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Robust Optimization based Harmonic Mitigation Method in Islanded Microgrids
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aDepartment of Electrical and Computer Engineering, Semnan University, Semnan, Iran
bDepartment of Energy, Aalborg University, Aalborg, Denmark

Abstract

Power quality issues in islanded microgrids comprising of various renewable energy sources have recently
gained more attention. As the harmonic mitigation capability from distributed energy resources will vary for
different network topologies, this paper introduces a unified single-end harmonic mitigation approach using a
robust optimization model. In the proposed method, a central controller receives voltage harmonic distortion
measurements of all buses in the microgrid, optimizes the global information, and then sends back the optimal
voltage harmonic components to the local controller of each distributed generation units, which is added to
the voltage reference generated by the respective droop controllers locally. The robustness lies in the design of
the objective function in the central controller to solve a multi-attribute optimization problem in minimizing
both the average total harmonic distortion (THD) and THD of the critical bus in the microgrid considering
different coefficients for each term. It has been proved with a set of numerical simulations with different
parameters that the search space is reduced around the global minima, which considerably reduces the search
time and the number of iterations. The results show that the suggested controller is robust and effective with
respect to the different coefficients of the modified objective function to mitigate voltage harmonic distortion
in islanded microgrids.

Keywords: Robust optimization, harmonics mitigation, islanded microgrids, power quality, power
electronics.

1. Introduction

Nowadays, due to the significant increase of the
distributed generation (DG) units along with linear
and non-linear loads, the evolution of microgrids has
gained considerable attention. As they can be oper-
ated in both grid connected and islanded modes, an
islanded microgrid consists of DGs and loads, which
produces power and prepares its demands apart from
the main grid. Although microgrids offer several ad-
vantages such as decreasing fossil fuel demands, in-
creasing system reliability, etc, their integration may
cause challenges like harmonic distortion, which ul-
timately affect their performances. The main rea-
sons for the voltage or current harmonic distortion in
microgrids are power electronic devices used in DGs
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and their switching behavior, resonances due to inter-
actions, and non-linear loads existing in microgrids.
Hence, in order to reduce total harmonic distortion
(THD) in microgrids and meet the harmonic stan-
dards like IEEE std 519 [1], significant attention is
required to design controllers for the DG units to im-
prove their performance in the presence of non-linear
loads [2, 3, 4].

The active power filters are not particularly new
and have been used for many years in the power sys-
tem to solve power quality issues. However, it is not
recommended for microgrids as it could be a costly
solution. Hence, researchers have recently tried to
implement various control methods in the microgrid
hierarchical control structure to reduce voltage har-
monic distortion in microgrids. The harmonic miti-
gation methods used in the microgrids are reviewed
in [2].

The harmonic mitigation methods used in the mi-
crogrids hierarchical control system can be catego-
rized into primary and secondary groups based on
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their control levels [2]. The most common methods
used at the primary level are proportional resonant
(PR) controller [5], virtual impedance (VI) based
schemes [6, 7], and modified droop controllers [8] to
mitigate the harmonic distortion of the microgrids.
The selective harmonic compensation and THD re-
duction can be achieved at the point of common cou-
pling (PCC) of the microgrid by using these meth-
ods at the primary level. The main drawbacks of
using the PR controller as a harmonic compensation
tool are the complexity of the design procedure and
slow steady state response. In [5] and [9], a virtual
impedance approach along with the PR controller is
used at the primary level to mitigate voltage har-
monic distortion at the PCC. In [10], an improved
VI scheme along with the double second order gener-
alized integrator (SOGI), which is used for accurate
harmonic extraction is proposed to mitigate THD at
PCC of the microgrid. Further, the VI based schemes
for harmonic reduction purposes are sensitive to sys-
tem parameters and need heavy computational bur-
den. It is suggested in [11, 12, 13, 8, 14] to modify
the conventional droop controller, in which new har-
monic terms are added to the conventional droop con-
troller to compensate harmonic distortion in the mi-
crogrids. Even though these methods can be used in
microgrids with parallel DGs connected to the PCC
for harmonic mitigation aims, they can not overcome
the power harmonic issues in multi-bus microgrids.
Therefore, due to the existing drawbacks of the har-
monic mitigation methods at primary level, several
secondary controller based methods are reported in
the literature to address the harmonic mitigation is-
sues in microgrids.

The secondary controllers can be used for obtaining
several goals in harmonic reduction methods such as:
extracting and calculating the harmonic components
[15, 16, 17], compensating harmonics [18, 19, 20, 21],
virtual parameters calculation like virtual impedance
and admittance [22, 23], and optimization processes
[24]. Although the voltage harmonic mitigation in
the multi-bus microgrid can be achieved by sending
and receiving information from the microgrid cen-
tral controller, this philosophy has not yet received
significant attention [25]. Moreover, existing stud-
ies have attempted to reduce harmonic distortion
only at the critical bus (CB) of the multi-bus mi-
crogrid. However, average THD of the system, which
has been introduced in [24] as another key metric,
needs to be minimized in the multi-bus microgrids.

Even though the authors in [24] have suggested to use
particle swarm optimization (PSO) based secondary
controller to reduce voltage harmonic distortion of
all buses in the multi-bus microgrid, to the best of
our knowledge, no previous studies have investigated
the proposed and modified objective function in the
optimization based secondary controller in order to
mitigate both THD of the CB and average THD of
the microgrid simultaneously with respect to different
coefficients. It must be noted that the optimization
based algorithms should be robust to increase accu-
racy, and reduce searching time. The proposed robust
objective function can be used in fractional and inte-
ger control process of the microgrids by the microgrid
control designers.

In this paper, a robust optimization approach is
proposed to mitigate THD of the CB and average
THD of the microgrid simultaneously. To reduce both
THD of the CB and average THD of the microgrid at
the same time, a modified objective function is pre-
sented in the PSO based central controller. The main
features of the proposed optimization based method
for voltage harmonic mitigation in islanded micro-
grids can be summarized as follows:

1. A robust optimization based method is proposed
to reduce voltage harmonic distortion in islanded
microgrids, which reduces the search time signif-
icantly compared to the traditional optimization
techniques.

2. A modified objective function in which reduction
of THD in the CB and average THD mitigation
of the microgrid are combined considering differ-
ent coefficients is introduced and analyzed.

3. A reduced range for the optimization search
space is found based on statistical analysis.

4. The results show that the proposed harmonic
mitigation method can perform effectively while
the variables of the objective function are al-
tered, and load variation situations are consid-
ered in the multi-bus microgrid. Moreover, har-
monic standards can be met by using the pro-
posed approach.

2. Microgrid Structure

In this section, the microgrid structure including
primary and secondary controllers are discussed. As
shown in Fig. 1, the considered microgrid includes six
buses (b1−b6) along with linear and non-linear loads,
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Figure 1: Considered multi-bus microgrid structure with 2 DGs
and 6 loads.

two DGs generate power and are interconnected to
the network via line impedances (Z1 to Z6). It is
worth notifying that bus number four is chosen as the
CB, which have the highest THD in the considered
microgrid in this study.

In the following subsections, the hierarchical con-
trol of the considered microgrid is described, as shown
in Fig. 2. Moreover, the PSO-based secondary con-
troller, which is used as a harmonic mitigation tool is
explained.

2.1. Primary controller

The power produced by each DG is transmitted to
the loads through the LC filter and line impedance,
as shown in Fig. 2. The main components of each
DG are a primary (local) controller, an inverter, and
sinusoidal pulse width modulation (SPWM).

The main controllers used at the primary level of
the DGs are current, voltage, and droop controllers,
as shown in Fig. 2. The main duty of the primary
controller is to provide proper signal for SPWM gen-
eration box. Then, the SPWM box can generate the
specific signals for firing the inverter switches.

The block diagram of the conventional droop con-
troller, which is used in this study to generate the
voltage reference is shown in Fig. 3. The output volt-
age and current of the DG are measured, and then
the active and reactive powers are calculated. The
frequency and voltage used as voltage reference gen-
eration of ith DG are obtained based on the following
droop equation:

ωi = ω∗
i −mi (Pi − Po)

Ei = E∗
i − ni (Qi −Qo)

(1)

where ω∗
i and E∗

i are the system frequency and the
rms value of the rated voltage, respectively. mi and ni

Figure 2: Primary and secondary controllers of the considered
microgrid.

are the droop controller parameters. Po and Qo are
the reference values for active and reactive powers,
respectively. Pi and Qi are the calculated active and
reactive powers of the DG, respectively.

The droop controller output voltage (vdr), as shown
in Fig. 2 is then added to the voltage harmonics com-
pensation terms, which are injected by the proposed
secondary controller to produce the final reference
voltage:

v∗ref = vdr +
∑
h=5,7

|Vh,i|∠θh,i (2)

where |Vh,i| and ∠θh,i denote the amplitude and an-
gle of the harmonic order h in DGi received from
the secondary controller, respectively. In this paper,
both voltage and current controllers are considered as
proportional controllers. The PSO-based secondary
controller will be explained in the next subsection.

2.2. Secondary controller

In this subsection, the secondary controller used
for harmonic mitigation in islanded microgrid is de-
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Figure 3: Block diagram of the conventional droop controller
shown in Fig. 2.

scribed. As shown in Fig. 2, the THDs of all buses
(N buses) in the microgrid are measured and then
sent to the secondary controller. At the secondary
level of the hierarchical microgrid control, the opti-
mal voltage amplitudes and angles are produced by
using a PSO algorithm, and then sent to the primary
controller of each DG in order to add to the droop
controller output voltage.

The PSO algorithm is a computational-based ap-
proach, which optimizes the position of its particles
iteratively using following equations[26]:

vk+1
p = avkp + c1r1

(
P k
best,p − xkp

)
+ c2r2

(
Gbest − xkp

)
(3)

xk+1
p = xkp + vk+1

p (4)

where vp and xp are the velocity and position of the
pth particle, respectively. k is the number of the itera-
tions. The position and velocity in the next iteration
(k + 1) are calculated based on the local and global
best known positions, which are P k

best,p and Gbest, re-

spectively. P k
best,p and Gbest are the best location of

pth particle and best particle location among all the
particles up to time t, respectively. c1 and c2 are the
acceleration values, which are constants in all itera-
tions and normally have the value between 0.5 and 2.
r1 and r2 are the random values between 0 and 1. a
is the inertia weight factor [27, 28].

In the proposed PSO-based approach, the particles
are the amplitudes and angles of the voltage harmon-
ics, which can be optimized at the secondary level
of the microgrid. As shown in the flow-chart in Fig.
4, number of particles are first generated randomly.
Then, these particles are injected into the primary
controller of each DG and the THD of the all buses
are measured and transferred to the secondary con-
troller. The local and global best positions are se-
lected based on the information captured at the sec-
ondary level. Each particle is applied for ∆t seconds
until the microgrid reaches to its steady state con-

Figure 4: The flow-chart of the PSO algorithm used at the
secondary level of the microgrid control[24].

dition. To meet the termination criteria, and find
the best position in the search area, the PSO-based
approach is applied to the microgrid for the j iter-
ations. In this study, the optimization algorithm is
terminated when the measured THD is less than the
standard value of THD.

3. Proposed robust objective function

The objective of this paper is to propose a robust
objective function assisted PSO based secondary con-
troller to reduce both THD of the CB and average
THD of the microgrid simultaneously. To achieve
this, the objective function is given by:

min a1THDb1
cr + a2THDb2

avg (5)

where THDcr and THDavg are the THD of the CB
and average THD of the microgrid, respectively. a1,
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a2, b1, and b2 are the objective function coefficients
and orders. The THD of the nth bus can be obtained
as follows:

THDn =

√
V 2
2n + V 2

3n + · · ·+ V 2
hn

V 2
1n

(6)

Furthermore, the average THD of the microgrid can
be calculated as follows:

THDavg =

N∑
i=1

THDi

N
(7)

where N is the total number of buses. Therefore, the
THD of the CB and average THD of the microgrid
used in (5) can be calculated based on (6) and (7).

Finally, the overall objective function and its con-
straints can be determined as follows:

min a1THDb1
cr + a2THDb2

avg

s.t. THDb1
cr < THD∗b1

THDb2
avg < THD∗b2

a1THDb1
cr + a2THDb2

avg < a1THD∗b1 + a2THD∗b2

(8)

where THD∗ is the standard value of THD in har-
monic standards such as IEEE std 519 [1]. Both THD
of the CB and average THD of the microgrid can be
minimized by using the proposed objective function
in (8) applied in PSO-based secondary controller of
the microgrid.

It is shown that the proposed method is a ro-
bust and accurate optimization based method to use
in harmonic mitigation purposes in microgrids, in
this section. The simulation results of the proposed
method will be presented in next section in order to
validate the effectiveness of the proposed approach.

4. Simulation results

In order to show the performance and effectiveness
of the proposed method, the simulation results for the
THD orders and coefficients, and the results under
load change situations are demonstrated in this sec-
tion. The considered islanded microgrid shown in Fig.
1 is implemented in the MATLAB/Simulink environ-
ment. Two 3 kW inverters are used in the DGs to
produce power. The microgrid parameters are given
in Table 1. The linear and non-linear loads are resis-
tors (RLL) and the resistor RNLL, which is in parallel

Table 1: System, Controllers and Load Parameters

System parameters Values

DC Link Voltage Vdc 750 V

System Frequency f 50 Hz

Switching Frequency fsw 10 kHz

LC filter L = 8mH,C = 22µF

Line Impedances (Z1 − Z6) RL = 0.8 Ω, LL = 2mH

Primary controller parameters Values

Current and Voltage Controller kpi = 20, kpv = 5

Droop Controller mi = 1× 10−3, ni = 5× 10−5

Rated Voltage (rms) 230 V

Load parameters Values

Linear Load RLL = 100 Ω

Non Linear Load RNLL = 55 Ω

Secondary controller parameters Values

PSO Parameters c1 = 2, c2 = 1, a = 0.99

with the three-phase diode rectifier, respectively. It
means that the diode rectifier is used to feed a load
represented by the resistor RNLL The CB, which is
bus number four is shown in Fig. 1. The particles
are injected for ∆t = 0.04 s in each iteration.

As discussed earlier, the main aim of the proposed
approach is to reduce both THD of the CB and av-
erage THD of the microgrid considering the variables
and constraints given in (8) by injecting the volt-
age harmonics optimized in the secondary controller
of the microgrid. In the following subsections, the
variables used in (8) are analyzed and determined.
Moreover, the statistical analysis of these variables,
and the performances of the proposed approach under
load change situations are considered and discussed.

4.1. Analysis of THD orders

The simulation results for different values of b1 and
b2 are shown in Figs. 5 and 6, respectively. Figs.
5(a) and 6(a) show all the different values for b1 and
b2 between 0.1 and 3, respectively. To have a better
look, the results for the values of b1 and b2 between 0.1
and 1 are shown in Fig. 5(b) and 6(b), respectively.
The results before and after applying the proposed
method and as well as for the steady state condition
are shown in Figs. 5 and 6. The objective function
and its constraint used in the secondary controller to
mitigate the THD of the CB are as follows:

min THDb1
cr

s.t. THDb1
cr < THD∗b1 (9)
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(a) b1 between 0.1 and 3.

(b) b1 < 1.

(c) b1 = 0.1.

Figure 5: Reduction of THDcr for different values of b1.

Furthermore, the objective function and its con-
straint applied in the secondary controller of the mi-
crogrid to reduce average THD of the microgrid are
as follows:

min THDb2
avg

s.t. THDb2
avg < THD∗b2 (10)

It is observed that the proposed PSO-based ap-
proach can be used effectively to mitigate THD of
the CB and average THD of the microgrid consid-
ering different order values between 0.1 and 3. The

(a) b2 between 0.1 and 3.

(b) b2 < 1.

(c) b2 = 0.1.

Figure 6: Reduction of THDavg for different values of b2.

harmonic standard can be met by using the proposed
approach for different values of b1 and b2. Moreover,
the simulation results show that proper value for both
b1 and b2 can be considered as 0.1, as shown in Figs.
5(c) and 6(c). With b1 = b2 = 0.1, the THDs remain
constant as compared to other values of b1 and b2. It
is suggested that the values of b1 and b2 are chosen as
0.1 in order to operate near the global minima. It is
also observed that the robust optimization based sec-
ondary controller can find the optimal solution fast
(within less than one second) and accurate. It can be

6



Table 2: THDb1
cr and THDb2

avg for different values of b1 and b2

b1 and b2

0.1 0.5 1 1.5 2 2.5 3

THDb1
cr

real 1.2 2.5 6.5 16.5 42 107 271.2

last 1.14 2.1 4 10.7 18.5 34.36 100

THDb2
avg

real 1.2 2.5 6.1 15 37 91.4 231.9

last 1.18 2.1 4.7 11.17 24 50 90

concluded that choosing the smaller values for b1 and
b2 can reduce the search and increase accuracy. More
results and reasons to choose smaller values for b1
and b2 will be discussed in the next subsection in or-
der to show that the smaller variation range is needed
for numerical efficiency. It is not suggested to choose
the value less than 0.1 since smaller variation range
introduces numerical issues and also it makes hard
to mitigate the voltage harmonic distortion since the
values of THD before and after applying the proposed
method would be too close to each other.

The values of THDb1
cr and THDb2

avg are shown in
Table 2 for different values of b1 and b2 before and
after applying the proposed method, which are stated
as real and last values in this table. It can be seen
that the proposed method can be effectively reduced
both THDs.

4.2. Analysis of THD coefficients

In this subsection, the results for different values of
a1 and a2 (THD coefficients) are shown and discussed.
As discussed and concluded in the last subsection, it
is recommended to choose b1 and b2 equal to 0.1 to
reduce the search area and increase accuracy. There-
fore, the results for only two values of these orders,
which are 1 and 0.1, are shown in Figs. 7 and 8.
Moreover, the results for equal values of a1 and a2
with b1 = b2 = 0.1 are shown in Fig. 9.

The simulation results for the values of a1 and a2
between 0.1 and 1.5 are shown in Fig. 7, in which
b1 and b2 are equal to 1. It is observed that the
PSO-based secondary controller along with the ro-
bust objective function, which is determined in (8)
can reduce both THDcr and THDavg of the microgrid
considering different coefficient values. Moreover,
a1THDcr+a2THDavg obviously increase dramatically
with the increase in the coefficient values. Moreover,
the global optimum can be achieved quickly by using
the robust optimization based harmonic mitigation
method.

Similar figures can be obtained for different values
of a1 and a2 with b1 = b2 = 0.1, as shown in Fig.

(a) Different values of a2 with a1 = 1.

(b) Different values of a1 with a2 = 1.

Figure 7: Reduction in a1THDcr + a2THDavg for different val-
ues of a1 and a2 with b1 = b2 = 1.

8. It is shown that the objective function determined
in (8) and its constraints can be met for different
values of a1 and a2 by using the proposed approach.
Moreover, a1THD0.1

cr + a2THD0.1
avg increase gradually

with the increase in the coefficient values.

To briefly conclude this subsection, the simula-
tion results for the proposed objective function deter-
mined in (8) with different values of a1 and a2 show
that the robust objective function with respect to its
constraints can be used at the secondary controller of
the multi-bus microgrid to reduce voltage harmonic
distortion. Moreover, the simulation results for wide
ranges of a1 and a2 are shown in Figs. 7, 8, and 9,
which are between 0.1 and 3. Therefore, the weighted
THD can be achieved by changing the value of a1 and
a2. For example, in the situation that the THD of the
CB is much more than the other buses, the value of
a1, which is the weight for THDcr can be chosen larger
than a2. Moreover, the best value for THD orders b1
and b2 are determined based on the simulation re-
sults. It is shown that smoother harmonic distortion
can be achieved by using smaller value of b. Further-
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(a) Different values of a2 with a1 = 1.

(b) Different values of a1 with a2 = 1.

Figure 8: Reduction in a1THD0.1
cr + a2THD0.1

avg for different
values of a1 and a2 with b1 = b2 = 0.1.

Figure 9: Reduction in a1THD0.1
cr + a2THD0.1

avg for equal values
of a1 and a2 with b1 = b2 = 0.1.

more, it is observed that the proposed approach can
be used for wide range of THD coefficients a1 and
a2. Finally, it can also be concluded that the robust
optimization based method can reach the global opti-
mum quickly and accurately. In the next subsection,
the simulation results for load change situations are
shown.

The values of a1THDb1
cr + a2THDb2

avg are shown in
Table 3 for different values of coefficients before and

Table 3: a1THDb1
cr + a2THDb2

avg for different values of coeffi-
cients

a1 = 1 and a2 a1 and a2 = 1

0.1 0.5 1 1.5 0.1 0.5 1 1.5

b1 = b2 = 1
real 9.1 11.62 14.7 18 9.1 11.62 14.7 18

last 5.1 7.19 9.9 9.5 5.1 7.2 9.8 9.5

b1 = b2 = 0.1
real 1.36 1.83 2.43 3.1 1.36 1.83 2.43 3.1

last 1.29 1.72 2.34 2.9 1.25 1.73 2.34 2.8

Figure 10: The values of two terms in (8) for different values
of a1, a2, b1 and b2.

after applying the proposed method, which are stated
as real and last values in this table. It can be seen
that the proposed method can be effectively reduced
the THD calculated in (8).

4.3. Statistical analysis of variables

There are two terms in the proposed objective func-
tion in (8), which are a1THDb1

cr and a2THDb2
avg. The

results for these two terms considering different val-
ues of a1, a2, b1 and b2 are shown in Fig. 10. It should
be mentioned that the best values for both terms in
(8), which meet the objective function requirement
are the lowest value in each optimization process.

As shown in Fig. 10, the increase in a coefficients
and b orders of the two terms lead to the increase
in the area of the search for the PSO algorithm.
For instance, the search area for a1 = a2 = 3 and
b1 = b2 = 1 is about 14 percent. It means that the
PSO algorithm should search in this area to achieve
the objective function determined in (8). However,
the search area for a1 = a2 = 3 and b1 = b2 = 0.1
is less than 0.5 percent, which is much less than for
b1 = b2 = 1. Therefore, the search space is signif-
icantly reduced wherein the global optimum lies to
minimize both THD of the CB and average THD of
the microgrid.

For a better understanding, the simulation results
for a given a1 and a2 are shown in Fig. 11. It is

8



(a) a1 = 0.1 and a2 = 1.

(b) a1 = 1 and a2 = 0.1.

(c) a1 = a2 = 3.

Figure 11: The values of two terms in (8) for different values
of a1 and a2.

obvious that with the increase in b orders the search
area for the PSO algorithm is wider. Moreover, the
proposed algorithm can be used for the coefficients
of parameter a in a wide range. It is also observed
that the modified objective function can reach global
optimum quickly and also accurately when the val-
ues of b are decreased. Hence, the search area would
be reduced and an accurate optimal solution can be
achieved by using the robust objective function in the
PSO-based secondary controller.

(a) Results for reduction of both THD0.1
cr and THD0.1

avg.

(b) Results for a1THD0.1
cr + a2THD0.1

avg.

Figure 12: Load change scenarios.

4.4. Load change situations

The analysis of the proposed objective function has
been carried out in this subsection for two load change
situations. The resistance RNLL of nonlinear load,
which is in parallel with the three-phase diode rec-
tifier has been changed from 55 Ω to 45 Ω and 35 Ω
for the two cases. As discussed earlier, the value of
b1 and b2 are equal to 0.1 in order to have a smaller
search area and therefore, reduce the search time and
number of iterations. The simulation results for the
two cases are shown in Fig. 12.

As it can be seen from Fig. 12, the proposed ap-
proach can be applied to the islanded microgrids in
order to mitigate the harmonic distortion according
to the robust objective function in (8) under load
changes. Before the microgrid load has been changed,
the proposed approach applied to mitigate both THD
of the CB and average THD of the microgrid with
a1 = a2 = 1. For the next two load changes, the
value of a2 is changed from 1 to 0.5 in order to show
that the robust optimization based harmonic mitiga-
tion method can meet the harmonic standard criteria
with different coefficients used for the two terms in

9



(8). It means that the weighted factor of the THDcr

is two times of the THDavg. The simulation results in
Figs. 12(a) and 12(b) are proving that the proposed
robust approach can be applied to the microgrid to
reduce THDcr and THDavg simultaneously even in
the worst case load scenarios like in the second load
change situation.

4.5. Communication Delay Analysis

In this subsection, a time delay, which is, for sim-
plicity, chosen as a fraction of the sampling time is
used for the input signals of the secondary controller.
It means that the outputs, which are THDs in this pa-
per, are sent to the secondary controller with a time
delay. Hence, the value of THD during the time de-
lay is considered zero. In other words, the secondary
controller will receive the information with a delay
of 0.08 s through the communication links. Hence,
the THD is considered zero, when time delay is ap-
plied since the information to calculate the THD and
as a result, value of THD are not received through
the communication links. Furthermore, it should be
mentioned that the optimization algorithm is inac-
tive, when the time delay is applied. The time delay
is considered 1/4, 2/4, 3/4, 1 and 2 times of the sam-
pling time, which is 0.04 s. The results for the THD
calculated in (8) with a1 = a2 = 1, b1 = b2 = 0.1
and b1 = b2 = 1 are given in Table 4. In this table,
the value of THD calculated in (8) with and without
the proposed method for both cases, a1 = a2 = 1,
b1 = b2 = 0.1 and a1 = a2 = 1, b1 = b2 = 1, are
given in two situations; with and without time de-
lay. It should be noted that the time delay starts
at 0.2 s during the performance of the microgrid. It
can be seen that the THD can be reduced by using
the proposed approach properly even in the presence
of the time delay. It should also be mentioned that
the greater the time delay would result in the greater
time to meet the objectives of PSO optimization al-
gorithm. Moreover, the application of the proposed
method in two situations; with and without time de-
lays for both cases, a1 = a2 = 1, b1 = b2 = 0.1 and
a1 = a2 = 1, b1 = b2 = 1, are shown in Fig. 13(a)
and Fig. 13(b), respectively. The effectiveness of the
proposed method to reduce THD for worst case sce-
nario, which is the time delay of 0.08 s in this paper,
is shown in these figures. It can be seen that the
proposed approach can effectively reduce THD with
and without delay. It is evident that the proposed
method can reduce THD calculated in (8) for both

Table 4: THD values (%) for different time delays

Without
delay

Time Delay as a fraction of Ts (s)
1
4Ts

2
4Ts

3
4Ts Ts 2Ts

(0.01) (0.02) (0.03) (0.04) (0.08)

b1 = b2 = 0.1
Without proposed method 2.44 2.44 2.44 2.44 2.44 2.44

With proposed method 2.3 2.31 2.3 2.32 2.29 2.32

b1 = b2 = 1
Without proposed method 14.63 14.63 14.63 14.63 14.63 14.63

With proposed method 9.7 9.65 9.73 9.61 9.5 9.7

(a) b1 = b2 = 0.1.

(b) b1 = b2 = 1.

Figure 13: Reduction in THDb1
cr + a2THDb2

avg.

cases, a1 = a2 = 1, b1 = b2 = 0.1 and a1 = a2 = 1,
b1 = b2 = 1, under the THD limit in [1], which are
respectively 2.35 % and 10 % in these cases, in the
presence of time delay.

5. Discussion

The proposed objective function with its con-
straints are defined in (8). The suggested objec-
tive function can be used in the optimization-based
secondary controller of the microgrids to reduce the
THD of the CB and average THD of the multi-bus
microgrid simultaneously. There are four variables
a1, a2, b1 and b2 to be used in the proposed objec-
tive function, which can be used in the wide range.
It is suggested to use small b variables (b1 and b2)
(e.g. 0.1) according to the simulations and statistical
analysis to reduce the search area of the optimization
algorithm, increase the accuracy, and have a better
THD response.
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The a variables (a1 and a2), which are the coef-
ficients of the THD terms can be considered as the
weighting factors for each term. Therefore, the THD
of the CB and average THD of the microgrid can have
different weights in different situations. In this paper,
the range of weighting factors is considered [0.1, 3]. It
is obvious that the increase in the proposed objective
function variables (both a and b) would increase the
value of THD combinations.

In this paper, the simulation and statistical anal-
ysis for different situations of the proposed objective
function are discussed. The results show that the ro-
bust optimization approach can mitigate both THD
of the CB and average THD of the microgrid simul-
taneously in multi-bus islanded microgrids. As sec-
ondary controllers usually operates in seconds, it is
important to have a fast and yet accurate optimal
solution, which is ensured by using the robust opti-
mization approach at the secondary level of the mi-
crogrid. For the practical implementation, a look-up
table can be created based on the pre-obtained opti-
mal particles and calculate the sample distances for
every iteration in the optimization search space. It
means that the current particles during the opera-
tion, which is close to the best answer can be found
and stored, and then calculate the sample distance.
Therefore, pre-calculated optimized points using K
nearest neighbor or simpler sample distance calcula-
tion to each pre-calculated optimized point can be
applied to the real-time system.

6. Conclusion

A robust optimization-based method, in which a
modified objective function is used in the optimiza-
tion algorithm is proposed in this paper to reduce
harmonic distortion in the multi-bus islanded micro-
grid. The modified objective function suggests four
possibilities for parameters to be tuned. Therefore,
the microgrid control designers have more possibili-
ties for reducing harmonic distortion in the large mi-
crogrids.

The effects of these four variables on the proposed
harmonic mitigation method are explored in this pa-
per. The detailed simulation studies and statistical
analysis are carried out for a multi-bus islanded mi-
crogrid. The results show that the THD of the critical
bus and average THD of the multi-bus microgrid are
reduced simultaneously by using the proposed robust
optimization-based approach along with the modified

objective function, as well as they can meet the har-
monic standards like IEEE 519 standard. Moreover,
the reduced range of the four variables are found and
discussed. It has been proved with a set of numer-
ical simulations with different parameters that the
search space of the optimization algorithm is reduced
around the global minima by using the proposed ap-
proach. Therefore, the search time and number of
iterations can be reduced significantly. Although the
PSO-based secondary controller along with the mod-
ified objective function is used in this paper, other
population based algorithms can be applied at the
secondary level in future work. Moreover, the appli-
cation of the robust approach can be studied in the
multi-bus multi-inverter microgrids in the future.
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