
ωnomLvir Rvir

][
iod
ioq

] (8)

With the addition of the adaptive virtual impedance (right end of Equation (8)), the
total line impedance is obtained from the virtual and physical impedances of the feeder
line, and so the reference voltages can be expressed as follows:

[
V∗

AVId
V∗

AVIq

]
=




(kpv.(Vnom − Vod) + kiv

t∫
0
(Vnom − Vod)dτ)

kpv.(Vnom − Voq) + kiv

t∫
0
(Vnom − Voq)dτ)

.
[

Vnomd − mpPi
Vnomq − mpPi

]+
 (

Rvir + R f eeder

)
−
(

ωnom(Lvir + L f eeder)
)(

ωnom(Lvir + L f eeder)
) (

Rvir + R f eeder

) [ iod
ioq

] (9)

where Rvir and Lvir are resistive and inductive virtual impedances, respectively, while
VAVI is the new reference voltage from the adaptive virtual impedance, Vod/oq is the out-
put voltage, Vnom is the nominal voltage, io is the output current of the converter, and[

Rvir −ωnomLvir
ωnomLvir Rvir

]
is the virtual impedance loop. As the islanded system considered

in this study consisted of two inverters connected in parallel, labelled as DG1 and DG2,
the above equations are therefore restated as 1 for the first inverter and 2 for the second
inverter in the parallel inverters network:

[
V∗

AVId1
V∗

AVIq1

]
=




(kpv1.(Vnom − Vod1) + kiv1

t∫
0
(Vnom − Vod1)dτ)

kpv1.(Vnom − Voq1) + kiv1

t∫
0
(Vnom − Voq1)dτ)

.
[

Vd1
Vq1

]+ (
Rvir1 + R f eeder1

)
−
(

ωnom(Lvir1 + L f eeder1)
)(

ωnom(Lvir1 + L f eeder1)
) (

Rvir1 + R f eeder1

) [ iod1
ioq1

] (10)
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[
V∗

AVId2
V∗

AVIq2

]
=




(kpv2.(Vnom − Vod2) + kiv2

t∫
0
(Vnom − Vod2)dτ)

kpv2.(Vnom − Voq2) + kiv2

t∫
0
(Vnom − Voq2)dτ)

.
[

Vd2
Vq2

]+ (
Rvir2 + R f eeder2

)
−
(

ωnom(Lvir2 + L f eeder2)
)(

ωnom(Lvir2 + L f eeder2

) (
Rvir2 + R f eeder2

) [ iod2
ioq2

] (11)

The P-Q sharing from the voltage control is modified to compensate for voltage drops,
and power-sharing accuracy considering the AVI loop is taken as (single inverter):

[
V∗

AVId
V∗

AVIq

]
=




(kpv.(Vnom − Vod) + kiv

t∫
0
(Vnom − Vod)dτ)

kpv.(Vnom − Voq) + kiv

t∫
0
(Vnom − Voq)dτ)

.
[(

Vnom − mpPi
)]
+

[
Rvir −ωnomLvir
ωnomLvir Rvir

][
iod
ioq

] (12)

where the reference voltage from the conventional power control is defined as V = Vnom − mpPi
at [47]. However, Q is dependent on the impedances of the parallel-connected inverters. The
inductive component of the AVI is obtained from the PI control model, which compensates
for the error between the total reactive power (Qt) and the reactive power (Q) of an
individual DG inverter, expressed as follows:

Lv = kpL.(Qt − Q) + kiL

t∫
0

(Qt − Q) dτ (13)

From Equation (13), the reference voltages in the dq reference frame can be computed
as follows: [

V∗
re f d

V∗
re f q

]
=

[
−Rvir +ωnomLvir

−ωnomLvir −Rvir

][
iod
ioq

]
(14)

From Equations (13) and (14), the P-Q sharing accuracy in the dq reference frame for
the DG-inverter-based system with mismatched feeder impedances is calculated as follows:

[
V∗

re f d
V∗

re f q

]
=




(kpv.(Vnom − Vod) + kiv

t∫
0
(Vnom − Vod)dτ)

kpv.(Vnom − Voq) + kiv

t∫
0
(Vnom − Voq)dτ)

.
[(

Vnom − mpPi
)]
+

[[
kpL.(Qt − Q) + kiL

t∫
0
(Qt − Q) dτ

][
−Rvir +ωnomLvir
−ωnomLvir −Rvir

][
iod
ioq

]] (15)

Finally, with Rvir and Lvir added to the system, Equation (15) can be represented as in
Equation (16):

[
V∗

re f d
V∗

re f q

]
=




(kpv.(Vnom − Vod) + kiv

t∫
0
(Vnom − Vod)dτ)

kpv.(Vnom − Voq) + kiv

t∫
0
(Vnom − Voq)dτ)

.
[(

Vnom − mpPi
)]
+[[

kpL.(Qt − Q) + kiL

t∫
0
(Qt − Q) dτ

][
−(Rvir + R f eeder) ωnom(Lvir + L f eeder)
−ωnom(Lvir + L f eeder) −(Rvir + R f eeder)

][
iod
ioq

]] (16)

The implementation of the proposed AVI aimed to adaptively change the impedance
inductor at Lvir according to the system’s behavior with the addition of loads. The control
strategy used in this study used the decentralized mode and was applied to both parallel-
connected DG1 and DG2 inverters with mismatched line impedances.
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For DG1 and DG2, Equation (15) can be separately expressed as in Equation (17):

[
V∗

re f d1,2
V∗

re f q1,2

]
=




(kpv1,2.(Vnom − Vod1,2) + kiv1,2

t∫
0
(Vnom − Vod1,2)dτ)

kpv1,2.(Vnom − Voq1,2) + kiv1,2

t∫
0
(Vnom − Voq1,2)dτ)

.
[(

Vnom − mp1,2P1,2
)]
+[[

kpL1,2.(Qt − Q1,2) + kiL1,2

t∫
0
(Qt − Q1,2) dτ

][
−(Rvir1 + R f eeder1) ωnom(Lvir1 + L f eeder1,2)
−ωnom(Lvir1 + L f eeder1) −(Rvir1,2 ++R f eeder1,2)

][
iod1,2
ioq1,2

]] (17)

The alpha-beta (αβ) components can be obtained by taking the inverse Park transfor-
mation of Equation (17):

V∗
re f αβ1 = V∗

1re f α − jV∗
re f β1 =

[
1 j

]
.
[

cos θ − sin θ
sin θ cos θ

]
.

[
V∗

re f d1
V∗

re f q1

]
(18)

V∗
re f αβ2 = V∗

re f α2 − jV∗
re f β2 =

[
1 j

]
.
[

cos θ − sin θ
sin θ cos θ

]
.

[
V∗

re f d2
V∗

re f q2

]
(19)

Reference voltages V∗
re f αβ1 and V∗

re f αβ2 are applied to the next FCS-MPC controller’s
inputs to accurately track the output voltage for power-sharing accuracy and voltage
compensation at the PCC, which is discussed in the next section.

2.4. Inverter LC Filter

The inverter model was based on a VSC with an LC filter, where dynamic behaviors of
voltage and current were obtained by considering the inductor current and capacitor as the
inverter plant. The continuous-time state-space model was converted into the discrete-time
model utilizing the zero-order hold (ZOH) [48].

The d
dt

[
voαβ

i f αβ

]
for the LC filter is given as follows:

d
dt

[
voαβ

i f αβ

]
= A.

[
v f αβ

i f αβ

]
+ B.

[
viαβ

ioαβ

]
where A and B are as follows:

A =

− R f
L f

− 1
L f

1
C f

0


B =

[ 1
L f

0

0 − 1
C f

]
The discrete model obtained from the ZOH for the discrete LC filter can be formulated

as follows: [
i f αβ

voαβ

]
= Ad

[
i f αβ

voαβ

]
+ Bd

[
viαβ

ioαβ

]
(20)

where Ad = eATs and Bd =
∫ Ts

0 eAτ .Bdτ. The values for viαβ are measured from the switching
states. Based on the discrete model presented in Equation (20), output current io is measured
for vi (input vector for each possible switching state). The output voltage and current are
also measured for every possible value of viαβ. The optimized values of the switching
inputs at a particular time instance are used for cost function (CF) minimization at the MPC
controller where the same mechanism is repeated for the next sampling time. The FCS-MPC
development was based on a two-step receding horizon for the measurement of voltage
and current to reduce computational errors and compensate for delay time. Therefore, the
discrete state-space system can be defined as follows:
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[
i f αβ(k + 1)
voαβ(k + 1)

]
= Ad

[
i f αβ(k)
voαβ(k)

]
+ Bd

[
viαβ(k)
ioαβ(k)

]
(21)

where k + 1 and k are time instances, represented as (k + 1). Ts and (k). Ts, respectively,
where Ts represents the sampling time period.

2.5. VSC Vector Switching with AVI FCS MPC Controller

The inverter used in this project had three gate signals, which were Sa, Sb, and Sc. The
two switches for each leg offer two possible setting states, which are 0 and 1 [49], with the
inverter voltage obtained as follows:

viabc =

via
vib
vic

 =

via
vib
vic

−
[

viaN + vibN + vicN
3

]
(22)

Equation (22) can be represented by matrix calculation as follows:

viabc =

via
vib
vic

 =

[
Vdc.

(
I − 1

3
1
)

.S
]

(23)

where I is the identity matrix, 1 is an all-ones 3 × 3 matrix, and S is the switching action of
the inverter:

I =

1 0 0
0 1 0
0 0 1

, 1 =

1 1 1
1 1 1
1 1 1

, S =

Sa
Sb
Sc


Therefore, Equation (23) shows that eight possible switching states can be generated

for different configurations. A maximum of eight input voltage vectors are obtained from
the switching state arrangements.

3. CF Based on Adaptive Virtual Impedance

The CF considered the derivative terms of capacitor voltage, which was modified for
the case of feeder impedance mismatch, where the reference voltage created by using the
AVI was substituted to track the reference output voltage (415 V at target PCC), i.e., d

dt (vo(t))
would track d

dt (vre f (t)), which included the derivative terms. The CF based on derivative
terms for the AVI-based controller with the voltage compensation loop and receding-
horizon two-steps-ahead predictions is written as follows:

JAVI =
(

C f .ωre f .vre f α(k + 2))− i f α(k + 2) + ioα(k + 2)
)2

+(
C f .ωre f .vre f β(k + 2))− i f β(k + 2) + ioβ(k + 2)

)2 (24)

The CFs for DG1 and DG2 from Equation (24) use decentralized controllers and can
be expressed as follows:

JAVI1,2 =
(

C f 1,2.ωre f 1,2.vre f α1,2(k + 2))− i f α1,2(k + 2) + ioα1,2(k + 2)
)2

+(
C f 1,2.ωre f 1,2.vre f β1,2(k + 2))− i f β1,2(k + 2) + ioβ1,2(k + 2)

)2 (25)

In this study, the reference voltage, V∗
re f , was generated to mitigate feeder impedance

mismatch, which is based on power control modification, and the voltage compensation
loop with the addition of the AVI was designed to track and compensate for voltage
deviations at the PCC as given in AVI Section 2.3. Moreover, reactive power-sharing
errors due to mismatched line impedances were covered by the AVI-based control as the
inner-loop configuration. The complete CF, which can track the reference voltage and its
derivative for DG1 and DG2, is given as follows:
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JF1,2 =

[(
Vre f α1,2[k + 2]− voα1,2[k + 2]

)
+
(

Vre f β1,2[k + 2]− voβ1,2[k + 2]
)2
]
+

λd


(

C f 1,2.ωre f 1.vre f α1,2(k + 2))− i f α1,2(k + 2) + ioα1,2(k + 2)
)2

+(
C f 1,2.ωre f 1,2.vre f β1,2(k + 2))− i f β1,2(k + 2) + ioβ1,2(k + 2)

)2

+ hlim + λusw2
(26)

where λu and λd are weighting factors to address uncertainties, hlim(i) = 0 when
i f (i) ≤ imax, hlim(i) = ∝ when i f (i) > imax, sw(i) = ∑ (u(i)− u(i − 1)), and[(

Vre f α[k + 2]− voα[k + 2]
)
+
(
Vre f β[k + 2]− voβ[k + 2]

)2
]
= J1

(
C f .ωre f .vre f α(k + 2))− i f α(k + 2) + ioα(k + 2)

)2
+(

C f .ωre f .vre f β(k + 2))− i f β(k + 2) + ioβ(k + 2)
)2

= JAVI1.
The Simulink block diagram of the cost function calculations for the proposed AVI-FCS

MPC for a single inverter is shown in Figure 3. The CF with uncertainties was considered
to find weighting factors λu and λd in order to tune the controller’s error.
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4. CF Optimization and Prediction Algorithms as Space-Vector Improvement

The optimization process in the proposed AVI-CF is shown in Figure 4a,b. The
constraints in MPC controller optimization are resolved over the prediction horizon so that
the next control action is evaluated. The present state of optimization evaluated by the
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control law is repeated again in the next time step to update the MPC control law. The
significance of the control feature of MPC is a solution to optimization problems. Figure 4b
shows the control output (yk) and the manipulated input (uk) with time steps (k + 1), (k + 2),
and so on. The control moves are according to the pre-decided time steps moving to the
horizon window. The decision for the present control move (Ts) is held until the second
time instant, 2 × Ts, in a discrete time interval for the digital controller. With a small Ts,
a system is more continuous and can more accurately track the reference signal (rk). For
the time instant, control moves are taken as u(t) = kTs, and so the output yk changes
accordingly with the given sampling time. The error ek between y and the y-setpoint is
computed at sampling times k + 1, k + 2, k + 3, and so on.
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Figure 4. Optimization process (a) Plant output measurements (b) prediction horizon.

The error between y and y-setpoint to give the predicted value of yp is intended to
be as small as possible by taking into consideration the p-times-ahead prediction, y(k + p),
where p is the prediction horizon. So, the change at the u(k) step has an effect on y(k + 1)
because the change is made using the same time interval. The maximum value (M) at
the control horizon taken by the controller must be less than or equal to the predicted
value. After k + p, there is no effect on u (input control), as the setpoint is already attained,
and generally, M is taken to be much smaller than p. The notion of prediction horizon
has been used to solve optimization problems by considering objectives, constraints, and
decision-making variables. The error between y and ysp is calculated and the intention is to
obtain an almost zero error. So, the sum of squares of the errors are taken to minimize the
cost function. Mathematically, it can be written as follows:

0 =
p

∑
i=1

[y(k + i)− ysp]

2

(27)

The constraints exist in FCS-MPC controllers’ S-function of decision variables in CF.
Generally, for the control input for M variables of u(k), u(k + 1), u(k + 2), . . ., u(k + M − 1) ir-
respective of k, the time step for the lower and upper limits can be written as ∆u = u(k) − u(k − 1).
The decision variables are taken as given below for the CF prediction value:
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uL ≤ u ≤ uu (28)

△uL ≤ △u ≤ △uu (29)

0 = ∑p
i=1[y(k + i)− ysp]2 + ∑M

i=1[u(k + i − 1)]2 (30)

5. Computational Burden Reduction and Time Delay Compensation at MPC Time Step

The FCS-MPC computation burden results in time delay, which reduces reference
tracking efficiency. Figure 5 shows the time delay due to the computational burden with
control input signal u and its predictions up to kth time at sampling time Ts [50].
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In this study, the control algorithms were separated from the optimization algorithms
at time delay compensation based on the sampling time. One sampling interval was used
for time delay compensation to reduce the computational time delay, whereas another
sampling interval was used for the optimization algorithms. So, the CF was computed at
two-steps-ahead (k + 2) predictions and the selected optimized output was then applied for
the next switching-state sampling interval (k + 1). Therefore, the controller must predict
the values at the k + 1 sampling time given the measurements and the control law at the
k sampling time and then find the optimal control law to be applied to the next sampling
time. In other words, the control law at the k sampling time would produce a response in
the system at the k + 1 sampling time, the control law at the k + 1 sampling time would
produce a response in the system at the k + 2 sampling time, and so on, as shown in Figure 6.

For time delay compensation, the optimal switching state of the prior iteration, xopt(k),
was applied for the estimation of the control variable at the k + 1 interval, at

(
û(k + 1)

)
.

From
(
û(k + 1)

)
, the control variable was predicted at the k + 2 interval. So, at k + 2,

Equation (21) can be represented as follows:[
i f αβ(k + 2)
voαβ(k + 2)

]
= Ad

[
i f αβ(k + 1)
voαβ(k + 1)

]
+ Bd

[
viαβ(k + 1)
ioαβ(k + 1)

]
(31)
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It is important to note that Equation (31) is a recursive equation, which means that
to find the values at k + 2, one must obtain the values at k + 1 first. Thus, the values at
k + 2 depend on the values at k + 1, which also depend on the values at k, and so forth. In
Equation (31), all the variables can be predicted, except output current ioαβ(k + 1) because it
depends on the load connected at the output. Moreover, this variable would be measured
and not calculated. However, since the output current has low-frequency components,
it is reasonable to assume that there are no major differences between two continuous
samples, and therefore ioαβ(k + 1); ioαβ(k). From Equation (31), the input variables and
their controlled input, u(k), are expressed as follows:

x(k) =
[

i f αβ(k)
voαβ(k)

]
, u(k) =

[
ioαβ(k)
viαβ(k)

]
(32)

So, x(k + 2) is formulated as follows:

x[k + 1] = Ad.x[k] + Bd.u[k] (33)

x[k + 2] = Ad.x[k + 1] + Bd.u[k + 1] (34)

x[k + 2] = A2
d.x[k] + Ad.Bd.u[k] + Bd.u[k + 1] (35)

The controller input signals using k + 2 prediction to track the reference signals were
used to develop the proposed FCS MPC-based predictive control to compensate for voltage
drops due the mismatched feeder lines in an islanded microgrid.

6. Circulating Current Error Estimation Measurement

The current that reverse flow into inverters due to mismatched line impedances is
known as the circulating current. The circulating current can lead to increased power losses,
overloaded inverters, and reduced power quality and efficiency. Decentralized control has
more issues related to circulating currents than centralized control. For parallel-connected
inverters, the circulating current can be estimated using Equation (36):

iHi = kiiunit − ioi (36)

where:
iunit =

n

∑
i=1

ioi
n
∑
i

ki
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In the above equation, ioi denotes the output current, iHi denotes the circulating current,
and ki denotes the ratio of the nominal capacity of the ith inverter in parallel. For example,
the circulating currents for two inverter VSCs connected in parallel can be calculated
as follows:

iH1 = k1
io1 + io2

k1 + k2
− io1 =

1
k1 + k2

(k1.io2 − k2.io1) (37)

iH2 = k1
io1 + io2

k1 + k2
− io2 =

1
k1 + k2

(k2.io1 − k1.io2) (38)

where k1 and k2 are the capacities of the parallel-connected inverters. In this study, both
parallel-connected DGs had a capacity of 1.5 kW. Therefore, k1 was equal to k2 in this case.
The relationships in Equations (37) and (38) were used to circulate current measurements
and were modeled in Simulink for this research work.

Table 1 shows the parameter values for the two inverters connected in parallel at the
same PCC with different line impedances. The model was connected with a load (1200 W,
550 Var) at the PCC to create a power-sharing condition for the system.

Table 1. Parameter values for model with mismatch feeder impedances.

Parameter Value/Unit Parameter Value

Vnom 415 V Load 1500 W, 700 VAR

fnom 50 Hz Rf 0.23 Ω

Feeder1 resistance 0.19 Ω Feeder1 resistance 3.3 mH

Feeder1 inductance 2.83 mH Feeder2 inductance 3.14 mH

Sampling time, Ts 12 × 10−6 Lf 0.1 Ω

Weighting factors (λd and λu) 0.002–0.05 Cf 20 µF

7. Results: Discussion and Comparison

The system with an RL load connected at the PCC was investigated under the condition
of mismatched line impedances for both inverters. The results were compared with those
of static virtual impedance (SVI)-based and conventional (PI) control techniques. Table 1
shows the parameter values. The design processes of the PI and SVI controllers are not
discussed in this paper.

7.1. Comparison of Voltage and Current at PCC between Conventional, SVI-Based, and
AVI-Based Controllers

The result of the voltage at the PCC for the conventional control scheme is shown in
Figure 7a, with the zoomed-in image shown in Figure 7b. The voltage at the PCC for the
SVI-based controller is shown in Figure 7c and the zoomed-in version is shown in Figure 7d.
The target voltage or reference voltage at the PCC was set at 415 V. For the PI controller, the
voltage at the PCC was about 412 V instead of 415 V. The SVI-based controller also gave a
low voltage magnitude at the PCC, which was 407 V. The PCC voltage for the proposed
AVI-FCS MPC control scheme is shown in Figure 7e, and the zoomed-in image at the time
interval of 0.5–0.7 s is shown in Figure 7f. Its voltage magnitude was maintained at 414.95 V.
Therefore, it is clear that the proposed control scheme maintained the voltage magnitude at
the PCC in the case of parallel-connected inverters with mismatched line impedances.

The output current at the PCC for the PI control scheme is shown in Figure 8a, with
the zoomed-in image shown in Figure 8b. Its current was maintained at 2.53 A throughout
the simulation period for the conventional control scheme. As for the SVI-based control
scheme and the proposed AVI-FCS MPC control scheme, their output current values were
2.5 A and 2.4 A, respectively, as shown in Figure 8c–f.
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7.2. PCC Active and Reactive Power-Sharing Comparison

Next, the comparison of active power sharing between both DG inverters for the
PI control, SVI-based control, and proposed control schemes is shown in Figure 9a. The
zoomed-in image is given in Figure 9b. Under the PI control scheme, the active power
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shared by DG1 was 750 W and the active power shared by DG2 was 700 W per the connected
load. When SVI-based control was applied, DG1 and DG2 both shared 610 W equally.
Under the proposed control scheme, the value at the PCC of the active power shared by
each inverter connected in parallel was 749.9 W per the load. So, it can be seen that both
DG inverters shared accurate and equal active power per the connected load under the
proposed AVI-FCS MPC control scheme. Under the PI and SVI-based control schemes, DG1
and DG2 did not share equal and accurate active power as per the connected load.
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The comparison of the reactive power shared by DG1 and DG2 is shown in Figure 10.
Figure 10a shows the reactive powers measured from 0–3 s, and Figure 10b shows the
zoomed-in image of the reactive powers from 1–1.5 s. It can be seen in Figure 10b that the
reactive power shared by DG1 and DG2 was 340 Var under the PI control scheme. When
the system operated under the SVI-based control scheme, the reactive power shared by
the DG inverters was 288 Var. When the system operated under the proposed AVI-based
predictive control, the reactive power shared by each DG inverter was 349.8 Var per load. It
is clearly shown that the accuracy of reactive power sharing improved under the proposed
AVI-based predictive control scheme.
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7.3. Circulating Current at PCC

The circulating currents for DG1 and DG2 at the PCC are shown in Figures 11 and 12,
respectively. The circulating currents measurements at (iHa1, iHb1, and iHc1) for DG1
under the conventional control scheme are shown in Figure 11a. For clear visualization,
the zoomed-in image of the circulating current from 0.5–0.7 s under the PI control scheme
is shown in Figure 11b. The circulating current for DG1 was around 0.28 A under the
conventional control scheme. Under the SVI-based control scheme, the circulating current
for DG1 was 0.065 A, as shown in Figure 11c,d. In contrast, the circulating current for DG1
under the proposed AVI-based predictive control scheme was approximately 0.045 A, as
shown in Figure 11e,f.

Figure 12a shows the circulating current for DG2 under the conventional control
scheme. The zoomed-in image in Figure 12b illustrates the circulating current for DG2
when the PI control was applied to the system. Its circulating current was almost 0.23 A.
As shown in Figure 12c,d, the circulating current for DG2 under the SVI-based control
scheme was at 0.066 A. Under the configuration of the proposed AVI-based predictive
control scheme, the circulating current was 0.047 A, as shown in Figure 12e,f.
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Figure 11. Circulating current comparison for DG1 with single load: (a) circulating current for DG1 in
PI control, (b) zoomed-in image of circulating current for DG1 in conventional control, (c) circulating
current of DG1 in SVI control, (d) zoomed-in image of circulating current in SVI-based control,
(e) circulating current of DG1 in proposed AVI-FCS MPC, and (f) zoomed-in image of circulating
current for DG1 in proposed controller.

7.4. FFT Spectra Analysis

The FFT spectrum analysis of the proposed AVI-FCS MPC control’s output voltage
is given in this subsection. Harmonics are generally caused by switching devices and
non-linearity in the connected loads, transformers, and generators used in a system. The
analysis was performed to investigate if the total harmonic distortion (THD) at the PCC
under the proposed controller scheme was below 5% per the IEEE 519-1992 electrical
standard for harmonics [51].

Figure 13 shows the output voltage’s FFT window for Phase A for two cycles when the
system was using the proposed control with a load connected at the PCC (common to all
parallel inverters). The THD spectrum of the output voltage at the PCC showed that in the
THD, the load was connected at the PCC, where the THD was 0.52% at 50 Hz of frequency.
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image of circulating current for DG2 in proposed AVI-FCS MPC control.
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The THD value with the connected load showed that the proposed control scheme
had low THD suppression if mismatched line impedances were applied to each inverter.
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8. Conclusions

As a conclusion, an AVI FCS-MPC with a decentralized configuration for mismatched
line impedances was developed. The proposed control scheme compensated the voltage
at the PCC and power-sharing accuracy was maintained at both inverters. The active
and reactive power-sharing issues and the circulating current generation caused by the
mismatched line impedances of parallel-connected inverters were successfully resolved.
With the addition of the adaptive virtual impedance to the physical feeders’ impedances, a
new reference voltage was generated. The AVI-based reference voltage generated using
the predictive control scheme was used as the input for the FCS-MPC model, which
effectively compensated for voltage drops and suppressed the circulating current under
the condition of mismatched line impedances. Here, it shows that by having a minimum
circulating current, the improved controller can have accurate power sharing and voltage
compensation at the PCC, same as when the normal the droop control been applied at short
transmission line.
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