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Review of Harmonic Mitigation Methods in
Microgrid: From a Hierarchical Control Perspective

Behrooz Adineh, Reza Keypour, Member, IEEE, Pooya Davari, Senior, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—The Microgrid concept has been emerged into
the power system to provide reliable, renewable and cheaper
electricity for the rising global demand. When the microgrids
are introduced, there will be several concerns such as active
and reactive power sharing, load management, connecting to
the main grid, voltage and current deviations, etc. Recently,
with the fast deployment of distributed generation, methods to
mitigate microgrid harmonics caused by nonlinear loads and
power electronic devices have become one of the main focus
areas. Consequently, many research works are devoted to this
area introducing different harmonic mitigation methods suitable
for the microgrids. Hence, the main goal of this paper is to clearly
present a comprehensive review of harmonic mitigation methods
from hierarchical control view-point. The control strategies
proposed to mitigate harmonics are classified into three groups;
Primary, secondary, and tertiary. Furthermore, this overview
draws a sketch on the global trends in harmonic mitigation
methods of an ac microgrid directly applicable to today’s smart
grid applications.

Index Terms—Harmonics mitigation, hierarchical control, mi-
crogrid control, power quality, power electronics, renewable
energy.

I. INTRODUCTION

OWADAYS distributed generations (DGs) like solar sys-

tems, wind turbines, fuel cells and others have gained
more attention due to their great benefits such as being
renewable (i.e., reducing carbon foot print or substituting
fossil-fuel), providing reliable electricity to areas lacking of
electrical infrastructure [1], reducing environmental issues [2],
improving overall system reliability, etc [3]-[10]. Integration
of DGs along with linear and nonlinear loads is known as
a microgrid [11]-[19]. Microgrids can be operated in two
modes; islanded or grid-tied (grid connected) modes [20]-
[22]. In the islanded mode, there is no connection between the
microgrid and the main grid. Microgrid acts as a self-providing
system, which generates power and provides its needs [23].
However, in the grid connected mode, a microgrid can send
power to or receive power from the main grid [24]. With the
penetration of microgrid, the hierarchical control concept is
introduced [22], [25]-[28]. It should be noted that there are
some literature explaining the nature of microgrids [29], [30]
and the hierarchical control used to improve their reliability,
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operation and efficiency [31], [32]. The hierarchical control of
each microgrid can be categorized into three levels, as shown
in Fig. 1. The first level is known as the primary level, which
has to share active and reactive power properly among DGs,
to keep voltage and frequency in a specified range and avoid
circulating current between DGs. The main control system at
this level is droop control (DrC) along with inner voltage
and current controllers [33]. Inner controller structures are
analyzed in [33]. The voltage and frequency deviations caused
by the primary controller are compensated by the controllers
used at the secondary level. The main roles of the tertiary
controller are to share power in grid-tied mode and monitor the
microgrid to operate optimally and economically. Although the
use of these three level of controllers improves the reliability
and efficiency of the microgrid in both modes, there are still
some great concerns such as voltage and current harmonic
distortions and also harmonic sharing problems between con-
verters. Therefore, the authors proposed new control methods
to overcome these issues [34]-[40].
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Fig. 1. Hierarchical control of microgrid

Switching, resonance, and nonlinear loads are the main
reasons for that microgrids are polluting with voltage or
current harmonics. First, the use of power electronic devices
in DGs, which are crucial to generate and transfer ac powers
to the loads is the first main reason of having harmonics in
microgrids [9], [41]. These power converters generate voltage
and current harmonics in DG’s output due to their switching
process, also control interaction and resonances. Resonance
could come from the filter of a power converter, interaction of
multiple converter filters or among filter capacitance and the
line inductance. The voltage and current harmonics include
high frequency harmonic components, which should be miti-
gated by using the new controllers in hierarchical control of
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the microgrid. On the other hand, the existence of nonlinear
loads in the microgrid is another main reason for generating
harmonics [42]. These nonlinear loads generate low frequency
harmonic components at multiples of the microgrid frequency,
which is usually 50 or 60 Hz [43].

With the high penetration of microgrids in the power system,
voltage and current harmonics generated by the renewable
energy sources using power converters in their structures are
crucial to understand and investigate. The whole trend of
microgrid research and, all experimental and simulation results
are bound to make microgrids feasible, reliable and harmonic
free systems with good power quality. There are some lit-
erature reviewed microgrid concepts, hierarchical control of
microgrid and harmonic mitigation methods in a particular
renewable energy source such as PV systems [36], [37], [43],
[44], or harmonic mitigation methods only for single phase
microgrids [45]. However, harmonic compensation methods
in both single and three phase ac microgrids are not well
addressed. It is necessary to have such a review to understand
and compare the current state of the art of methods used
to mitigate harmonic distortion in microgrids. Therefore, the
main aim of this paper is to tackle this vital necessity of power
electronic based systems, in order to clearly understand the
control approaches proposed for harmonic mitigation in ac
microgrids.

The main core of this paper is to provide an overview on
prior-art and state-of-the-art harmonic compensation methods
in ac microgrids. State of art control schemes used in different
literature are classified into three control levels; Primary, sec-
ondary, and tertiary. Since the first level in hierarchical control
of microgrid has less complexity and can be used without
communication links, many methods are proposed to mitigate
and share harmonics at the primary level. The main approaches
used at the primary level are modified droop controller (MDC),
harmonic droop controller (HDC), virtual impedance (VI)
loop, proportional-resonance (PR) controller, and repetitive
controller (RC), as shown in Fig. 2. On the other hand,
there are some papers proposing harmonic mitigation methods
at the secondary or tertiary level, which both levels need
communication links. In these methods, the central controller
is able to compensate voltage or current harmonics using
strategies such as optimization methods, neural networks, etc.
The main strategies proposed in the literature are shown in
Fig. 2.

The rest of this paper is as follows: the standards and
limitations of harmonics in microgrid are addressed in section
II. The harmonic detection and extraction methods are briefly
discussed in section III. Section IV and V describe and explain
the methods used at the primary and secondary levels of
microgrid, respectively. Moreover, there is a subsection for
comparing the control methods proposed at each level and
explaining their future trends. The approaches used at the last
level of the hierarchical control are well explained in section
VI, and Section VII is the conclusion of this paper.
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Fig. 2. Categorizing harmonic mitigation methods based on their control
levels

II. HARMONIC STANDARDS AND LIMITATIONS FOR
MICROGRIDS

The main objectives of methods proposed in the literature
in order to enhance power quality in microgrids are as follows
[39], [43]:

1) Mitigation of point of common coupling (PCC) voltage

harmonics;

2) Mitigation of local load harmonics;

3) Harmonic cancelation of DG line current;

Although most of the proposed methods are used to mit-
igate local harmonics in a microgrid including two inverters
connected to the one bus named PCC or critical bus, it seems
that it is necessary to extend the microgrid as a network and
try to minimum harmonics in such a multi-bus microgrid like
the ones in [46]. Therefore, there might be other objectives
such as:

4) Mitigation of voltage and current harmonics in the

critical bus of multi-bus microgrid;

5) Minimization of voltage and current harmonics of all

buses in the multi-bus microgrid;

6) Current harmonics from individual equipment in micro-

grid.

It should be noted that all the proposed methods should meet
the criteria suggested in the global power quality standards.
For instance, the IEEE Standards board has two well-known
and well-established standards that are useful for the grid with
renewable energy sources integration [47], [48]. As displayed
in Table I, it can be realized that the voltage harmonic distor-
tion for an individual harmonic and total harmonic distortion
(THD) limitations of PCC are decreased with the increase in
the rated voltage of PCC.

TABLE I
IEEE 519 STANDARD: VOLTAGE HARMONIC DISTORTION LIMITS
PCC rated voltage (kV) | Individual harmonic (%) | THD (%)
V<1 5 8
1<V <69 3 5
69 <V <161 1.5 2.5
161 <V 1 1.5

The tables used in [48] and [49] are describing the current
harmonic distortion limits in the microgrid for different rated
voltages.
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III. HARMONIC DETECTION METHODS (BRIEF REVIEW)

The main task of the harmonic detection method is to detect
and extract the harmonic components of currents or voltages,
which should be mitigated by the harmonic compensation
methods. In other words, the features of harmonics such as
amplitude, phase, etc. should be detected by using a reliable
and accurate method from an input signal. Then, the harmonic
distortion can be reduced by applying the proposed harmonic
mitigation method, as shown in Fig. 3. Hence, the harmonic
detection methods used in the microgrids are reviewed and
classified into two groups, namely frequency-domain and
time-domain groups, which are based on their mathematical
algorithms in this section.

For the frequency-domain methods, the Fourier analysis is
commonly used and rearranged to extract harmonic compo-
nents from the input signals [50]. Currently, the main Fourier-
based approaches are discrete Fourier transform (DFT), fast
Fourier transform (FFT) [46], [51], and sliding discrete Fourier
transform (SDFT) [52]. These methods need at least one
cycle settling time, large memory storage and careful syn-
chronization between fundamental and sampling frequency.
They also have unreliable response in transient conditions.
Therefore, the frequency domain methods could be more
useful in monitoring and metering of harmonics. On the other
hand, the time-domain approaches increase speed, require less
calculations and would work better in real-time harmonic
mitigation applications compared to the frequency ones [50],
[53].

There are many published articles, which introduce and use
time-domain harmonic detection methods to extract harmon-
ics from the input signals. If the purpose of the harmonic
extraction is to separate harmonics as a whole by excluding
the fundamental component of the signal, the instantaneous
power theory (pq) based approaches can be used [54]-[56].
Although, these methods can extract harmonics by using high
pass filters (HPF), their function and calculation would be
affected if an unbalanced situation has occurred in the system.
Furthermore, there are approaches, which are currently used
more in microgrid applications and can extract harmonic
components individually such as PR filters [57]-[59], second
order generalized integrators (SOGI) [56], [60], delayed signal
cancellation (DSC) [53], [61], [62], and moving average filters
(MAF) [63], [64]. Some enhanced methods, based on the
mentioned ones, are proposed in the literature for instance
double SOGI (DSOGI) [65], [66], multi SOGI (MSOGI) [67],
[68], cascaded DSC (CDSC) [62], [69], and MAF-DSC [70]
to improve the performance and dynamic of such methods.
It should be noted that all these methods widely use phase
or frequency detection schemes such as phase/frequency lock
loop (PLL/FLL) to track the fundamental frequency especially
in unbalanced situations.

Despite the advantages of the related methods such as their
capability to be used for both single and three phase sys-
tems, do not need numerical filters, work well in unbalanced
situations, and can extract positive-negative sequences, the
proposed selective harmonic detection approaches have some
drawbacks. The SOGI-based methods are prone to frequency
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Fig. 3. Harmonic detection methods used in microgrids

fluctuation, they have slow response and give computational
burden especially in MSOGI, and zero steady state error for
the SOGI and DSOGI. The DSC-based methods suffer from
discretization errors during the digital implementation and
have a computational burden [62], [69]. Therefore, based on
the pros and cons of the harmonic detection methods, a reliable
and suitable method must be chosen and used in the different
microgrid applications.

IV. PROPOSED METHODS AT PRIMARY LEVEL

The main tasks of primary controller in a microgrid are
voltage and frequency regulation, and active and reactive
power control in both islanded and grid connected modes [22],
[31]. Since this control level has the fastest response among the
others and can be operated without any communication links,
authors have preferred to propose their harmonic mitigation
methods at this level. Conventional droop controller and inner
voltage and current controllers are the most common and
useful parts in a local primary controller, as shown in Fig.
4 [71]-[73]. In [54], [74]-[76], a modified droop controller
is proposed to reduce THD of PCC. In this case, the main
equations of the conventional droop controller are modified
by using additional parameters. Moreover, some literature
have proposed the harmonic droop controller along with the
conventional or modified droop controller as in [77]-[84].

Some literature have reviewed the primary control strate-
gies of microgrids as given in [3], [85]-[89]. In [90], some
approaches using proportional-integral (PI), PR and nonlinear
controllers for improving power quality of microgrids are dis-
cussed. However, the proposed harmonic mitigation methods
used at the primary level are not well-reviewed in the literature.
In this section, the methods proposed at the primary level of
the microgrid are classified into five main groups, like shown
in Fig. 2. The first two groups in Fig. 2 are modified and
harmonic droop controllers, in which the main goal of these
methods is to change the voltage reference entering the inner
current and voltage controllers. Another common solution for
improving power quality in microgrid is virtual impedance
or admittance, in which the DG current is modified and then
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added to the DG voltage, as shown in Fig. 5. Other methods
such as PR, repetitive, and so on controllers are often used in
the current and voltage inner controllers to mitigate harmonic
distortion, as shown in Fig. 5. In the following subsections,
these methods are reviewed comprehensively and compared in
the last subsection.

A. Modified Droop Controller (MDC)

Generally in the literature, the active power-frequency (P —
f) and reactive power-voltage (QQ — V') droop controllers are
used to share power between DGs. The equations of droop
controller is as follows:

w; =w; —m;P;, E;=FE—n;Q; (D

where w}, E, P; and (); are the rated frequency, voltage
amplitude, active and reactive power of it" inverter in the mi-
crogrid, respectively. To mitigate voltage harmonic distortion
at the parimary level of the microgrids, the authors modified
the droop controller or added harmonic droop controller to the
conventional one, as it is shown in Fig. 4. These methods will
be reviewed in the two next subsections.

Modified droop controller (MDC), which is presented in
Fig. 4 at the primary level of microgrid is used to modify
the generated voltage reference. In [55], a modified voltage
and frequency droop controller is introduced including a linear
quadratic Gaussian scheme along with a Kalman estimation
to mitigate voltage harmonic distortion in both islanded and
grid connected microgrids using a LCL filter. In [75], a new
droop characteristic, named as G — H droop, is added to the
conventional droop given as:

G; = Go —b; (Hy; — H;) 2

reference for the PWM inverter in the grid connected mode.
In [57], the conventional droop controller for the single
phase inverters with resistive output impedances is modified.
In the proposed method, the output voltage reference of the
conventional droop controller is changed as follows:

Urefnew = Uref — kﬂL + kR (Uref - Uo) (4)

where vyer, ki, iz, kR, and v, are the reference voltage,
current constant, inductor current, low pass filter constant in
harmonic frequencies and output voltage, respectively. It is
concluded that the main reason for affecting the voltage THD
is the amplitude of the output impedance, and not the phase.

As shown in Table II, MDC based methods are somehow
complex and sensitive to the microgrid parameter variations,
which make them undesirable for practical purposes. More-
over, the only objective achieved in the literature is the com-
pensation of voltage harmonics at PCC and other harmonic
issues, as discussed in section II, have not yet been considered.

B. Harmonic Droop Controller (HDC)

Harmonic droop controller (HDC) is a harmonic mitigation
method, which is used along with the conventional droop
controller or MDC, as shown in Fig. 4. Harmonic extraction
methods are playing a significant role in these methods and
applied to separate harmonic components. The output voltage
of the HDC is added to the voltage reference generated by the
droop controller.

In [26], some harmonic cancellation methods along with the
droop controller are introduced and investigated. In [77], the
model of the grid connected inverter is explained at harmonic
frequencies and a harmonic droop controller is introduced to
add the right harmonic voltage reference to the droop con-
troller for the sake of elimination of the harmonic components
at the output voltage by minimizing the output impedance
of the inverter. In [91], a selective harmonic suppression
block is proposed along with the droop controller and virtual
impedance to compensate THD of PCC voltage. In [92],
a harmonic suppression controller including two low pass
filters and two PI controllers for each harmonic component in
addition to VI and conventional droop controller is introduced
to modify the output of the inner current controller in order
to reduce the selected harmonic components in an islanded
microgrid.
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As shown in Table II, the complexity level of the HDC based
methods is not very low and these methods are sensitive to
microgrid parameter variations. Moreover, the only objective
achieved is the compensation of voltage harmonics at PCC
and other harmonic issues, as discussed in section II, have not
yet been considered.

C. Virtual Impedance and Admittance (VIA)

The idea of using virtual impedance or/and admittance
(VIA) loop in the primary control is recently developed to
reduce power quality issues in microgrid by reshaping the
output impedance. Although the first VIA methods are strongly
sensitive to the microgrid impedances, adaptive VIA methods
are suggested, which have a computational burden and they are
more complex. Simple structure of the virtual block for voltage
source converters is presented in Fig. 5. The output voltage of
virtual impedance v,, is added to the output voltage reference
of the droop controller vy, , to shape the virtual impedance
control loop, and its equatlon is as follows:

— Zylo, DG )

where Z, is the virtual output 1mpedance of inverter. To
reduce voltage harmonic distortion in microgrid using the
virtual impedance loop, (5) is modified as follows:

(Zv + Zh)io,DG (6)

where Zj, is the virtual harmonic impedance, which can be
resistive, capacitive, etc. If the virtual harmonic impedance
parameters including virtual harmonic and filters gains are
properly designed and adjusted, the harmonic compensation
can be achieved.

In [93] and [94], VIs for both voltage and current source
converters considering their functions are classified and also,
some of papers are using VIs for harmonic current and voltage
reduction are listed in [93]. In [94], a modified VI term is
used in the local controller of DG to show that it is not too
sensitive to the harmonics generated by the nonlinear loads
in microgrid compared to the previous VI schemes. In [95],
the output current of DG is decomposed to negative, positive
and harmonic components and then compensated by using the
virtual impedance scheme. In [96], the THD of the output
voltage is reduced by using multiresonant controllers in the
inner voltage loop and a virtual resistive loop with the need
for local measurement. The reference voltage is as follows:

_ *
Vpef = Upep — Uy = Uy

_ * _ *
Uref = Uref — Uy = UV‘ef -

11

S Bu-R)ion ()

h=3,5,...

Uref = U:ef — Ryio —

where R,, i, and R;, are the virtual resistive term, output
current of DG, and the resistive coefficient of each harmonic
for h component of i,, respectively. R;, should be chosen less
than R,.

A similar approach is proposed in [97], in which a new term
as given in (8) is added to the voltage reference and virtual
inductance to obtain a THD mitigation of the output voltage.

Z Rpion ®)

=3,5,.

* .
Uref = Upep — sLyi, —

where L, is the virtual inductance term. In order to extract
the fundamental and harmonic components of the output
current, a band pass filter is used for each selected harmonic
order [96], [97].

In [98], the virtual variable harmonic impedance loop
is used at the harmonic frequencies to regulate the output
voltage of islanded microgrid. In [60], a different virtual
impedance scheme, which can be used as a resistive, induc-
tive or complex impedances, with SOGI is used to obtain
less output voltage distortion caused by nonlinear loads. In
[99], a wireless controller with three loops is proposed to
share nonlinear loads and compensate the THD of the load
voltage. However, there will be current peaks and hot-swap
issues in the proposed droop controller method. In [100],
a virtual complex impedance loop is combined with the
droop controller to obtain current sharing between DGs and
output voltage harmonic minimization. The complex virtual
impedance, including resistive and inductive terms and the
used low pass filter, is given as follows:

=R, + SL, ©))

+ We

where R, L, and w,. are virtual resistance and inductance,
and cut off frequency of the low pass filter, respectively.

In [56], a virtual resistor loop is proposed to damp multi
resonances in a single phase grid connected microgrid. In
[101], it is shown that the use of capacitive VI would mitigate
the harmonic distortion of an islanded microgrid by extracting
the negative and positive sequence components of the output
current. In [58] and [102], a virtual capacitance scheme is
proposed to compensate selective harmonic components (3, 5,
7, 9) in an islanded microgrid. The total virtual impedance is
as follows:

Weh (kphs + klh)
82 + wWeps + wy,

D

h=3,5,7,9

(10)

where wep, kpp, ki and wy, are bandwidth, proportional
gain, integral gain and frequency of each harmonic compo-
nent, respectively. Although simulation results showed good
improvement in mitigating voltage harmonic distortion in
inverters with LCL filters, there are many parameters to be
chosen for each harmonic component. Furthermore, the way
to adjust these parameters is not clear.

n [103], virtual admittance and capacitance schemes are
proposed to mitigate the harmonics of the output current and
voltage in a single phase microgrid, respectively. The virtual
impedance is the same as (10) and the virtual admittance is
as follows:

wns +wh )

52 + wps + wh)2

Y, = Z

where C,, w,, and wy, are gain of each harmonic component,
fundamental and harmonic frequencies, respectively. Although
the compensation of the harmonic current is achieved using
virtual admittance, the grid frequency variation is not consid-
ered since Y, is dependent on the grid frequency.

In [104], a capacitive VI loop was proposed in order to
decrease the voltage harmonics at the PCC in a single phase

(1)

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 18,2020 at 10:16:03 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3001971, IEEE Journal

of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 6

microgrid. In [51], negative sequences of virtual harmonic
impedance are used only at harmonic frequencies to reduce
the harmonic voltage of the load side in an islanded microgrid.
In [65], an enhanced VI approach is proposed to reduce THD
of PCC voltage in an islanded microgrid by adding two new
generated signals into the voltage reference. In [66], voltage
harmonic distortion compensation is achieved by using an
adaptive virtual impedance (VIA) scheme in addition to the
harmonic cancellation block using a proposed self tuning
filter for harmonic extraction to reduce the number of Phase
Locked Loop (PLL) blocks. In [68], the modified virtual
impedance and admittance are introduced to mitigate selective
harmonic components in voltage and current source inverters,
respectively. In [105], a variable virtual harmonic impedance
scheme is combined with the conventional droop controller
and the positive and negative harmonic components of the
output voltage are reduced in a grid tied converter using PR
controllers. In [106], a virtual impedance scheme is proposed
to compensate negative and positive sequence of both third and
fifth harmonic components in both islanded and grid connected
microgrids.

As discussed above, it is revealed that the negative, positive,
and harmonic extraction methods are needed to improve the
performance of VIA methods for compensating harmonic
distortion in microgrids. Therefore, the proposed VIA methods
would be more complex. As shown in Table II, although
improved VI based approaches can be independent of the
microgrid parameters, the procedure to design and adjust the
parameters of these control methods would be very complex.

D. Proportional Resonant Controller

One of the common controllers used in the inner current and
voltage controllers of the microgrid is PR controller, which
is including proportional (P) and resonant controllers to be
used for harmonic mitigation purposes. Since PR controllers
are applied in the stationary frame (« and [3), synchronization
problems in three phase microgrids and steady state errors in
single phase ones can be neglected. Therefore, PR controllers
can be used in both single and three phase systems to mitigate
selected harmonics. However, using one resonant controller
for each harmonic component would increase the complexity
and it would make the steady state response slow. The main
transfer function of the PR controller is as follows:

h
kiS

24 w?

k’i S
Gt:kP‘f‘GR‘i‘G’};i:kP“r “!‘Zm

(12)
where Gp and G% are the transfer function of an ideal
resonant controller and harmonic compensator (HC) of this
controllers, respectively. kp, k;, k;, and h are the gains of
proportional, integral and HC controllers, and the harmonic
order, respectively. k, is adjusted as for a PI controller,
and generally determines the microgrid dynamics. To avoid
stability issues related to an infinite gain at the frequency of
wy in (12), a non-ideal PR controller and HC can be used as

follows:

h
kinwes

kiwes no
$24 2wes w2’ BT Z $2 4+ 2w.s + (wnh)(QB)
where w, is the cut-off frequency of the non-ideal PR con-
troller. If the HC parameters including k;;, and w,. are properly
tuned, the selective harmonic compensation can be achieved.

In [59], the authors introduced and investigated the fea-
tures of PR controllers in the single and three phase grid
tied converters. In [107], a multivariable-PI-resonant voltage
controller is presented for regulating the output voltage. In
[108] and [109], a PR controller and harmonic compensator
are proposed together in the inner current loop to reduce the
selected harmonics of DG current. Furthermore, a comparison
between PR, PR and HC, and PI controllers are done for a
single phase PV full bridge inverter. The PR and HC transfer
functions are as given (12).

Next, in [110], the authors suggested applying PR and HC
controllers in three phase grid connected microgrid using PLL
in order to estimate the frequency needed for an adaptive
current controller. Furthermore, the harmonic spectrum of grid
current in the presence of the PI, PR, and DeadBeat (DB)
controllers are shown in [33]. The results showed that the DB
controller has better behavior in grid connected microgrid to
reduce harmonic distortion. In [111], a PI-PR current con-
troller is proposed and investigated to reduce both positive and
negative sequence of harmonics in the rotating frame. The use
of this method is not discussed for grid connected microgrids.
In [112], a multifunctional controller based on multi PR
and harmonic impedance controllers is proposed to mitigate
harmonic distortion and voltage unbalance in a grid connected
microgrid. In addition, a virtual negative sequence impedance
is implemented on the controller to suppress negative sequence
of the unbalanced load currents. In [113], a PI-PR controller
along with a low pass filter in series with the modified virtual
impedance loop is proposed to improve the voltage THD of
an islanded microgrid.

As shown in Table II, the PR controllers can be used in
combination with other mitigation methods such as VI, MDC,
HDC, and HC to improve the performance of such controllers
and microgrid.

Gr =

E. Repetitive Controller

Another controller structure used in the inner controllers
of the primary controller is the repetitive controller. In [118],
a compensator based on the repetitive and deadbeat control
is proposed to reduce the THD of voltage in an islanded
microgrid, in which a discrete time mathematical model of
the proposed controller is presented and used. Moreover, a
comparison between PI and RC is done and it is observed
that although the RC has a longer settling time, it is much
more effective than the PI controller to reduce voltage THD
[119]. In [120], a repetitive controller based on a finite-impulse
response digital filter is proposed to reduce selected harmonics
and THD of the PCC in the single phase grid connected PV
system. In [114]-[117], the use of H*® repetitive controllers
in current and voltage loops is investigated in order to mitigate
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TABLE 11
COMPARING HARMONIC MITIGATION METHODS USED AT THE PRIMARY LEVEL

References Method Complexity | Sensitive to system parameters | Harmonic mitigation goals
[54], [551, [571, [75] MDC Moderate v THD,, at PCC
[77], [91], [92] HDC Moderate v THD,, at PCC
[S1], [95], [99], [102], [104] VI Low v THD, and THD; at PCC
[103] VIA Moderate - THD,, at PCC
[60] VI-SOGI Moderate v THD,, at PCC
[100] VI-MDC Moderate v THD,, at PCC
[106] VI-HDC High 4 THD,, at PCC
[58], [66], [68], [94], [96], [97], [101], [105], [112] | VI-PR Moderate v THD,, at PCC
[98], [111] AVI-PR High - THD,, at PCC
[65] AVI-DSOGI High - THD,, at PCC
[56] VI-DB Low 4 THD, and THD; at PCC
[33], [107] PR-PI High v THD, at PCC
[108]-[110] PR-PI-HC Moderate v THD, at PCC
[114]-[121] RC Moderate v THD,, at PCC

MDC: Modified Droop Controller, HDC: Harmonic Droop Controller, VI: Virtual Impedance, VIA: Virtual Impedance and Admittance, DB: Dead Beat,
AVI: Adaptive Virtual Impedance, HC: Harmonic Compensator, RC: Repetitive Controller, PR: Proportional Resonance, PI: Proportional Integral,
SOGI: Second Order Generalized Integrator, DSOGI: Double SOGI, THD,,: Voltage THD, THD;: Current THD

harmonic distortion. However, the application of the proposed
methods in the presence of multi inverters (more than one
inverter) is not clear and therefore their effects on the active
and reactive power sharing of the inverters in microgrids are
not considered. A simulation comparison is done in [121] for
PI, PR, DB and H° controllers in the presence of unbalanced
and nonlinear loads.

FE. Other Methods

In [122], hysteresis current control technique is proposed as
a closed loop at the primary level of the microgrid to reduce
THD of grid current. In [123], a digital controller based on
the robust servomechanism theory for three phase inverters is
developed to gain low THD output voltage under different load
situations. Three harmonic mitigation methods were proposed
in [124] in order to change the current reference in the inner
current loop for improving power quality in a single phase
inverter connected to the grid. In [125] and [126], an adaptive
hybrid voltage and current controlled scheme is presented
to reduce voltage THD of PCC in both grid connected and
islanded mode of the single phase microgrid without using
PLL. In [127], the voltage of PCC and load current are passed
through a sinusoidal signal integrator filter and then reactive
power is calculated and current reference is generated to
compensate harmonic currents in a single phase grid connected
microgrid. In [128], two control strategies based on changing
the current loop, which add a current to the load to the
inner current loop, are proposed to improve the grid current
and voltage of PCC in grid connected and islanded mode
of a single phase microgrid, respectively. In [129], a linear
harmonic compensator in series with a tracker regulator, which
consists of PI controllers is introduced for a single phase grid
tied PV inverter. In [130], a new droop controller scheme
based on a model predictive control approach is introduced

and the proposed cascaded controller is used in the inner
controller in order to improve power quality in an islanded
CIGRE benchmark microgrid using five DGs. In [131], a
method consisting of two blocks, which are the harmonic
estimation and compensation blocks, is proposed to reduce
THD of PCC voltage and DG current by using PI controllers
and PLL. In [78], there are two inverters, which have different
responsibilities in an islanded microgrid. The first one is used
to share power between loads and the second one is utilized to
compensate voltage harmonic distortion. In [132], in order to
improve power quality of PCC in an islanded microgrid, the
voltage feedback is changed from capacitor voltage to output
voltage along with PR controllers, which are reshaping the
harmonic impedance, and virtual admittance, and it is reducing
the size of output impedance.

G. Comparison and Trends of Harmonic Minimization Meth-
ods in Primary Level

Table IT summarizes and compares the harmonic mitigation
methods, which are comprehensively reviewed in the previ-
ous subsections, used at the primary level of ac microgrids.
As shown in Table II, the authors preferred to use virtual
impedance, virtual impedance and admittance, and adaptive
virtual impedance based controllers along with the other
common controllers such as droop, and inner controllers used
at the primary level to reduce voltage harmonic distortion.
However, in order to effectively mitigate harmonic distortion in
a microgrid by using the proposed approaches, the microgrid
controller design would be complex and will have computa-
tional burden. Other methods such as RC and PR controllers
are used in voltage and/or current inner controllers to achieve
the harmonic mitigation goals. Even though the design pro-
cedure of such methods is not very complex, they are often
very sensitive to the microgrid parameters and affected the
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active and reactive power sharing between the DGs. Modifying
the droop controllers or implementing HDC in a microgrid
are other proposed methods to overcome the power quality
issues. However, these methods are also sensitive to system
parameters. Therefore, future trends for improving the power
quality issues might be as follows:

1) Try to apply the proposed methods in the multi-bus
microgrid and mitigate voltage harmonic distortion of
the critical bus,

2) Try to apply and verify the proposed methods in the
multi-bus microgrid and mitigate voltage harmonic dis-
tortion at all buses of such microgrid,

3) It should be noticed that the current harmonic distortion
is a crucial issue in the microgrid as well as voltage
harmonic distortion, which must be mitigated by the
proposed methods and have not yet been seen very well
in the literature,

4) It is revealed that it is necessary to propose a robust,
reliable and fast harmonic mitigation method, which is
not affecting the performance of DGs in the microgrid
such as active and reactive power sharing, voltage and
frequency responses, and so on. Moreover, the behavior
of such method should be investigated and improved in
different microgrid situations e.g. plug and play situa-
tion, transients between islanding and grid connecting
modes.

V. METHODS PROPOSED IN SECONDARY LEVEL

This section will review mitigation methods at secondary
and tertiary control of a microgrid, like illustrated in Fig. 1.
The red lines in Fig. 1 are showing for the low bandwidth
communication links between DGs and the main grid, and
secondary and tertiary levels.

Two main schemes, which can be found in literature us-
ing the secondary control level for harmonic mitigation are
shown in Fig. 6 [133]. The first one is named a centralized
approach, which is using all the online information from
the DG units and loads in the microgrid to make the best
decision and send the required information to the DG unit local
controllers, as shown in Fig. 6(a). Another one, which is called
decentralized or distributed approach is suggested for grid
connected microgrids with multi-different DG units [7], [134],
like shown in Fig. 6(b). In this approach, online or offline
information of microgrid is sent to the central controller, which
is responsible for harmonic mitigation of DG units locally
and in the whole microgrid. At the secondary control level of
microgrid, there is a microgrid central controller (MGCC) in
order to transfer information via communication links between
DGs and MGCC itself [135]-[138].

In [139], there are a low-bandwidth central controller and
distributed high-bandwidth local controllers to mitigate har-
monic distortion for parallel inverters in an islanded microgrid.
The proposed method is applied to a set of three 10-kVA
inverters in a microgrid. The experimental results showed
that harmonic rejection can be achieved by only using a low
bandwidth central controller in DGs instead of using one
inverter with a full bandwidth controller. In [140], the THD

[ Sccondary |

| |

4 Controller |
X /

{ Sccondary | —
4 Controller |

(a) Centeralized scheme

(b) Decenteralized scheme

Fig. 6. Two control schemes for secondary controller in microgrid

reduction is achieved by introducing the virtual admittance in
a central controller. The PCC voltage is measured and sent to
a central controller, and then, the needed virtual admittance
and current reference used in the local controllers of each DG
are calculated in the central controller. The proposed virtual
admittance based controller can be applied in both current and
voltage control modes of the voltage source inverters. In [141],
the selected harmonics are mitigated in an islanded microgrid
in the presence of multiple distributed capacitors by using a
central controller, which receives the sensitive bus voltage as
an input and sends a current signal as an output to add into
the current loops of DGs. A Park transformation aided signal
modulation/demodulation approach is presented to overcome
the bandwidth limitations of the communication links. In the
proposed approach, the harmonic frequency signals measured
on the central controller using SOGI-PLL method are trans-
formed from time domain to constant vectors in rotating
reference frames. Then, these information are transformed
back to harmonic frequency signals on the local controller
of each DG. Moreover, the voltage harmonics extracted in the
central controller are compared with the distortion limits for
the selected harmonic voltages (h = 5,7,11,13), and then a
PI controller is used to regulate the produced error [141].

In [142], one PI and one harmonic compensator in addition
to virtual impedance scheme for each selected harmonic
are presented in primary and secondary controllers in order
to compensate for the harmonic distortion in an islanded
microgrid. Furthermore, the positive and negative sequences
of fundamental and harmonic components of output current
are elicited in the virtual impedance scheme to produce the
voltage reference as an output of the central controller. The
voltages of the PCC are measured to extract the fundamental
component and harmonic positive/negative sequences in dg
frame by using PLL and second order LPFs. Then, these
messages are sent to the central controllers to generate com-
pensation references. Moreover, in the local controller of DG,
the harmonic positive/negative sequences and fundamental
component of the output current are extracted to calculate the
harmonic distortion indices. These indices are then compared
with the harmonic distortion limitations and multiplied to the
compensation references received from the central controller.
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Finally, the voltage reference of each DG can be as follows:

Upef = Vpep + Ve — Uy (14)

where v, 5 Ve and v, are the voltage reference generated
by the droop controller, the output voltage of compensation
effort controller of each DG, and the output voltage of virtual
impedance loop, which is based on (6). This voltage reference
is then passed through the PR controller of both inner current
and voltage controllers, which is based on (13) to generate
PWM signals. The proposed method is complex and there
are many parameters, which must be tuned properly. In [52],
a modified inner controller based on the information from
the central controller is proposed to compensate selected
harmonics in a single phase islanded microgrid by using an
enhanced virtual impedance controller. The PLL based SDFT
approach is used in both central and local controllers to extract
voltage harmonic and fundamental components. Then, the
proposed virtual impedance method is used to reduce THD of
the PCC. The voltage reference of each DG, which is generally
based on (5) would be as follows:

*
Uref :vref — Uyf — Uph

=V — (Rof “lofa —wWLof - iofp)

h h
D Grn - voha — > Gin - vons

where R,y and L,y are the virtual resistance and inductance
at h*" harmonic order. i, fo 1s the fundamental component of
DG output current, and i,rg is achieved by delaying i,rq
for quarter-fundamental cycle. Ggp and Gj, are the real
and imaginary gains, respectively. vy, and -v,ng are the
voltage harmonic components of PCC in af frame. The PR
controller based on (13) and a P controller are used in the
voltage and current controllers in order to improve the voltage
harmonic compensation. However, the experimental results
on decreasing voltage THD are not meeting the standard
limitations. In [61], it is suggested to use a local harmonic
compensator along with the harmonic distortion calculation in
the secondary controller to cancel out the selected harmonic
components. A similar approach as in [142] is used in the
measurement block and secondary controller to generate the
compensation reference. In the local controller, the DSC-SOGI
based virtual impedance is used to detect and extract harmonic
and fundamental components of DG output currents. Then, the
harmonic power H), is calculated as follows:

5)

% . 2 . 2 .— 2 i+ >
Hp = (Zo,a[%) + (Zo,aﬂ7> + (Zo,aﬂll) + (7’0,04,813)
(16)

where v* and if’a g are rated voltage, and harmonic se-
quences of output current, respectively. After that, the compen-
sation reference of the primary controller k., iy, is calculated
as follows:

h
kcr,prim = kHHp Z U(:;taﬁ,h (17)

h
where kp and ) voia 5., are the constant value for ensuring

the stability of microgrid, and the total harmonics voltage,

respectively. Finally, the modified voltage reference of DG can
be obtained as follows:

Uref = U:gf + kcr,sec - kcr,prim (18)

where k., sec and ke prim are the compensation reference
voltage of the secondary and primary levels of the microgrid.
The inner controllers are designed similar to [52]. In [143],
a harmonic droop controller along with the virtual impedance
loop based on a consensus protocol is suggested to change the
voltage reference entering the inner controllers and enhance
the power quality of the microgrid. The modified voltage
reference is as follows:

Vpef = Urep +VH = Vyep + (Vnd — V) (19)

where, vpqy and vy, are the output of both consensus al-
gorithm and harmonic power regulator, and harmonic droop
controller, respectively.

In [144], the measured grid current and PCC voltage are
used to elicit the fundamental and harmonic components in the
central controller along with the selective virtual impedance
in the primary level in order to achieve selective harmonic
compensation in a single phase grid connected microgrid.
The proposed harmonic compensation method is similar to
the one in [142]. In [145], a three level controller includ-
ing primary, secondary, and tertiary levels is proposed to
compensate voltage THD, harmonic component distortion and
voltage unbalance in a multi-bus microgrid. In the suggested
controller, the secondary level is responsible to reduce voltage
distortion in the critical bus of an islanded microgrid. The
compensation efforts of each DG is calculated at the primary
level by using the information received from the secondary
level, which is the compensation reference, and from the
tertiary level, which is decision variables produced in an
intelligent algorithm. The output of this compensation effort
block is added to the voltage references generated by the droop
controller and conventional virtual impedance, and then, the
voltage signal is passed through two PR controllers which are
implemented in the inner controllers. In [146], a two level
controller is proposed to reduce selected harmonic components
in an islanded microgrid. At the secondary side, the harmonic
components are extracted through SOGI-FLL and then com-
pensated by using the voltage controller loop, deadband and
band pass filters. Moreover, there are PR controllers and VI
at the primary controller.

In [67], a complex secondary controller including the
harmonic compensator block, PI controllers, deadbands and
SOGI-FLLs in addition to the primary controller including PR
controller, droop controller and VI is proposed to compensate
harmonic distortion at the critical bus and noncritical buses
in a multi-bus islanded microgrid. In [147], a secondary
controller based on current control approach is introduced
to mitigate harmonic distortion in a single phase grid tied
microgrid. The main inputs of the secondary controller are
the amplitude of the output current, which are then passed
through a PLL and a moving average filter is used to extract
harmonic components, and the PCC voltage. Moreover, the
current control scheme is employed in the secondary controller
for each control window to compensate the voltage harmonic
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distortion on PCC. In [63], the input and outputs of the
secondary controller are voltage of PCC, and current and
virtual admittance harmonics, which are used in addition to
the local RC to compensate THD of an islanded microgrid.
In [46], an optimization method is used at the secondary
controller in addition to only proportional and conventional
droop controllers at the primary side in order to minimize the
harmonic distortion at the critical and non critical buses of a
multi bus islanded microgrid. In [148], a two level controller
including primary and secondary controllers is proposed to
reduce the selected harmonic components of output voltage
in an islanded microgrid. The voltage harmonic components
are extracted and compensated at the secondary controller.
In [149], a GPS based secondary controller is proposed to
reduce selected voltage harmonic components in an islanded
microgrid by using an integral controller. An adaptive droop
controller is proposed at the primary level as follows:

Vier = Eo — 1u(io) - o (20)

where Ey and r, (io) are the sinusoidal reference voltage,
and the adaptive virtual resistance determined by the largest
peak of the output currents Tos respectively. At the secondary
level, the voltage conditioning block including a harmonic
extraction block and an integral controller is implemented
to eliminate voltage harmonic distortion. Finally, the droop
controller output signal is added to the one from the secondary
controller to generate the reference voltage of each DG.

A. Comparison and Trends in Secondary Level Harmonic
Minimization Methods

Tables IIT and IV summarize and compare the methods used
at the secondary level of the microgrid controller for improving
power quality. The controller types used at both primary and
secondary controllers to mitigate the harmonic distortion are
explained in details in Table III. Moreover, the objective of
each proposed controller are specified in this table. In Table
IV, the input(s) and output(s) of the proposed secondary
controllers as well as sensitivity to the microgrid parameters,
communication links analysis, and multi-bus microgrid verifi-
cation of the proposed controllers are summarized.

As demonstrated in Table III, the harmonic extraction and
mitigation methods used in the secondary level are very similar
to the approaches used in the primary controller such as SOGI,
FLL, DB, PI and so on, which are former shown in Table
II. It seems that the use of the proposed methods in single
phase and grid connected microgrids are not well explained.
As shown in Table IV, all the proposed methods except the
one in [142] are using the voltage of PCC as an input as well
as often along with current. On the other hand, the output(s)
of the secondary controller sending to the local or primary
controller are varied, which might be voltage, current or
harmonic compensation factors (C”, a™). It is observed from
Table IV that the methods used in the secondary controller
are less sensitive to the microgrid parameters than the ones
used in the primary controller. Moreover, it is concluded that
the communication link delays and faults, which are the main
drawbacks of the secondary controller in comparison to the
primary controller are not well analyzed in the literature.

Therefore, based on the analysis of what is summarized in
Tables III and IV, future trends of the harmonic mitigation
methods in the secondary level might be as follows:

1) It could be useful to use other methods such as predictive

control and artificial intelligence approaches at this level,

2) The communication link delays and faults should be
considered in each of the proposed method,

3) The microgrid can have multi-bus and multi-inverter
included. Moreover, the plug and play, the harmonic
mitigation of CB and all buses can be analyzed,

4) The robustness of harmonic mitigation methods to cyber
attacks can also be analyzed.

VI. METHODS PROPOSED IN TERTIARY LEVEL

The last level of hierarchical control is the tertiary level (see
Fig. 1), which is mainly responsible for the optimal operation
of microgrid in both modes, and also power flow control in
grid connected mode. In recent years, some authors tried to use
this level for harmonic mitigation purposes. In [145], besides
the proposed secondary controller, there is a proposed tertiary
level, which is used to improve the voltage quality on the other
buses of multi buses microgrid. However, the main drawbacks
of the secondary or tertiary controllers are the communication
line delays and faults, which are not considered in [145]. Since
the approach used in [46] is an optimization method, and
the tertiary controller is used for such methods, the proposed
approach can also be considered as a tertiary controller. The
voltage reference in the local controllers of DGs is modified

as follows:
h

Uref = U:gf + Z Vingj,h
where v;y,;,5, is the injected voltage harmonic components
by the proposed particle swarm optimization (PSO)-based har-
monic minimization approach. The three following objective
functions are used in the PSO optimization algorithm at the
tertiary level in order to reduce voltage harmonic components
of the critical bus |V, |, THD of the critical bus THD.,,,
and the average THD of the multi-bus microgrid THD,,, to
be below the harmonic standard limitations given as:

[Vern| < [Vi]
THD,., < THD*

21

g: HD 22
THD;

THD,yy = MT

where N is the total number of buses in an islanded microgrid.

Due to significant development of infrastructure and mea-
surement approaches in smart grids, some of the harmonic
optimization methods like the ones proposed in [150]-[154]
could be used in the tertiary controller of the microgrid to
improve the power quality. The only variable measured in
these methods is voltage, which makes the optimization of the
controller simpler and faster. The measured voltage is received
by the tertiary controller to apply optimization approaches.
Then, the optimized variable is sent to the local controller as
proposed in [46]. With the use of these online optimization
methods at the tertiary level, different optimization methods,

<THD*
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TABLE III

11

COMPARISON OF HARMONIC COMPENSATION METHODS AT THE SECONDARY LEVEL

References Method Harmonic mitigation goals
Primary level Secondary level
[139] PI Voltage controller-LPF THD, and THD; at PCC
[63], [140] | PI-PR Virtual admittance calculator-PI THD,, at PCC
[141] DrC SOGI-PLL-LPF THD,, at PCC
[142] DrC-PR-VI Harmonic Calculator-PI Selected harmonics
[52] SDFT-PLL-PR-VI SDFT-PLL THD,, at PCC
[61] SOGI-PR-DrC-Harmonic compensator Harmonic calculator-PLL-LPF-PI THD, and THD; at of PCC
[143] DrC Harmonic compensator and consensus controller | THD,, at PCC
[144] PR-VI-DrC-selective hamronic compensator Harmonic extractor THD,, and THD; at PCC
[145] PR-VI-DrC Harmonic calculator-PI-DB THD,, at CB
[146] PR-VI-DrC SOGI-FLL-DB THD,, at PCC
[67] PR-VI-DrC Harmonic compensator-MSOGI-FLL-PI-DB THD,, at PCC
[147] Current reference generation PLL-Moving average filter THD,, and THD; at PCC
[148] PR-VI-DrC PI-DB Selected harmonics
[46] DrC-P Voltage magnitude optimization Selected harmonics-THD,, at both CB
and microgrid
[149] DrC-P-VI PI-LPF-Harmonic extractor THD,, at CB

DrC: Droop Controller, VI: Virtual Impedance, PR: Proportional Resonance, PI: Proportional Integral, DB: Dead Beat, PLL: Phase Locked Loop,
LPF: Low Pass Filter, CB: Critical Bus, P: Proportional, SOGI: Second Order Generalized Integrator, MSOGI: Multi SOGI, FLL: Frequency Locked Loop,
SDFT: Sliding Discrete Fourier Transform, THD,,: Voltage THD, THD,: Current THD

TABLE IV
COMPARISON OF HARMONIC COMPENSATION METHODS AT THE SECONDARY LEVEL
Secondary controller Sensitive to system Communication delays Complexity | Multi-bus verification
References parameters and faults analysis
Input Output
[139] v,1 7 - X Low X
[63], [140] v 4, Yy v X Moderate X
[141] v 7 - X Moderate X
[142] 7 v v v High X
[52] v v - X Moderate X
[61] v, w v - X High X
[143] v v v X Moderate X
[144] v, 1 v, 1 - X Low X
[145] v ch - X High v/
[146] v v - X Moderate X
[67] v ch - X Too high v
[147] v, 1 ahl - v Moderate X
[148] v, w v, w - X Low X
[46] [v] v - X Low v
[149] v, 1 v - v Moderate v

as well as different objective functions should be considered in
the optimization approaches. Although, emerging optimization
approaches at the tertiary level for power quality improvement
seems to be useful, some challenges such as coordination
between sending and receiving signals, communication link
faults, and also robustness towards the cyber-attacks could
appear. Therefore, it is necessary to find solutions for these
problems when it comes to use methods at the tertiary con-

troller of the microgrid.

VII. DISCUSSION AND CONCLUSION

The main structure, characteristic, and feature of the pro-
posed methods in the literature for mitigating voltage and cur-
rent harmonic distortion in the ac microgrids are introduced,
explained and compared in this paper. The methods used in
single or three phase, and islanded and/or grid connected ac
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Fig. 7. Historical overview of harmonic mitigation methods of microgrids

microgrids are classified based on the level of hierarchical
controller. Most of the harmonic mitigation methods proposed
in the literature are implemented at the primary level due to the
risk of communication link faults and delays at the other levels.
However, the primary controller would be more complex
and have computational burden to carry out the harmonic
mitigation goals along with the other functions such as active
and reactive power sharing and stability in the microgrid.

A historical overview of the harmonic mitigation methods
used at three control levels is shown in Fig. 7. The operation
modes studied in the references, which are islanded, grid
connected, and both kinds of microgrid operation modes are
presented in the left horizontal axis. The single and three
phases of the microgrid considered in the references, and also
the hierarchical control level of the proposed harmonic miti-
gation methods are demonstrated in the right horizontal axis.
The vertical axis is the time (year) of the reference published.
It is revealed that the secondary and tertiary levels have gained
more attention in the recent years in comparison to the primary

level. Moreover, both modes, and the transient between these
modes have not been well analyzed in the literature using
secondary and tertiary levels for harmonic distortion issues.
Moreover, a summary of the features, disadvantages, and
application of the methods outlined in the previous sections
are listed in Table V. The comparison is presented to show
when and where these methods can be used in microgrid to
mitigate harmonic distortion.

PR-based, VI-based, and MDC controllers are often used
at the primary level of microgrids to provide selective har-
monic compensation. Although, these methods can be simply
implemented in both single and three phase systems, and also,
for both islanded and grid-tied microgrids to reduce voltage
harmonic distortion in PCC without any communication links,
the voltage and frequency fluctuations, and the inability to
mitigate harmonics in multi-bus microgrids would still be
a challenge for such methods. It should also be noted that
the VI-based controllers are highly dependent to the system
parameters such as line impedances. A combination of PR
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TABLE V
ADVANTAGES, LIMITATIONS, AND APPLICATION OF HARMONIC MITIGATION METHODS IN MICROGRIDS

Advantages

Limitations

Application

PR-based controllers

- Simple to implement

- Provide selective harmonic compen-
sation

- Compensate both voltage and current
harmonics

- Voltage and frequency fluctua-
tions

- Inability to compensate harmon-
ics in the multi-bus microgrids

- Inherently use at primary level

- Both single and three phase sys-
tems

- Both islanded and grid-connected
microgrids

DrC-based Controllers

- Simple to implement

- Provide selective harmonic compen-
sation

- Slow dynamic response

- No harmonic current regulation

- Inability to compensate harmon-
ics in the multi-bus microgrids

- Used at the primary level

- Both single and three phase sys-
tems

- Both islanded and grid-connected
microgrids

VI-based controllers

- Provide selective harmonic compen-
sation

- Compensate both voltage and current
harmonics

- Fast dynamic response

- Voltage and frequency fluctua-
tions

- High dependency of system pa-
rameters

- Inability to compensate harmon-
ics in the multi-bus microgrids

- Used at the primary level

- Both islanded and grid-connected
microgrids

- Both single and three phase sys-
tems

VI and PR-based
controllers

- Provide selective harmonic compen-
sation

- Compensate both voltage and current
harmonics

- Voltage harmonic compensation in
multi-bus microgrids

- Complex control loops

- Dependency of system parame-
ters

- Dependency of communication
lines (if the secondary level is used)

- Both single and three phase sys-
tems

- Both islanded and grid-connected
microgrids

Compensation effort-based
controllers

- Provide selective harmonic compen-
sation

- Voltage and current harmonic com-
pensation in multi-bus microgrids

- Complex controllers

- Dependency of communication
lines

- Slow dynamic response

- Used at secondary controller

- Both single and three phase sys-
tems

- Both islanded and grid-connected
microgrids

Optimization-based
controllers

- Provide selective harmonic compen-
sation

- Compensate both voltage and current
harmonics

- Voltage and current harmonic com-
pensation in multi-bus microgrids

- Voltage and frequency fluctua-
tions

- Dependency of communication
lines

- Both single and three phase sys-
tems

- Islanded microgrids

- Inherently use at tertiary level
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PR: Proportional Resonance, DrC: Droop Controller, VI: Virtual Impedance

and VI controllers, which are sometimes used along with the
secondary controller to provide better harmonic compensa-
tion, can reduce the voltage harmonic distortion in multi-bus
microgrids like in [52], [67], [144], [146], [148]. However,
the control system would be complex to design, and they
are dependent to the system parameters and communication
links. Other methods, which are based on the compensation
effort calculation at the secondary level of the microgrid can
be used to mitigate both voltage and current harmonics in the
multi-bus microgrids like in [61], [142], [145]. However, the
computational burden of the control system, communication
link faults and delays, robustness towards the cyber-attacks
would still be challenges for such methods. Moreover, the
optimization-based methods, which are inherently used at the
tertiary level of microgrid can be used to compensate both
voltage and current harmonics in the multi-bus microgrids
like in [46]. However, these methods are suffering from the
communication link issues and cyber-attacks.

It has been disclosed that the use of secondary controller

might also be a solution for harmonic distortion problems of
the single phase grid connected microgrids, which has not
comprehensively investigated in the literature. Furthermore,
the optimization, predictive control based, and artificial intel-
ligence approaches could be used at the secondary and tertiary
levels as an effective tool to mitigate harmonic distortion in
ac microgrids. Moreover, the microgrid should be considered
as a network including multi-buses and multi-inverters due to
the increase of microgrids’ penetration. In such a network,
the harmonic mitigation goals would be: voltage and current
harmonic mitigation in CB, as well as other buses, PCC of
each DG, and reducing THD of the whole multi bus microgrid.

In conclusion, further research works on the following
subjects are expected:

1) Better control modeling including harmonic analysis,
bode plots, and transient and steady state equations of
power converters and their controllers, which are depen-
dent on the microgrid operation mode, their parameters,
and structure.
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More powerful control methods, which should be robust
and reliable under the different microgrid harmonic
distortion situations.

Efficient hierarchical control methods for multiple con-
verters in multiple buses microgrid is demanded.

How to reduce the number of units participating in the
harmonic compensation in order to minimize microgrid
expenses in terms of communication.

REFERENCES

A. Hirsch, Y. Parag, and J. Guerrero, “Microgrids: a review of
technologies, key drivers, and outstanring issues,” Renew. and Sustain.
Energy Rev., vol. 90, pp. 402-411, 2018.

M. E Akorede, H. Hizam, and E. Pouresmaeil, “Distributed energy
resources and benefits to the environment,” Renew. and Sustain. Energy
Rev., vol. 14, no. 2, pp. 724-734, 2010.

U. B. Tayab, M. A. B. Roslan, L. J. Hwai, and M. Kashif, “A review of
droop control techniques for microgrid,” Renew. and Sustain. Energy
Rev., vol. 76, pp. 717-727, 2017.

F. Katiraei, R. Iravani, N. Hatziargyriou, and A. Dimeas, “Microgrids
management,” I[EEE Power and Energy Mag., vol. 6, no. 3, pp. 54-65,
2008.

G. Pepermans, J. Driesen, D. Haeseldonckx, R. Belmans, and W. Dhae-
seleer, “Distributed generation: Definition, benefits and issues,” Energy
Policy, vol. 33, no. 6, pp. 787-798, 2005.

K. Alanne and A. Saari, “Distributed energy generation and sustain.
development,” Renew. and Sustain. Energy Rev., vol. 10, no. 6, pp.
539-558, 2006.

D. E. Olivares, A. Mehrizi-Sani, A. H. Etemadi, C. A. Caiizares,
R. Iravani, M. Kazerani, A. H. Hajimiragha, O. Gomis-Bellmunt,
M. Saeedifard, R. Palma-Behnke et al., “Trends in microgrid control,”
IEEE Trans. on Smart Grid, vol. 5, no. 4, pp. 1905-1919, 2014.

T. Ackermann, G. Andersson, and L. Soder, “Distributed generation:
A definition,” Electric Power Syst. Res., vol. 57, no. 3, pp. 195-204,
2001.

J. M. Carrasco, L. G. Franquelo, J. T. Bialasiewicz, E. Galvan, R. C.
PortilloGuisado, M. A. M. Prats, J. 1. Leon, and N. Moreno-Alfonso,
“Power-electronic systems for the grid integration of renewable energy
sources: A survey,” IEEE Trans. on Ind. Electron., vol. 53, no. 4, pp.
1002-1016, 2006.

S. B. Kjaer, J. K. Pedersen, and F. Blaabjerg, “A review of single-
phase grid-connected inverters for photovoltaic modules,” IEEE Trans.
on Ind. Appl., vol. 41, no. 5, pp. 1292-1306, 2005.

G. Chicco and P. Mancarella, “Distributed multi-generation: A com-
prehensive view,” Renew. and Sustain. Energy Rev., vol. 13, no. 3, pp.
535-551, 2009.

J. P. Lopes, N. Hatziargyriou, J. Mutale, P. Djapic, and N. Jenkins,
“Integrating distributed generation into electric power systems: A
review of drivers, challenges and opportunities,” Electric Power Syst.
Res., vol. 77, no. 9, pp. 1189-1203, 2007.

N. Hatziargyriou, H. Asano, R. Iravani, and C. Marnay, “Microgrids,”
IEEE Power and Energy Mag., vol. 5, no. 4, pp. 78-94, 2007.

R. H. Lasseter, “Microgrids,” in I[EEE Power Eng. Soc. Winter Meeting,
vol. 1, 2002, pp. 305-308.

R. Zamora and A. K. Srivastava, “Controls for microgrids with storage:
Review, challenges, and research needs,” Renew. and Sustain. Energy
Rev., vol. 14, no. 7, pp. 2009-2018, 2010.

N. Hatziargyriou, Microgrids: Architectures and Control.
Wiley & Sons, 2014.

P. Piagi and R. H. Lasseter, “Autonomous control of microgrids,” in
IEEE Power Eng. Soc. General Meeting, 2006, pp. 8—15.

H. Jiayi, J. Chuanwen, and X. Rong, “A review on distributed energy
resources and microgrid,” Renew. and Sustain. Energy Rev., vol. 12,
no. 9, pp. 2472-2483, 2008.

X. Wang, J. M. Guerrero, F. Blaabjerg, and Z. Chen, “A review of
power electronics based microgrids,” J. of Power Electron., vol. 12,
no. 1, pp. 181-192, 2012.

F. Katiraei and M. R. Iravani, “Power management strategies for a
microgrid with multiple distributed generation units,” IEEE Trans. on
Power Syst., vol. 21, no. 4, pp. 1821-1831, 2006.

N. Pogaku, M. Prodanovic, and T. C. Green, “Modeling, analysis and
testing of autonomous operation of an inverter-based microgrid,” IEEE
Trans. on Power Electron., vol. 22, no. 2, pp. 613-625, 2007.

USA: John

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

14

J. C. Vasquez, J. M. Guerrero, J. Miret, M. Castilla, and L. G.
De Vicuna, “Hierarchical control of intelligent microgrids,” IEEE Ind.
Electron. Mag., vol. 4, no. 4, pp. 23-29, 2010.

M. C. Chandorkar, D. M. Divan, and R. Adapa, “Control of parallel
connected inverters in standalone ac supply systems,” IEEE Trans. on
Ind. Appl., vol. 29, no. 1, pp. 136-143, 1993.

Z. Shuai, Y. Sun, Z. J. Shen, W. Tian, C. Tu, Y. Li, and X. Yin,
“Microgrid stability: Classification and a review,” Renew. and Sustain.
Energy Rev., vol. 58, pp. 167-179, 2016.

J. P. Lopes, C. Moreira, and A. Madureira, “Defining microgrids
islanded operation,” IEEE Trans. on Power Syst., vol. 21, no. 2, pp.
916-924, 2006.

A. Bidram and A. Davoudi, “Hierarchical structure of microgrids
control system,” IEEE Trans. on Smart Grid, vol. 3, no. 4, pp. 1963—
1976, 2012.

X. Yu, A. M. Khambadkone, H. Wang, and S. T. S. Terence, “‘Control of
parallel-connected power converters for low-voltage microgridpart i: A
hybrid control architecture,” IEEE Trans. on Power Electron., vol. 25,
no. 12, pp. 2962-2970, 2010.

J. M. Guerrero, P. C. Loh, T.-L. Lee, and M. Chandorkar, “Advanced
control architectures for intelligent microgridspart ii: Power quality,
energy storage, and ac/dc microgrids,” IEEE Trans. on Ind. Electron.,
vol. 60, no. 4, pp. 1263-1270, 2012.

J. Driesen and F. Katiraei, “Design for distributed energy resources,”
IEEE Power and Energy Mag., vol. 6, no. 3, pp. 30-40, 2008.

M. Carpintero-Renteria, D. Santos-Martin, and J. M. Guerrero, “Mi-
crogrids literature review through a layers structure,” Energies, vol. 12,
no. 22, 2019, doi: 10.3390/en12224381.

A. Mohd, E. Ortjohann, D. Morton, and O. Omari, “Review of control
techniques for inverters parallel operation,” Electric Power Syst. Res.,
vol. 80, no. 12, pp. 1477-1487, 2010.

C. Yuen, A. Oudalov, and A. Timbus, “The provision of frequency
control reserves from multiple microgrids,” IEEE Trans. on Ind.
Electron., vol. 58, no. 1, pp. 173-183, 2010.

A. Timbus, M. Liserre, R. Teodorescu, P. Rodriguez, and F. Blaabjerg,
“Evaluation of current controllers for distributed power generation
systems,” IEEE Trans. on Power Electron., vol. 24, no. 3, pp. 654—
664, 2009.

F. Martin-Martinez, A. Sanchez-Miralles, and M. Rivier, “A literature
review of microgrids: A functional layer based classification,” Renew.
and Sustain. Energy Rev., vol. 62, pp. 1133-1153, 2016.

K. De Brabandere, K. Vanthournout, J. Driesen, G. Deconinck, and
R. Belmans, “Control of microgrids,” in IEEE Power Eng. Soc. General
Meeting, 2007, pp. 1-7.

X. Liang, “Emerging power quality challenges due to integration of
renewable energy sources,” IEEE Trans. on Ind. Appl., vol. 53, no. 2,
pp. 855-866, 2016.

G. Campen, “An analysis of the harmonics and power factor effects
at a utility intertied photovoltaic system,” IEEE Trans. on Power App.
and Syst., vol. 101, no. 12, pp. 4632-4639, 1982.

D. Cyganski, J. Orr, A. Chakravorti, A. Emanuel, E. Gulachenski,
C. Root, and R. Bellemare, “Current and voltage harmonic measure-
ments and modeling at the gardner photovoltaic project,” IEEE Trans.
on Power Del., vol. 4, no. 1, pp. 800-809, 1989.

Y. W. Li and J. He, “Distribution system harmonic compensation
methods: An overview of dg-interfacing inverters,” IEEE Ind. Electron.
Mag., vol. 8, no. 4, pp. 18-31, 2014.

J. M. Guerrero, M. Chandorkar, T.-L. Lee, and P. C. Loh, “Advanced
control architectures for intelligent microgridspart i: Decentralized and
hierarchical control,” IEEE Trans. on Ind. Electron., vol. 60, no. 4, pp.
1254-1262, 2012.

F. Blaabjerg, Z. Chen, and S. B. Kjaer, “Power electronics as efficient
interface in dispersed power generation systems,” [EEE Trans. on
Power Electron., vol. 19, no. 5, pp. 1184-1194, 2004.

U. Borup, F. Blaabjerg, and P. N. Enjeti, “Sharing of nonlinear load in
parallel-connected three-phase converters,” IEEE Trans. on Ind. Appl.,
vol. 37, no. 6, pp. 1817-1823, 2001.

X. Liang and C. Andalib-Bin-Karim, “Harmonics and mitigation tech-
niques through advanced control in grid-connected renewable energy
sources: A review,” IEEE Trans. on Ind. Appl., vol. 54, no. 4, pp.
3100-3111, 2018.

A.R. Oliva and J. C. Balda, “A pv dispersed generator: a power quality
analysis within the ieee 519,” IEEE Trans. on Power Del., vol. 18, no. 2,
pp. 525-530, 2003.

A. Micallef, “Review of the current challenges and methods to mitigate
power quality issues in single-phase microgrids,” IET Gener., Trans-
miss. & Distrib., vol. 13, no. 11, pp. 2044-2054, 2018.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 18,2020 at 10:16:03 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3001971, IEEE Journal

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

of Emerging and Selected Topics in Power Electronics

R. Keypour, B. Adineh, M. H. Khooban, and F. Blaabjerg, “A new
population-based optimization method for online minimization of volt-
age harmonics in islanded microgrids,” IEEE Trans. on Circuits and
Syst. II: Express Briefs, 2019, doi: 10.1109/TCSII.2019.2927208.
IEEE Standard for Interconnecting Distributed Resources with Electric
Power Systems: 1547-2003. 1EEE Standards Board, 2003.

IEEE recommended practices and requirements for harmonic control
in electrical power systems. 1EEE Std 519-2014, 2014.

S. Halpin, “Comparison of IEEE and IEC harmonic standards,” in IEEE
Power Eng. Soc. General Meeting, 2005, pp. 2214-2216.

L. Asiminoael, F. Blaabjerg, and S. Hansen, “Detection is key-harmonic
detection methods for active power filter applications,” IEEE Ind. Appl.
.Mag., vol. 13, no. 4, pp. 22-33, 2007.

P. Sreekumar and V. Khadkikar, “A new virtual harmonic impedance
scheme for harmonic power sharing in an islanded microgrid,” IEEE
Trans. on Power Del., vol. 31, no. 3, pp. 936-945, 2015.

J. He, Y. W. Li, J. M. Guerrero, F. Blaabjerg, and J. C. Vasquez, “An
islanding microgrid power sharing approach using enhanced virtual
impedance control scheme,” IEEE Trans. on Power Electron., vol. 28,
no. 11, pp. 5272-5282, 2013.

Y. F Wang and Y. W. Li, “Three-phase cascaded delayed signal
cancellation pll for fast selective harmonic detection,” IEEE Trans. on
Ind. Electron., vol. 60, no. 4, pp. 1452-1463, 2011.

P-T. Cheng, C.-A. Chen, T.-L. Lee, and S.-Y. Kuo, “A cooperative
imbalance compensation method for distributed-generation interface
converters,” IEEE Trans. on Ind. Appl., vol. 45, no. 2, pp. 805-815,
2009.

K. De Brabandere, B. Bolsens, J. Van den Keybus, A. Woyte,
J. Driesen, and R. Belmans, “A voltage and frequency droop control
method for parallel inverters,” IEEE Trans. on Power Electron., vol. 22,
no. 4, pp. 1107-1115, 2007.

J. He, Y. W. Li, D. Bosnjak, and B. Harris, “Investigation and active
damping of multiple resonances in a parallel-inverter-based microgrid,”
IEEE Trans. on Power Electron., vol. 28, no. 1, pp. 234-246, 2012.
Q.-C. Zhong, F. Blaabjerg, J. M. Guerrero, and T. Hornik, “Reduction
of voltage harmonics for parallel-operated inverters,” in IEEE Energy
Convers. Congr. and Expo., 2011, pp. 473-478.

A. Micallef, M. Apap, C. Spiteri-Staines, and J. M. Guerrero, “Cooper-
ative control with virtual selective harmonic capacitance for harmonic
voltage compensation in islanded microgrids,” in 38th Annu. Conf. on
IEEE Ind. Electron. Soc. (IECON), 2012, pp. 5619-5624.

R. Teodorescu, F. Blaabjerg, M. Liserre, and P. C. Loh, “Proportional-
resonant controllers and filters for grid-connected voltage-source con-
verters,” IEE Proc. Electric Power Appl., vol. 153, no. 5, pp. 750-762,
2006.

J. Matas, M. Castilla, L. G. De Vicuiia, J. Miret, and J. C. Vasquez,
“Virtual impedance loop for droop-controlled single-phase parallel
inverters using a second-order general-integrator scheme,” IEEE Trans.
on Power Electron., vol. 25, no. 12, pp. 2993-3002, 2010.

Y. Han, P. Shen, X. Zhao, and J. M. Guerrero, “An enhanced power
sharing scheme for voltage unbalance and harmonics compensation in
an islanded ac microgrid,” IEEE Trans. on Energy Convers., vol. 31,
no. 3, pp. 1037-1050, 2016.

S. Golestan, M. Ramezani, J. M. Guerrero, and M. Monfared, “dq-
frame cascaded delayed signal cancellation-based pll: analysis, design,
and comparison with moving average filter-based pll,” IEEE Trans. on
Power Electron., vol. 30, no. 3, pp. 1618-1632, 2014.

C. Blanco, F. Tardelli, D. Reigosa, P. Zanchetta, and F. Briz, “Design
of a cooperative voltage harmonic compensation strategy for islanded
microgrids combining virtual admittance and repetitive controller,”
IEEE Trans. on Ind. Appl., vol. 55, no. 1, pp. 680-688, 2019.

J.-S. Ko and B.-M. Han, “Precision position control of pmsm using
neural network disturbance observer on forced nominal plant,” in IEEE
Int. Conf. on Mechatronics. 1EEE, 2006, pp. 316-320.

B. Liu, Z. Liu, J. Liu, R. An, H. Zheng, and Y. Shi, “An adaptive
virtual impedance control scheme based on small-ac-signal injection
for unbalanced and harmonic power sharing in islanded microgrids,”
IEEE Trans. on Power Electron., vol. 34, no. 12, pp. 12333-12353,
2019.

R. Ghanizadeh, M. Ebadian, and G. B. Gharehpetian, “Non-linear load
sharing and voltage harmonics compensation in islanded microgrids
with converter interfaced units,” Int. Trans. on Elect. Energy Syst.,
vol. 27, no. 1, pp. 1-20, 2017.

M. H. Andishgar, E. Gholipour, and R.-A. Hooshmand, ‘“Improved
secondary control for optimal total harmonic distortion compensation
of parallel connected dgs in islanded microgrids,” IET Smart Grid,
vol. 2, no. 1, pp. 115-122, 2019.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

15

S. Y. M. Mousavi, A. Jalilian, M. Savaghebi, and J. M. Guerrero,
“Autonomous control of current-and voltage-controlled dg interface
inverters for reactive power sharing and harmonics compensation in
islanded microgrids,” IEEE Trans. on Power Electron., vol. 33, no. 11,
pp. 9375-9386, 2018.

Y. F Wang and Y. W. Li, “Analysis and digital implementation
of cascaded delayed-signal-cancellation pll,” IEEE Trans. on Power
Electron., vol. 26, no. 4, pp. 1067-1080, 2010.

L. Xiong, F. Zhuo, F. Wang, X. Liu, M. Zhu, and H. Yi, “A quantitative
evaluation and comparison of harmonic elimination algorithms based
on moving average filter and delayed signal cancellation in phase
synchronization applications,” J. of Power Electron., vol. 16, no. 2,
pp. 717-730, 2016.

J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of power
converters in ac microgrids,” IEEE Trans. on Power Electron., vol. 27,
no. 11, pp. 4734-4749, 2012.

J. M. Guerrero, L. Hang, and J. Uceda Antolin, “Control of distributed
uninterruptible power supply systems,” IEEE Trans. on Ind. Electron.,
vol. 55, no. 8, pp. 2845-2859, 2008.

J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. De Vicuiia, and
M. Castilla, “Hierarchical control of droop-controlled ac and dc micro-
gridsa general approach toward standardization,” IEEE Trans. on Ind.
Electron., vol. 58, no. 1, pp. 158-172, 2010.

H. H. Kordkheili, M. Banejad, J. M. Guerrero, and A. A. Kalat,
“Primary control design based on capacity curves for inverter-based
microgrids,” Electric Power Components and Syst., vol. 46, no. 10, pp.
1147-1159, 2018.

T.-L. Lee and P-T. Cheng, “Design of a new cooperative harmonic
filtering strategy for distributed generation interface converters in an
islanding network,” IEEE Trans. on Power Electron., vol. 22, no. 5,
pp. 1919-1927, 2007.

B. Ren, D. Wu, R. Zhang, X. Sun, and Q. Zhang, “An adaptive droop
control and virtual harmonic resistance method in islanding microgrid,”
in 13th IEEE Conf. on Ind. Electron. and Appl. (ICIEA), 2018, pp.
2285-2290.

Q.-C. Zhong, “Harmonic droop controller to reduce the voltage har-
monics of inverters,” IEEE Trans. on Ind. Electron., vol. 60, no. 3, pp.
936-945, 2012.

H. Moussa, A. Shahin, J.-P. Martin, B. Nahid-Mobarakeh, S. Pierfed-
erici, and N. Moubayed, “Harmonic power sharing with voltage dis-
tortion compensation of droop controlled islanded microgrids,” IEEE
Trans. on Smart Grid, vol. 9, no. 5, pp. 5335-5347, 2018.

J. He, Y. W. Li, and M. S. Munir, “A flexible harmonic control approach
through voltage-controlled dg—grid interfacing converters,” IEEE Trans.
on Ind. Electron., vol. 59, no. 1, pp. 444-455, 2011.

J. He, B. Liang, Y. W. Li, and C. Wang, “Simultaneous microgrid volt-
age and current harmonics compensation using coordinated control of
dual-interfacing converters,” IEEE Trans. on Power Electron., vol. 32,
no. 4, pp. 2647-2660, 2016.

M. Savaghebi, A. Jalilian, J. C. Vasquez, J. M. Guerrero, and T.-L. Lee,
“Voltage harmonic compensation of a microgrid operating in islanded
and grid-connected modes,” in /9th Iranian Conf. on Elect. Eng., 2011,
pp. 1-6.

H. Moussa, J.-P. Martin, S. Pierfederici, F. Meibody-Tabar, and
N. Moubayed, “Voltage harmonic distortion compensation with non-
linear load power sharing in low-voltage islanded microgrid,” Math.
and Comput. in Simul., vol. 158, pp. 32-48, 2019.

M. Castilla, J. Miret, J. Matas, L. G. De Vicuiia, and J. M. Guerrero,
“Control design guidelines for single-phase grid-connected photo-
voltaic inverters with damped resonant harmonic compensators,” IEEE
Trans. on Ind. Electron., vol. 56, no. 11, pp. 4492-4501, 2009.

T. T. Thai, D. Raisz, A. Monti, F. Ponci, and A. Ahmadifar, “Voltage
harmonic reduction using virtual oscillator based inverters in islanded
microgrids,” in 18th Int. Conf. on Harmon. and Quality of Power
(ICHQP), 2018, pp. 1-6.

E. Rokrok, M. Shafie-Khah, and J. P. Cataldo, “Review of primary
voltage and frequency control methods for inverter-based islanded
microgrids with distributed generation,” Renew. and Sustain. Energy
Rev., vol. 82, pp. 3225-3235, 2018.

T. Vandoorn, J. De Kooning, B. Meersman, and L. Vandevelde,
“Review of primary control strategies for islanded microgrids with
power-electronic interfaces,” Renew. and Sustain. Energy Rev., vol. 19,
pp. 613-628, 2013.

P. Basak, S. Chowdhury, S. H. nee Dey, and S. Chowdhury, “A literature
review on integration of distributed energy resources in the perspective
of control, protection and stability of microgrid,” Renew. and Sustain.
Energy Rev., vol. 16, no. 8, pp. 5545-5556, 2012.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 18,2020 at 10:16:03 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3001971, IEEE Journal

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS

E. Planas, A. Gil-de Muro, J. Andreu, I. Kortabarria, and 1. M.
de Alegria, “General aspects, hierarchical controls and droop methods
in microgrids: A review,” Renew. and Sustain. Energy Rev., vol. 17,
pp. 147-159, 2013.

S. K. Sahoo, A. K. Sinha, and N. Kishore, “Control techniques in ac,
dc, and hybrid ac—dc microgrid: A review,” IEEE J. of Emerg. and Sel.
Topics in Power Electron., vol. 6, no. 2, pp. 738-759, 2017.

F. Blaabjerg, R. Teodorescu, M. Liserre, and A. V. Timbus, “Overview
of control and grid synchronization for distributed power generation
systems,” IEEE Trans. on Ind. Electron., vol. 53, no. 5, pp. 1398-1409,
2006.

M. Savaghebi, J. C. Vasquez, A. Jalilian, J. M. Guerrero, and T.-L.
Lee, “Selective compensation of voltage harmonics in grid-connected
microgrids,” Math. and Comput. in Simul., vol. 91, pp. 211-228, 2013.
H. Dong, S. Yuan, Z. Han, Z. Cai, G. Jia, and Y. Ge, “A comprehensive
strategy for accurate reactive power distribution, stability improvement,
and harmonic suppression of multi-inverter-based micro-grid,” Ener-
gies, vol. 11, no. 4, p. 745, 2018.

X. Wang, Y. W. Li, F. Blaabjerg, and P. C. Loh, “Virtual-impedance-
based control for voltage-source and current-source converters,” IEEE
Trans. on Power Electron., vol. 30, no. 12, pp. 7019-7037, 2014.

J. He and Y. W. Li, “Analysis, design, and implementation of virtual
impedance for power electronics interfaced distributed generation,”
IEEE Trans. on Ind. Appl., vol. 47, no. 6, pp. 2525-2538, 2011.

X. Wang, F. Blaabjerg, and Z. Chen, “Autonomous control of inverter-
interfaced distributed generation units for harmonic current filtering
and resonance damping in an islanded microgrid,” IEEE Trans. on
Ind. Appl., vol. 50, no. 1, pp. 452461, 2013.

D. De and V. Ramanarayanan, “Decentralized parallel operation of
inverters sharing unbalanced and nonlinear loads,” IEEE Trans. on
Power Electron., vol. 25, no. 12, pp. 3015-3025, 2010.

J. M. Guerrero, J. Matas, L. G. D. V. De Vicuna, M. Castilla, and
J. Miret, “Wireless-control strategy for parallel operation of distributed-
generation inverters,” IEEE Trans. on Ind. Electron., vol. 53, no. 5, pp.
1461-1470, 2006.

Y. Han, P. Shen, X. Zhao, and J. M. Guerrero, “Control strategies for
islanded microgrid using enhanced hierarchical control structure with
multiple current-loop damping schemes,” IEEE Trans. on Smart Grid,
vol. 8, no. 3, pp. 1139-1153, 2015.

J. M. Guerrero, L. G. De Vicuna, J. Matas, M. Castilla, and J. Miret,
“Output impedance design of parallel-connected ups inverters with
wireless load-sharing control,” IEEE Trans. on Ind. Electron., vol. 52,
no. 4, pp. 1126-1135, 2005.

W. Yao, M. Chen, J. Matas, J. M. Guerrero, and Z.-M. Qian, “Design
and analysis of the droop control method for parallel inverters con-
sidering the impact of the complex impedance on the power sharing,”
IEEE Trans. on Ind. Electron., vol. 58, no. 2, pp. 576-588, 2010.

M. Savaghebi, J. C. Vasquez, A. Jalilian, J. M. Guerrero, and T.-L. Lee,
“Selective harmonic virtual impedance for voltage source inverters with
Icl filter in microgrids,” in IEEE Energy Convers. Congr. and Expos.
(ECCE), 2012, pp. 1960-1965.

A. Micallef, M. Apap, C. Spiteri, and J. M. Guerrero, “Selective
virtual capacitive impedance loop for harmonic voltage compensation
in islanded microgrids,” in 39th Annu. Conf. of IEEE Ind. Electron.
Soc. (IECON), 2013, pp. 7968-7973.

——, “Mitigation of harmonics in grid-connected and islanded micro-
grids via virtual admittances and impedances,” IEEE Trans. on Smart
Grid, vol. 8, no. 2, pp. 651-661, 2015.

A. Micallef, M. Apap, C. Spiteri-Staines, J. M. Guerrero, and J. C.
Vasquez, “Reactive power sharing and voltage harmonic distortion
compensation of droop controlled single phase islanded microgrids,”
IEEE Trans. on Smart Grid, vol. 5, no. 3, pp. 1149-1158, 2014.

X. Wang, F. Blaabjerg, and Z. Chen, “Synthesis of variable harmonic
impedance in inverter-interfaced distributed generation unit for har-
monic damping throughout a distribution network,” IEEE Trans. on
Ind. Appl., vol. 48, no. 4, pp. 1407-1417, 2012.

S. Y. Mousazadeh Mousavi, A. Jalilian, M. Savaghebi, and J. Guerrero,
“Flexible compensation of voltage and current unbalance and harmon-
ics in microgrids,” Energies, vol. 10, no. 10, pp. 1-19, 2017.

B. Bahrani, M. Saeedifard, A. Karimi, and A. Rufer, “A multivariable
design methodology for voltage control of a single-dg-unit microgrid,”
IEEE Trans. on Ind. Informatics, vol. 9, no. 2, pp. 589-599, 2012.
R. Teodorescu, F. Blaabjerg, U. Borup, and M. Liserre, “A new control
structure for grid-connected Icl pv inverters with zero steady-state error
and selective harmonic compensation,” in /9th Annu. IEEE Appl. Power
Electron. Conf. and Expos. (APEC), vol. 1, 2004, pp. 580-586.

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

16

K. Lim, J. Choi, J. Jang, J. Lee, and J. Kim, “P+ multiple resonant
control for output voltage regulation of microgrid with unbalanced and
nonlinear loads,” in Int. Power Electron. Conf. (IPEC), 2014, pp. 2656—
2662.

A. V. Timbus, M. Ciobotaru, R. Teodorescu, and F. Blaabjerg, “Adap-
tive resonant controller for grid-connected converters in distributed
power generation systems,” in 21st Annu. IEEE Appl. Power Electron.
Conf. and Expos (APEC), 2006, pp. 16016-1606.

M. Liserre, R. Teodorescu, and F. Blaabjerg, “Multiple harmonics
control for three-phase grid converter systems with the use of pi-res
current controller in a rotating frame,” IEEE Trans. on Power Electron.,
vol. 21, no. 3, pp. 836-841, 2006.

M. Hamzeh, H. Karimi, and H. Mokhtari, “Harmonic and negative-
sequence current control in an islanded multi-bus mv microgrid,” IEEE
Trans. on Smart Grid, vol. 5, no. 1, pp. 167-176, 2013.

Q. Liu, Y. Tao, X. Liu, Y. Deng, and X. He, “Voltage unbalance and
harmonics compensation for islanded microgrid inverters,” IET Power
Electron., vol. 7, no. 5, pp. 1055-1063, 2013.

T. Hornik and Q.-C. Zhong, “H®® repetitive current-voltage control of
inverters in microgrids,” in 36th Annu. Conf. on IEEE Ind. Electron.
Soc. (IECON), 2010, pp. 3000-3005.

Q.-C. Zhong and T. Hornik, “Cascaded current—voltage control to
improve the power quality for a grid-connected inverter with a local
load,” IEEE Trans. on Ind. Electron., vol. 60, no. 4, pp. 1344-1355,
2012.

T. Hornik and Q.-C. Zhong, “A current-control strategy for voltage-
source inverters in microgrids based on H*® and repetitive control,”
IEEE Trans. on Power Electron., vol. 26, no. 3, pp. 943-952, 2010.
G. Weiss, Q.-C. Zhong, T. C. Green, and J. Liang, “H°® repetitive
control of dc-ac converters in microgrids,” IEEE Trans. on Power
Electron., vol. 19, no. 1, pp. 219-230, 2004.

M. B. Delghavi and A. Yazdani, “Islanded-mode control of electroni-
cally coupled distributed-resource units under unbalanced and nonlinear
load conditions,” IEEE Trans. on Power Del., vol. 26, no. 2, pp. 661—
673, 2010.

J. Liang, T. Green, G. Weiss, and Q.-C. Zhong, “Evaluation of repetitive
control for power quality improvement of distributed generation,” in
33rd Annu. IEEE Power Electron. Specialists Conf.. Proc., vol. 4, 2002,
pp. 1803-1808.

R. A. Mastromauro, M. Liserre, T. Kerekes, and A. Dell’ Aquila,
“A single-phase voltage-controlled grid-connected photovoltaic system
with power quality conditioner functionality,” IEEE Trans. on Ind.
Electron., vol. 56, no. 11, pp. 4436-4444, 2008.

K. Prabaakaran, N. Chitra, and A. S. Kumar, “Power quality enhance-
ment in microgrid-a survey,” in 2013 Int. Conf. on Circuits, Power and
Comput. Technol. (ICCPCT), 2013, pp. 126-131.

E. Pouresmaeil, M. F. Akorede, D. Montesinos-Miracle, O. Gomis-
Bellmunt, and J. C. T. Caballero, “Hysteresis current control technique
of vsi for compensation of grid-connected unbalanced loads,” Elect.
Eng., vol. 96, no. 1, pp. 27-35, 2014.

M. N. Marwali and A. Keyhani, “Control of distributed generation
systems-part i: Voltages and currents control,” IEEE Trans. on Power
Electron., vol. 19, no. 6, pp. 1541-1550, 2004.

M. Prodanovi¢, K. De Brabandere, J. Van den Keybus, T. Green, and
J. Driesen, “Harmonic and reactive power compensation as ancillary
services in inverter-based distributed generation,” IET Gener., Trans-
miss. & Distrib., vol. 1, no. 3, pp. 432-438, 2007.

J. He, Y. W. Li, and F. Blaabjerg, “Flexible microgrid power quality
enhancement using adaptive hybrid voltage and current controller,”
IEEE Trans. on Ind. Electron., vol. 61, no. 6, pp. 2784-2794, 2013.
J. He and Y. W. Li, “Hybrid voltage and current control approach for
dg-grid interfacing converters with Icl filters,” IEEE Trans. on Ind.
Electron., vol. 60, no. 5, pp. 1797-1809, 2012.

R. I. Bojoi, L. R. Limongi, D. Roiu, and A. Tenconi, “Enhanced
power quality control strategy for single-phase inverters in distributed
generation systems,” IEEE Trans. on Power Electron., vol. 26, no. 3,
pp. 798-806, 2011.

Z. Yao and L. Xiao, “Control of single-phase grid-connected inverters
with nonlinear loads,” IEEE Trans. on Ind. Electron., vol. 60, no. 4,
pp. 1384-1389, 2011.

M. Castilla, J. Miret, J. Matas, L. G. de Vicufa, and J. M. Guerrero,
“Linear current control scheme with series resonant harmonic com-
pensator for single-phase grid-connected photovoltaic inverters,” IEEE
Trans. on Ind. Electron., vol. 55, no. 7, pp. 2724-2733, 2008.

M. S. Golsorkhi and D. D.-C. Lu, “A decentralized control method
for islanded microgrids under unbalanced conditions,” IEEE Trans. on
Power Del., vol. 31, no. 3, pp. 1112-1121, 2015.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 18,2020 at 10:16:03 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3001971, IEEE Journal

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 17

S. Anwar, A. Elrayyah, and Y. Sozer, “Efficient single-phase harmonics
elimination method for microgrid operations,” IEEE Trans. on Ind.
Appl., vol. 51, no. 4, pp. 3394-3403, 2015.

L. Zhou, W. Wu, Y. Chen, J. Jiang, X. Zhou, L. Yang, Z. He, K. Yan,
and A. Luo, “Harmonic voltage distortion damping method for parallel-
connected Icl-type inverters in islanded operation,” IEEE Trans. on Ind.
Electron., vol. 66, no. 11, pp. 9032-9044, 2018.

Z. Cheng, J. Duan, and M.-Y. Chow, “To centralize or to distribute:
That is the question: A comparison of advanced microgrid management
systems,” IEEE Ind. Electron. Mag., vol. 12, no. 1, pp. 6-24, 2018.
M. S. Golsorkhi, Q. Shafiee, D. D.-C. Lu, and J. M. Guerrero,
“Distributed control of low-voltage resistive ac microgrids,” IEEE
Trans. on Energy Convers., vol. 34, no. 2, pp. 573-584, 2018.

A. Kaur, J. Kaushal, and P. Basak, “A review on microgrid central
controller,” Renew. and Sustain. Energy Rev., vol. 55, pp. 338-345,
2016.

L. Meng, E. R. Sanseverino, A. Luna, T. Dragicevic, J. C. Vasquez,
and J. M. Guerrero, “Microgrid supervisory controllers and energy
management systems: A literature review,” Renew. and Sustain. Energy
Rev., vol. 60, pp. 1263-1273, 2016.

Y. Khayat, Q. Shafiee, R. Heydari, M. Naderi, T. Dragicevic, J. W.
Simpson-Porco, F. Dorfler, M. Fathi, F. Blaabjerg, J. M. Guer-
rero et al., “On the secondary control architectures of ac micro-
grids: An overview,” IEEE Trans. on Power Electron., 2019, doi:
10.1109/TPEL.2019.2951694.

M. Yazdanian and A. Mehrizi-Sani, “Distributed control techniques in
microgrids,” IEEE Trans. on Smart Grid, vol. 5, no. 6, pp. 2901-2909,
2014.

M. Prodanovic and T. C. Green, “High-quality power generation
through distributed control of a power park microgrid,” IEEE Trans.
on Ind. Electron., vol. 53, no. 5, pp. 1471-1482, 2006.

C. Blanco, D. Reigosa, J. C. Vasquez, J. M. Guerrero, and F. Briz,
“Virtual admittance loop for voltage harmonic compensation in mi-
crogrids,” IEEE Trans. on Ind. Appl., vol. 52, no. 4, pp. 3348-3356,
2016.

X. Wang, F. Blaabjerg, Z. Chen, and J. M. Guerrero, “A centralized
control architecture for harmonic voltage suppression in islanded
microgrids,” in 37th Annu. Conf. of IEEE Ind. Electron. Soc., 2011,
pp. 3070-3075.

M. Savaghebi, A. Jalilian, J. C. Vasquez, and J. M. Guerrero, “Sec-
ondary control for voltage quality enhancement in microgrids,” IEEE
Trans. on Smart Grid, vol. 3, no. 4, pp. 1893-1902, 2012.

J. Zhou, S. Kim, H. Zhang, Q. Sun, and R. Han, “Consensus-based
distributed control for accurate reactive, harmonic, and imbalance
power sharing in microgrids,” IEEE Trans. on Smart Grid, vol. 9, no. 4,
pp. 2453-2467, 2016.

M. Savaghebi, J. M. Guerrero, A. Jalilian, and J. C. Vasquez, “Mitiga-
tion of voltage and current harmonics in grid-connected microgrids,”
in [EEE Int. Symp. on Ind. Electron., 2012, pp. 1610-1615.

M. H. Andishgar, E. Gholipour, and R.-A. Hooshmand, “Voltage
quality enhancement in islanded microgrids with multi-voltage quality
requirements at different buses,” IET Gener, Transmiss. & Distrib.,
vol. 12, no. 9, pp. 2173-2180, 2018.

X. Wang, J. M. Guerrero, F. Blaabjerg, and Z. Chen, “Secondary
voltage control for harmonics suppression in islanded microgrids,” in
IEEE Power and Energy Society General Meeting, 2011, pp. 1-8.

A. M. dos Santos Alonso, D. I. Brandao, T. Caldognetto, F. P.
Marafdo, and P. Mattavelli, “A selective harmonic compensation and
power control approach exploiting distributed electronic converters in
microgrids,” Int. J. of Elect. Power & Energy Syst., vol. 115, p. 105452,
2020.

M. Savaghebi, J. M. Guerrero, A. Jalilian, J. C. Vasquez, and T.-L. Lee,
“Hierarchical control scheme for voltage harmonics compensation in an
islanded droop-controlled microgrid,” in 9th IEEE Int. Conf. on Power
Electron. and Drive Syst., 2011, pp. 89-94.

M. S. Golsorkhi, M. Savaghebi, D. D.-C. Lu, J. M. Guerrero, and J. C.
Vasquez, “A gps-based control framework for accurate current sharing
and power quality improvement in microgrids,” IEEE Trans. on Power
Electron., vol. 32, no. 7, pp. 5675-5687, 2016.

W. Chang and W. Grady, “Minimizing harmonic voltage distortion
with multiple current-constrained active power line conditioners,” IEEE
Trans. on Power Del., vol. 12, no. 2, pp. 837-843, 1997.

W. Chang, W. Grady, and M. Samotyj, “Meeting ieee-519 harmonic
voltage and voltage distortion constraints with an active power line
conditioner,” IEEE Trans. on Power Del., vol. 9, no. 3, pp. 1531-1537,
1994.

[152] W. Grady, M. Samotyj, and A. Noyola, “Minimizing network harmonic
voltage distortion with an active power line conditioner,” IEEE Trans.
on Power Del., vol. 6, no. 4, pp. 1690-1697, 1991.

[153] R. Keypour, H. Seifi, and A. Yazdian-Varjani, “Genetic based algorithm
for active power filter allocation and sizing,” Electric Power Syst. Res.,
vol. 71, no. 1, pp. 4149, 2004.

[154] W. Grady, M. Samotyj, and A. Noyola, “The application of network
objective functions for actively minimizing the impact of voltage
harmonics in power systems,” IEEE Trans. on Power Del., vol. 7, no. 3,
pp. 1379-1386, 1992.

Behrooz Adineh received the B.Sc. degree from
Shahrood University of Technology, Shahrood, Iran,
in 2009 and the M.Sc. degree from Ferdowsi Uni-
versity of Mashhad, Mashhad, Iran, in 2013, both in
electrical engineering. He is currently working to-
ward the Ph.D. degree in power electronic systems at
the Faculty of Electrical and Computer Engineering,
Semnan University, Semnan, Iran.

His areas of interest include power electronics
and its applications, renewable energy resources,
microgrids, harmonics in microgrids, power system
reliability, and demand side management programs.

Reza Keypour received his B.Sc. degree in elec-
trical engineering from Shahid Beheshti University
in 1997 and M.Sc. and Ph.D degrees from Tarbiat-
modares University, Tehran, Iran in 2000 and 2006,
respectively. He is currently an Associate Professor
with the Faculty of Electrical and Computer Engi-
neering, Semnan University, Semnan, Iran.

His research interests include power system opera-
tion and planning, microgrids and renewable energy.

Pooya Davari (S'11-M’13-SM’19) received the
B.Sc. and M.Sc. degrees in electronic engineering in
2004 and 2008, respectively, and the Ph.D. degree
in power electronics from QUT, Australia, in 2013.
From 2005 to 2010, he was involved in several elec-
tronics and power electronics projects as a Develop-
ment Engineer. From 2013 to 2014, he was with
QUT, as a Lecturer. He joined Aalborg University,
in 2014, as a Postdoc, where he is currently an
Associate Professor.

He has been focusing on EMI, power quality and
harmonic mitigation analysis and control in power electronic systems. He
has published more than 120 technical papers. He is the recipient of a
research grant from the Danish Council of Independent Research (DFF-FTP)
in 2016. Dr. Davari served as a Guest Associate Editor of IET journal of
Power Electronics, IEEE Access Journal, Journal of Electronics and Journal of
Applied Sciences. He is an Associate Editor of Journal of Power Electronics,
Associate Editor of IET Electronics, Editorial board member of EPE journal
and Journal of Applied Sciences. He is member of the International Scientific
Committee (ISC) of EPE (ECCE Europe) and member of Joint Working Group
six and Working Group eight at the IEC standardization TC77A.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 18,2020 at 10:16:03 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3001971, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 18

Frede Blaabjerg (S’86-M’88-SM’97-F’03) was
with the ABB-Scandia, Randers, Denmark, from
1987 to 1988. He received the Ph.D. degree in elec-
trical engineering from Aalborg University, Aalborg,
Denmark, in 1995.

He became an Assistant Professor in 1992, an As-
sociate Professor at the Department of Energy Tech-
nology at Aalborg University, Denmark, in 1996, and
a Full Professor of power electronics and drives in
1998. From 2017, he became a Villum Investiga-
tor. He is Honoris Causa at University Politehnica
Timisoara, Romania and Tallinn Technical University in Estonia. He has
authored and coauthored more than 600 journal papers in the fields of power
electronics and its applications. He is the coauthor of four monographs and
editor of 10 books in power electronics and its applications.His research
interests include power electronics and its applications such as in wind
turbines, PV systems, reliability, harmonics, and adjustable speed drives.

He was the recipient of 30 IEEE Prize Paper Awards, the IEEE PELS
Distinguished Service Award in 2009, the EPE-PEMC Council Award in 2010,
the IEEE William E. Newell Power Electronics Award 2014, and the Villum
Kann Rasmussen Research Award 2014. He was the Editor-in-Chief for the
IEEE TRANSACTIONS ON POWER ELECTRONICS from 2006 to 2012.
He has been Distinguished Lecturer for the IEEE Power Electronics Society
from 2005 to 2007 and for the IEEE Industry Applications Society from
2010 to 2011 as well as 2017 to 2018. In 20192020, he serves a President
of IEEE POWER ELECTRONICS SOCIETY. He is Vice-President of the
Danish Academy of Technical Sciences too. He has been nominated as one
of the most cited 250 researchers in engineering in the world during 20142018
by Thomson Reuters.

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on June 18,2020 at 10:16:03 UTC from IEEE Xplore. Restrictions apply.



