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Adaptive Harmonic Virtual Impedance Control
for Improving Voltage Quality of Microgrids

Yang Wang, Xiang Zhou, Junmiao Tang, Xianyong Xiao, Shu Zhang, and Jiandong Si

Abstract—The effects of nonlinear loads on voltage quality
represent an emerging concern for islanded microgrids. Exist-
ing research works have mainly focused on harmonic power
sharing among multiple inverters, which ignores the diversity of
different inverters to mitigate harmonics from nonlinear loads.
As a result, the voltage quality of microgrids cannot be effec-
tively improved. To address this issue, this study proposes an
adaptive harmonic virtual impedance (HVI) control for improv-
ing voltage quality of microgrids. Based on the premise that no
inverter is overloaded, the main objective of the proposed con-
trol is to maximize harmonic power absorption by shaping the
lowest output impedances of inverters. To achieve this, the pro-
posed control is utilized to adjust the HVI of each inverter
based on its operation conditions. In addition, the evaluation
based on Monte Carlo harmonic power flow is designed to as-
sess the performance of the proposed control in practice. Final-
ly, comparative studies and control-in-the-loop experiments are
conducted.

Index Terms—Microgrid, nonlinear load, residual capacity,
harmonic power, inverter, adaptive harmonic virtual impedance
control.

I. INTRODUCTION

ICROGRIDS, which are small power systems that in-

tegrate distribution generations (DGs), loads, and en-
ergy storage devices, have increased development in recent
years [1]. One of their most attractive features is the flexible
operation in either grid-connected or islanded modes [2]. In
the islanded mode, multiple DGs must properly share the to-
tal power demand based on their power ratings [3]. To
achieve this, various centralized [4] and decentralized [5]
controls have been proposed for interfacing inverters, among
which the droop control has received considerable attention
because of its plug-and-play feature [6], [7]. Conventional
droop control adopts a droop relationship between active
power-frequency (P-f) and reactive power-voltage (Q-V) to
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regulate the voltage and frequency, respectively. Since the
voltage magnitude at different locations may not be consis-
tent, as with the frequency, the reactive power sharing is
more challenging [8]. Accordingly, several solutions have
been proposed [9]-[11], such as adding a secondary control
scheme [10] or using virtual impedance control [11].

However, because of the increasing number of nonlinear
devices in residential, commercial, and industrial loads, the
voltage distortion in a microgrid is a major issue [12]-[14].
To ensure the safe operation of inverters, they must absorb a
proper amount of harmonic power. Yet, because of the differ-
ence in output impedances, inverters with small capacity
may absorb too much power, resulting in an overloaded con-
dition [15]. Therefore, reasonable allocation of harmonic
power is important, and most of the latest research works
have focused on achieving harmonic sharing, i.e., sharing
the harmonic power according to the rated capacity. To
achieve this goal, a widely adopted solution involves adding
harmonic virtual impedance (HVI) [13]-[16] at the desired
frequency. For example, [16] proposes a decentralized con-
trol that adjusts the HVI to achieve harmonic power sharing.
However, as the HVI is designed to be positive, the decen-
tralized control increases the equivalent impedance of the
DG and may worsen the voltage quality.

Regarding the issue of voltage quality, some research
works have proposed an advanced HVI control that can si-
multaneously deal with voltage quality and harmonic shar-
ing. These methods can be divided into centralized [17]-[20]
and decentralized [21]-[23] controls. As centralized control
typically has high communication demands and computation-
al burdens, only decentralized control is reviewed in this
study. Reference [21] proposes a negative HVI control by de-
fining a linear relationship between the HVI value and the
inequality between the residual capacity and the harmonic
power of the inverter, which guarantees the harmonic shar-
ing performance and improves the power quality to some ex-
tent. However, designing this linear relationship is challeng-
ing. Based on [21], [22] introduces an additional compensa-
tion factor for flexibly adjusting HVI at each harmonic fre-
quency of concern. In [23], the HVI is dynamically adjusted
based on the harmonic distortion at the point of common
coupling (PCC) with the goal of controlling the voltage dis-
tortion within a certain limit, e.g., 5%. Note that harmonic
sharing is the primary objective of [21]-[23]. Thus, the per-
formances on voltage quality enhancement are limited.

Based on this background, this study proposes a decentral-
ized adaptive HVI control with the objective of optimizing
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the voltage quality of the microgrid. The goal of sharing is
to guarantee fairness and prevent overloading. When DGs in
a microgrid belong to the same owner such as a local utility
company, fairness may be less important than the power
quality. However, harmonic sharing is not the only way to
prevent overloading. Other solutions are available, including
real-time monitoring of the absorbed harmonic power within
an acceptable limit. Based on the premise that all DGs are
not overloaded, this study aims to establish low impedance
paths of DGs, just like passive filters, to absorb as much har-
monic currents as possible. The main contributions of this
study are as follows.

1) An adaptive HVI control is proposed. Under the as-
sumption that a residual capacity exists, the HVI is adaptive-
ly tuned through a fuzzy controller. Unlike existing methods,
the proposed control can maximize the utilization of DGs to
mitigate harmonics, significantly improving voltage quality.

2) An eigen-value analysis is used to determine the stabili-
ty domain of the HVI. The effects of harmonic extraction
and grid and control parameters on stability are analyzed in
detail. A control law of the HVI is then designed to ensure
the stability domain.

3) An evaluation based on Monte Carlo harmonic power
flow is proposed to demonstrate the effectiveness of the pro-
posed control. Comparative studies using real-time simula-
tions are conducted with two state-of-the-art research works.
The performance of the proposed control is tested under
both steady and dynamic states.

The remainder of the study is organized as follows. Sec-
tion II presents basic concept of virtual impedance control.
Section III discusses stability domain of HVI, and Section IV
presents the proposed control. Sections V and VI present the
results of simulations and control-in-the-loop (CIL) experi-
ments, respectively. Finally, Section VII concludes the study
and suggests future applications for the proposed control.

II. BASIC CONCEPT OF VIRTUAL IMPEDANCE CONTROL

A. Droop Control

A single-phase microgrid is used to illustrate the proposed
control, and the analysis of three-phase systems is similar to
that of single-phase systems. When the microgrid is induc-
tive, the active power is mainly affected by the phase angle,
whereas the reactive power is mainly related to the voltage
magnitude [24]. As a result, droop control is established as:

J=f,=m(P-P,) )

U=U,-n(©-0,)
where f and U are the frequency and magnitude of the out-
put voltage, respectively; f, and U, are the rated frequency
and magnitude of the output voltage, respectively; P and Q
are the output active and reactive power of the inverter, re-
spectively; P, and Q, are the rated active and reactive pow-
er, respectively; and m and n are the active and reactive pow-
er droop coefficients, respectively. Note that the assumption
of “inductive” may not always hold, and many advanced
droop controls can be used instead [6]-[8].

As the system frequency is uniform in the steady state,
different inverters can properly share the active power by set-
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ting the droop coefficient to be inversely proportional to the
rated capacity. However, the voltage magnitudes measured
by inverters are inconsistent due to line impedances, which
results in undesirable reactive power sharing. To address this
problem, a widely adopted solution is to add virtual imped-
ance [21], and its principle is briefly described as follows.

B. Virtual Impedance Control

Figure 1 shows an inverter block diagram with virtual im-
pedance control G, (s). A dual-loop control structure is ad-
opted. The voltage outer loop uses multi-resonant quasi-pro-
portional-resonant (quasi-PR) controller G, (s) [25] to track
the output voltage, and the current inner loop employs pro-
portional control G,(s) to enhance the dynamic performance.
Note that the definitions of the undefined variables and pa-
rameters in the figures of this study can be found in Supple-
mentary Material A.

Virtual impedance control

Gvir(s )

]

Fig. 1. Inverter block diagram with virtual impedance control G, (s).

A second-order generalized integrator-quadrature signal
generator (SOGI-QSG) [26], [27] is used to extract the fun-
damental frequency components of the output current i,
which are G, (s) and G;(s) expressed as:

kiw,s
s’ +ko s+
ko

s +k o s+

G, (9)=

(2
Gl[i ()=

where w, is the fundamental angular frequency; and &, is the
gain coefficient. The amplitude gain of G,,(s) at the frequen-
cy of w, is 1 at a phase angle of 0°. The amplitude gain of
G ;(s) at the frequency of w, is also 1 but at a phase angle
of —90°. After the fundamental components are extracted
from i, through G, (s) and G ;(s), transfer function G, (s) of
the additional virtual impedance control link can be obtained
by multiplying different impedance coefficients, as given by:
Gvir(s):vaGlrx(S)_wlLlel/;’(S) 3)

where R, and L, are the virtual resistance and inductance at
the fundamental frequency, respectively.

According to Fig. 1, the output voltage u, (s) of the invert-
er at the fundamental frequency is expressed as:

U, (8)= G ()= Z,,, ()i, (5)

G(S): GPR (S)Gd (S)
L,Cs*+R.Crs+C,Gy(s)s+Gpp ()G, (s)+ 1 4)
SL+R,+G(s)
Z,,()=Z,()+Z,(s)= TG ()G,(5)

where G(s) is the voltage transfer function; Z, (s) is the
equivalent impedance of the inverter; i, (s) is the output cur-
rent of the inverter; and Z, (s) and Z,(s) are the impedances
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of dual-loop and virtual impedance controls, respectively. Ac-
cording to (4), the virtual impedance control can change the
value of Z,, without affecting G(s).

C. HVI Control

The working principle of HVI control is similar to virtual
impedance control, but an additional step is required to ex-
tract harmonic components from the output current. In this
study, an SOGI-QSG with a cross-cancellation feedback is
used to achieve harmonic current extraction, as shown in
Fig. 2. The transfer function corresponding to the harmonic
extraction process can be obtained by:

Ty,(s) 1 G, G, .. G,
T}a (S) _ G}q 1 G3a G}a (5)
TSU. (S) GSa G5(7. 1 GSa
T,,ﬁ(s)=Gh,;(s)(1 ->T, (s)) (6)
n#h

where T),(s), G, T);(s), and G,,(s) are the transfer func-
tions of direct (a) and quadrature () components of the 4™
harmonic frequency signal in cross-cancellation SOGI-QSG,
respectively.

HVI control can then be implemented as:

Zw-r(S)=( > R~ > a)hLthhﬂ(S))G(S) (7

h=1,3,5,... h=1.3.5,...

where o, is the angular frequency of the 4™ harmonic fre-
quency signal; R, and L, are the harmonic virtual resis-
tance and inductance of the 4™ harmonic frequency signal,
respectively. Figure 2 shows the schematic of an inverter
with the proposed control. S, and S,, are the residual capaci-
ty and the harmonic power of the inverter, respectively; and
i, and i,, are the extracted harmonic currents, having equal
magnitudes with phase angles differing by 90°.
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Fig. 2. Schematic of an inverter with proposed control.

III. STABILITY DOMAIN OF HVI

We next analyze the stability domain of HVI in detail,
where the findings strongly support the implementation of
the proposed control.
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A. Stability of a Single Inverter

Figure 3 shows the equivalent circuit of a single inverter,
which is represented by a voltage source in series with an
equivalent impedance Z,, (s) [22].

L Z(S)  ZSs) |

Z18)  Zyyuels)

o——O0
Fig. 3. Equivalent circuit of a single inverter.
From Fig. 3, the relationship between i,(s) and u,. (s) can
be expressed as:
i,(s 1
)y
u pee (S) Z total (S) (8)

Z 1ot ()=Z1y (8)+ Z1y () + Zy (5)
where Z;, and Z;,, are the grid-side inductance and line im-
pedance, respectively.
Based on the pole distribution of Y(s) in (8), the effect of
HVI on the stability of the inverter can be analyzed. Table I
lists the parameters of the inverter.

TABLE I
PARAMETERS OF INVERTER

Parameter Value
Rated capacity 10 kVA
DC voltage 400
LC filter L,=1mH; R,=0.02 Q; C,=30 uF
Sampling frequency 20 kHz
PR controller k,=0.05, k,, = 2(3: :k; ;137: kq=ko=15,
Inner current controller k,;=0.025
Grid-side inductance L,=2mH

SOGI ky=0.1, ky=hks=hk,=ky=0.02

Line impedance Z,,.=(0.05+30.005)Q

The pole distributions of Y(s) when R, and L, are adjust-
ed separately are shown in Fig. SAI in Supplementary Mate-
rial A, and Fig. 4 presents the simulation results of the in-
verter current when the HVI value changes. The system ex-
ists in stable modes at approximately 45 Hz and 470 Hz, re-
spectively.

The instability phenomenon shown in Fig. 4 is investigat-
ed in detail using the negative resistance at the resonance fre-
quency [28]. In Fig. 5, the equivalent impedance of the in-
verter is presented when R, is fixed at 0 Q. When L, is
positive, Z,,, shows a negative resistance below 50 Hz, and
the region of the negative resistance gradually expands with
an increase in L. This phenomenon occurs due to the phase
lag property inherent in the harmonic extraction process. As
T, (s) lags behind T, (s) by 90°, when R,,=0 and L, is pos-
itive, Z,, (s) exhibits a negative resistance characteristic
based on (7). However, the inductive characteristic of Z, is
more distinct when the crossover cancellation is applied,
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which moves the zero-crossing point to the lower frequency.
Consequently, the stability domain increases to some extent.
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Fig. 4. Simulation results of inverter current when HVI value changes. (a)
R, fixing at 0 Q and value of L, changing with crossover cancellation. (b)
L, fixing at =2 mH and value of R, changing without crossover cancella-
tion.
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Fig. 5. Resistive and inductive parts of Z,,, as L,, varies. (a) With cross-
over cancellation. (b) Without crossover cancellation.

In Fig. 6, the equivalent impedance of the inverter is pre-
sented when L, is fixed at —2 mH to compensate for the
grid-side inductance. The negative value of L, endows Z,
with obvious negative resistance characteristics above 450
Hz, which is the root cause of the 470 Hz oscillation shown
in Fig. 6. In addition, the negative resistance of Z,, as
shown in Fig. 6(a), is less than that shown in Fig. 6(b), indi-
cating that the stability domain is wider with crossover can-
cellation.
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Based on the previous analysis, two conclusions can be
drawn: (D crossover cancellation helps to expand the stabili-
ty domain of HVI control; 2) simultaneously increasing R,
and L, can further expand the stability domain of HVI, as
shown in Fig. 7.

Unstable region

Stable region

Lvh (mH)
(=)

Unstable region

Fig. 7. Stability constraint between R, and L,

B. Sensitivity Study of Stability Domain

The microgrid is subject to various uncertainties that may
affect the stability domain of HVI. We next investigate the
effects of both grid parameters and control parameters on
the stability domain of HVIL.

1) Effects of Grid Parameters

According to (), variations in grid-side inductance L, and
resistance R, will modify Z,,, and in turn influence the sta-
bility domain. Figure 8 shows the stability domains of HVI
under different grid parameters. As shown in Fig. 8, the up-
per limit of R, increases with L,, and the lower limit of L,
also increases to the negative value of the grid-side induc-
tance, i.e., —L,. With the increase in R, the upper limit of
the stability domain increases, whereas the lower limit re-
mains essentially unchanged.

2) Effects of Control Parameters

The control parameters of the voltage/current loops deter-
mine G(s) of the inverter, which in turn influences the stabili-
ty domain of HVI. Figure 9 presents stability domains of
HVI under different control parameters. G, (s) primarily af-
fects the upper limit of L ,. As Gp,(s) decreases, the upper
limit of L, increases. However, the proportional coefficient
of G,(s) primarily dictates the upper limit of R ,. It can be
observed that the upper limit of R, increases with G ,(s).
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R,=0.150 Q
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Fig. 8. Stability domains of HVI under different grid parameters. (a) Vari-

ous grid-side inductances. (b) Various branch resistances.

As Figs. 8 and 9 illustrate, the stability domain of HVI
varies under both grid and control parameters. However, in
all scenarios, simultaneous adjustment of R, and L, helps
expand the stability domain. In practical operation, multiple
inverters are connected in parallel, as shown in Fig. 10,
where Z,(s) is the equivalent impedance of the remaining
part of the system, excluding inverter i. Thus, the stability of
the microgrid is determined by both Z, ,(s) and Z, (s). Un-
der the steps described in Section III-A, stability analysis
can be performed. Notably, the stability domain defined by
Z,,.(s) of a single inverter typically suffices, as Z,(s) is
much smaller than Z,,,(s) and thus its effect on stability is
limited.

—G=Gp

4. —G=0.5Gp,

3|~ G=2.0G,
) 2)
&1 &
3 0f <

-1

2 . .

0 15 30 45 0 15 30 45

R, () R, ()
(2) (b)

Fig. 9. Stability domains of HVI under different control parameters. (a)

Various voltage control parameters. (b) Various current control parameters.
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Fig. 10. Equivalent circuit model of multiple inverters connected in paral-

lel.

IV. PROPOSED CONTROL

A. Adaptive HVI Control

Installing passive filters near harmonic sources has always
been effective in improving voltage quality, as the filter pro-
vides new paths with small impedances to absorb harmonics.
This means that when an inverter close to nonlinear loads
has sufficient residual capacity, it is desirable that the invert-
er should be endowed with a small impedance to create a
low impedance path that allows the inverter to absorb more
harmonic currents. Based on this idea, a novel adaptive HVI
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control is proposed in this study. The proposed control dy-
namically adjusts the HVI through the real-time detection of
the residual capacity of the inverter and the harmonic power
it consumes. The control objective is to realize a reasonable
allocation of harmonic power and improve the power quality
performance based on the premise that no inverter is over-
loaded. The core idea of the proposed control can be ex-
pressed as:

kvi
th_RmaX_ s (SR SH) (9)

L,=f(R,)
where R, is the upper limit of virtual resistance; k,; is the
integral coefficient; and f(R ) is the control law of L, and
R, R, and f(R,) can be designed based on the stability
domain results described in Section III. S, and §,, can be cal-
culated by referring to [29]:

Sp=/Sy=(P*+0%)
10
SH:Ul,rms 2 Ihz,rm.y ( )
\ h=337.9
where S, is the rated capacity of the inverter; and U, ,,, and

1, are the root-mean-square (RMS) values of the funda-
mental voltage and harmonic current, respectively. Accord-
ing to (10), when S;>S,, R, and L, continually decrease,
and §,, rises constantly until S,=S§,. If S; is considerably
greater than S,, R, and L, decrease to the minimum, which
effectively improves the voltage quality. When the load de-
mand increases, resulting in S;<S,, R, and L, continue to
increase until =S, thereby ensuring that the inverter does
not overload. Therefore, effective voltage quality enhance-
ment can be achieved without overloading.

B. Fuzzy Integral Controller

As the power calculation in (10) is highly nonlinear, se-
lecting an appropriate integral coefficient k,, in (9) is crucial.
If k&, is too large, the control system loses its stability, where-
as a is too small &, results in poor dynamic performance.
Fuzzy control is a method based on fuzzy logic theory and
is suitable for systems with unknown mathematical models
and strong nonlinearities [30], [31]. It allows fuzzy member-
ship functions and fuzzy rules to be set based on different
model characteristics and human expertise, thus offering
good robustness and dynamic performance. This study con-
structs a two-input one-output fuzzy controller to determine
the value of k.. The inputs of the controller consist of the er-
ror e(t) between S, and S, and its rate of change, as ex-
pressed by:

_ S (0-5,0)

Sy
e(nAt)—e(nAt— At)
At

where e(nAf) is the error sampled at the n™ instant; and At is
the sampling time. The fuzzy rules are defined as R, if e is
E, and Ae is AE,, k,=K,,i=1,2,....M. M is the number of
fuzzy rules; E; and AE,; are the membership functions for the
inputs e and Ae in the i"™ rule, respectively; and K, is the
membership function for k,; in the i™ rule. The membership

e(r)
(11)
Ae=
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functions of e(f), Ae, and K, are defined on a common nor-
malized domain [-3,3]. The bascline values for e(f), Ae, and
K, are 0.05, 0.05, and 150, respectively. A simplified triangu-
lar membership function is adopted for control, as shown in
Fig. 11, where NL, NM, NS, Z, PS, PM, and PL denote neg-
ative large, negative medium, negative small, zero, positive
small, positive medium, and positive large, respectively.

LoNL NM NS z PS PM  PL
g 1 ‘ /
& 0.8
o
206
=
5 04
e
E 02 / \/ \
[}
= 0
3 2 -1 0 1 2 3

Domain

Fig. 11.  Membership function of e(f), Ae, and k.

Based on the design method described in [31], the fuzzy
control rules for adjusting K, in this study mainly consider
the following two aspects:

1) When Ae-e>0, |e| continuously increases, indicating
that the difference between S, and S, gradually increases. In
this case, k,; should be increased to accelerate the adjustment
rate of the HVI.

2) When Ae-e<0, |e| continuously decreases. If e is a
small value and Ae is large, k,, should be reduced or even
made negative to suppress the rate of change and prevent os-
cillations. By contrast, k,; should be increased to accelerate
the adjustment rate of the HVI.

Based on the aforementioned aspects, 49 fuzzy rules, indi-
cated by the superscript, are designed in this study, as listed
in Table II. Finally, the center-of-gravity method is em-
ployed for defuzzification, as expressed by:

i u(e);u(Ae),K;
kvi == ;\/[
D u(e)u(Ae),

where u(e), is the membership degree of e(f) in the i™ rule;
and u(Ae), is the membership degree of Ae in the i™ rule.

(12)

TABLE I
RULES OF Fuzzy CONTROL

Deriva- Error
tive of
error NL NM NS Z PS PM PL
NL pL'! PL? PM® NL* NM® PS® ps’
NM PL® PM’ PM" z" NS' PS® ps™
NS PM" pPs'® Ps" A pPs” Ps¥® pMm?!
Z PMZZ Pszs PSZA ZZS PSZG PS27 PMZS
PS PM* PS* pPs* 7?2 pPs® PS* PM*
PM PS* PS”’ NSs* 7> PM* pMm*! PL*
PL pPS*® pPs* NM*  NL*  pPM?¥ pL* PL¥

C. Evaluation Based on Monte Carlo Harmonic Power Flow

When all inverters in the microgrid are designed with the
proposed control, the final steady state is that the HVI of
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each inverter reaches the minimum allowable value, and mul-
tiple low harmonic impedance paths are constructed to ab-
sorb harmonic currents in the microgrid, as with passive fil-
ters. However, this method does not guarantee that the volt-
age quality improvement is optimal, as its performance de-
pends on the microgrid topology and the objective function,
and generally an optimization algorithm is required. The
idea here is inspired by field experiences. And the paths
with small impedances are added, which in most cases, help
improve power quality. For a rigorous evaluation of the ef-
fectiveness of the proposed control, an evaluation based on
Monte Carlo harmonic power flow is introduced. The specif-
ic steps of this evaluation are as follows.

Step I: initialization. Determine the number of total invert-
ers n, the number of inverters k£ with the proposed control,
the HVI range [Z,.;,» Z ... ), the control law of L, and R ,, the
impedance change step 7 and the maximum number of itera-
tions N ..

Step 2: establish the node admittance matrix of the mi-
crogrid and the harmonic models of nonlinear loads.

Step 3: select one inverter as the target inverter.

Step 4: randomly sample the HVI of the remaining k-1
inverters within the feasible range.

Step 5: change the HVI of the target inverter from small
to large in increments of r and evaluate the voltage quality
using harmonic power flow.

Step 6: return to Step 4 and generate another operation
condition. If sufficient operation conditions are generated for
a certain target inverter, proceed to Step 7.

Step 7: return to Step 3 and select another inverter as the
target inverter. If all inverters have been evaluated, the per-
formance evaluation is completed.

For all operation conditions, if the voltage quality im-
proves with a decrease in the HVI of the target inverter, it
means that the proposed control is effective, as a small HVI
always leads to improved voltage quality.

V. CASE STUDY

A. System Description

To validate the effectiveness of the proposed control, a
multi-bus microgrid is built in MATLAB/Simulink [32], as
shown in Fig. SB1 in Supplementary Material B. Tables I
and III list the simulation parameters of the microgrid. The
rated power of linear load of Buses 1-6 is 5.5 kW+j2 kvar.

TABLE III
SYSTEM SIMULATION PARAMETERS

Parametor Value of Value of
Inverters 1, 2, and 5 Inverters 3, 4
Rated capacity 10 kVA 5 kVA
Droop coefficient 107 2x107°
k,=0.05; k,,=20; k,=0.025; k,,=10;

Voltage controller ,=3 rad/s; =3 rad/s;
krB:krS:kﬂ:kr‘): 15 kr3=kr5=k,~7=krg=7~5

Current controller k;=0.025 k,=0.05

Grid-side inductance L,=2 mH L,=3 mH
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Figure 12 shows the stability domains of different invert-
ers. It shows that the stability domain shrinks with an in-
crease in R, . Therefore, R, should not be excessively
large. In this study, R, is set to be 20 Q. To reduce the

computational burden, a linear function is designed to ex-
press the control law.

To maximize the stability domain,
fi(R,,) and f,(R,,) are defined as -2(1 -R,,/R,.,,) and =3(1 -

max

R, /R, ), respectively.
5 - Rl“ﬂX
4l i Unstable region
3
T 2
E 1 Unstable region
~

0 10 20 30 40 50 60 70 80
R, (©)
—Inverters 1, 2, 5; ——Inverters 3, 4;

SR ;= fo(Ry)

Fig. 12. Stability domains of different inverters.

B. Performance Evaluation

Before the proposed control is applied, an evaluation
based on Monte Carlo harmonic power flow is conducted.
Figure 13 shows the variation of the voltage of the total har-
monic distortion (THD) U,,, with HVI of Inverter 2. The
simulated harmonic distortions at Buses 4 and 6 with Invert-
er 2 as the target inverter are illustrated. Each line in the fig-
ure represents an operation condition in which HVIs for In-
verters 1, 3, 4, and 5 are randomly generated and then fixed,
whereas the HVI of Inverter 2 varies from small to large. A
total of 2000 operation conditions is evaluated.
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~—Proposed control

Voltage (V)
=)

-200
-400
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Time (s)
Fig. 14. Voltage waveform of Bus 6 before and after applying proposed

control.

Table IV and Fig. SB2 in Supplementary Material B show
the changes in S, and S, for different inverters. It should be
noted that Inverters 3 and 4 become overloaded due to exces-
sive harmonic power absorption before applying the pro-
posed control, whereas Inverters 1, 2, and 5 still have the ca-
pacity for additional harmonic power, indicating an unreason-
able harmonic power allocation at this time. After the pro-
posed control is applied at 2 s, the harmonic power of Invert-
ers 1, 2, and 5 increases. In addition, the harmonic power of
Inverters 3 and 4 gradually decreases. Finally, all inverters
nearly reach the state of S, =S,. Therefore, a reasonable har-
monic power allocation is reached with various inverters. Ta-
ble V compares the THDs of Buses 1-6. It shows that with
the proposed control, the voltage quality of the microgrid is
significantly improved due to the low-impedance path pro-
vided by the inverters.

TABLE IV
VARIATIONS IN RESIDUAL CAPACITY AND HARMONIC POWER OF INVERTERS

24 24
20 20
=16 S 16
212 =12
S S8
=
4 ° 4
0 4 8 12 16 20 0 4 8 12 16 20
R, (Q) R, (©)
(a) (b)

Fig. 13.  Variation of Uy, with HVI of Inverter 2. (a) Bus 4. (b) Bus 6.

As Fig. 13 shows, the voltage distortion increases with the
HVI of Inverter 2, indicating that in this microgrid, reducing
the impedance of Inverter 2 always improves the voltage
quality. The aforementioned evaluation is repeated for other
inverters, and similar conclusions can be drawn. Thus, the ef-
fectiveness of the proposed control is confirmed.

C. EMTP Simulation Results

Figure 14 shows the voltage waveform of Bus 6 before
and after the application of the proposed control. Before ap-
plying the proposed control, the THD of Bus 6 voltage is
7.49%. The value decreases to 4.18% after the proposed con-
trol is applied, demonstrating a notable improvement in volt-
age quality.

Before applying proposed After applying proposed

Inverter control (p.u.) control (p.u.)
SR SH SR SH
Inverter 1 0.1465 0.1292 0.1555 0.1538
Inverter 2 0.1515 0.1286 0.1614 0.1593
Inverter 3 0.1541 0.1687 0.1590 0.1561
Inverter 4 0.1502 0.1676 0.1567 0.1546
Inverter 5 0.1484 0.1284 0.1569 0.1556
TABLE V
VOLTAGE QUALITY IMPROVEMENTS OF DIFFERENT BUSES
Bus THD (%)
Before applying proposed control After applying proposed control
Bus 1 7.23 3.53
Bus 2 7.19 3.48
Bus 3 7.31 3.68
Bus 4 7.33 3.77
Bus 5 7.17 3.48
Bus 6 7.49 4.18
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D. Harmonic Mitigation: Proposed Control vs. Decentral-
ized Control

Reference [21] proposed a decentralized control called
negative virtual harmonic impedance (NVH-Z) control,
which is expressed by (13). Essentially, the decentralized
control adds a negative HVI to change the effective line im-
pedance at harmonic frequencies. Consequently, the decen-
tralized control addresses the problem of uneven harmonic
power distribution among inverters caused by line imped-
ance mismatch. Besides, it considers power quality improve-
ment.

Z =2y~ b(Sx=Sy) (13)
where Z,, is the added HVI; Z, is the added HVI at the full
load, which is generally 0; and b is a droop coefficient.
When a proper b is specified for different inverters, Z,, can
be adjusted to address the line impedance mismatch and thus
achieve harmonic sharing. In addition, because Z , is nega-
tive, line impedance is reduced, and the power quality is im-
proved to some extent. For a comparative study, the NVH-Z
control is applied to the system shown in Fig. SB1 in Sup-
plementary Material B. The variations in S, and S, of differ-
ent inverters under the NVH-Z control are shown in Fig.
SB3 in Supplementary Material B. Table VI compares the
voltage quality under the two control strategies. As the table
shows, the proposed control outperforms NVH-Z control and
thus more effectively utilizes inverter capacity to improve
voltage quality.

TABLE VI
COMPARISON OF VOLTAGE QUALITY UNDER NVH-Z CONTROL AND
PROPOSED CONTROL

THD (%)
Bus Efo?éie?ipsgggil Proposed control ~ NVH-Z control
Bus 1 7.23 3.53 6.71
Bus 2 7.19 3.48 6.65
Bus 3 7.31 3.68 6.80
Bus 4 7.33 3.77 6.83
Bus 5 7.17 3.48 6.66
Bus 6 7.49 4.18 6.95

E. Harmonic Mitigation: Proposed Control vs. Centralized
Control

To further evaluate its effectiveness, the proposed control
is compared with the centralized control proposed in [19].
Figure SB1 in Supplementary Material B formulates an opti-
mization problem for the microgrid, the goal of which is to
minimize the average harmonic distortions of all buses, with
virtual impedances of inverters used as variables. The prob-
lem can be solved using the improved comprehension learn-
ing particle swarm optimization algorithm [33]. The voltage
waveforms of Bus 6 under two controls are shown in Fig.
SB4 in Supplementary Material B. Table VII compares the
voltage quality under centralized control and proposed con-
trol.

Table VII shows that the improvement in voltage quality
under the proposed control is less than that of the central-

1555

ized control. To explain this, the control law restriction (i.e.,
fi(Ry)=-20=R,/R,,) and [, (R,)==31-R,/R,,)) is
added to the centralized control. Table VIII presents the volt-
age quality performances of the proposed control and central-
ized control with control law restriction. As the table shows,
the voltage performance of the centralized control is very
similar to that of the proposed control.

TABLE VII
COMPARISON OF VOLTAGE QUALITY UNDER CENTRALIZED CONTROL AND
PROPOSED CONTROL

THD (%)
Bus Before applying Proposed control  Centralized control
proposed control
Bus 1 7.23 3.53 3.01
Bus 2 7.19 3.48 2.94
Bus 3 7.31 3.68 3.14
Bus 4 7.33 3.77 3.19
Bus 5 7.17 3.48 2.94
Bus 6 7.49 4.18 3.61
TABLE VIII

VOLTAGE QUALITY PERFORMANCES OF PROPOSED CONTROL AND
CENTRALIZED CONTROL WITH CONTROL LAW RESTRICTION

THD (%)

Bus Centralized control with control
Proposed control law restriction
Bus 1 3.53 3.41
Bus 2 3.48 3.37
Bus 3 3.68 3.56
Bus 4 3.77 3.65
Bus 5 3.48 3.35
Bus 6 4.18 4.10

Table IX shows the HVIs under various controls. Accord-
ing to Tables VII-IX, it is confirmed that the addition of con-
trol law restrictions results in different HVIs for the central-
ized control, thereby degrading the voltage quality perfor-
mance. In other words, the control law designed in this
study is not optimal. However, this result is acceptable, as
the proposed control enables efficient harmonic mitigation
without relying on communication.

TABLE IX
HVIS UNDER VARIOUS CONTROLS

HVI
Inverter  Proposed control Centralized Centralized contrql vyith
control control law restriction
Re Im Re Im Re Im

Inverter 1 0979 -0.597 0.630 —0.511 0.935 -0.599
Inverter 2 0.929 -0.599 0.574 -0.511 0.903 —0.600
Inverter 3 1914 -0.852 1.291 -0.691 1.891 —0.853
Inverter 4 1971 -0.849 1400 -0.721 1.953 —0.850
Inverter 5 0.957 -0.598 0.619 -0.513 0.936 -0.599




1556

F. Dynamic Performance

To verify the performance of the proposed control under
sudden changes in the operation state, load switching experi-
ments are conducted. The linear load on Bus 6 is cut off at
4 s and then switched on again at 8 s.

To demonstrate the usefulness of the fuzzy control, Fig.
15 shows the simulation results in three scenarios, including
the designed fuzzy integral controller and fixed integral gain
at k,=50 and k,=150. Due to space limitations, only the re-
sults for Inverters 1-3 are presented here. Figure 15 shows
Cut off load Put in load
I N v

0.4+
03r
0.2p
0.1
! 0

Sg (p-u.),
Sy (p-u.)
ecoooo
Sg (pu.),
Sy (pu.)

Cut off load Put in load
0.57 N\ 4
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that the HVI of the inverter can quickly reach a stable state
under the fuzzy control, and the voltage quality can also be
rapidly improved. When the integral parameter &, is fixed at
50, the HVIs of the inverters respond slowly, which means
the dynamic performance is unsatisfactory. When £, is fixed
at 150, the HVIs and harmonic power of the inverters oscil-
late considerably, which causes the bus voltage distortion to
fluctuate periodically and affects the normal operation of the
microgrid. These results show that the fuzzy integral control-
ler strikes a good balance between convergence performance
and the speed of dynamic response.
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Fig. 15.

VI. CIL EXPERIMENTS

The CIL combines physical and virtual test (real control-
lers plus virtual objects) and has been widely used to vali-
date the controllers of power electronic device [34]. A CIL
experiment uses real-time processors to run simulation mod-
els that mimic the operation states of the controlled objects.
Real-time processors connect to the tested controller through
an I/O interface, allowing for comprehensive system test.
The model of the test circuit is developed in the simulation
software StarSim and runs on MT6020, as shown in Fig.
SC1 in Supplementary Material C. The proposed control is
implemented on MTI1050. The analog/digital signals are
channeled through the I/O board between MT6020 and
MT1050, forming a closed loop. The inverter parameters are
consistent with those described in Section V, and the line pa-
rameters are listed in Table X.

As Fig. SC2 in Supplementary Material C shows, the volt-
age quality of Bus 4 is improved when the proposed control
is applied. The THD is reduced from 8.04% to 3.97%. Table
XI compares the voltage THD before and after applying the
proposed control. Figure SC3 in Supplementary Material C
shows the variations in residual capacity and harmonic pow-
er of different inverters. As the figure shows, the proposed
control effectively prevents inverter overload. Next, load
switching experiments are conducted, where the results for
Inverter 3 are presented in Fig. SC4 in Supplementary Mate-
rial C. When k,;=800, the harmonic power of Inverter 3 os-

4 6

46
Time (s)
c

g 10 12 0 2

Variations in S, and S, of Inverters 1-3 during resistive load switching. (a) Inverter 1. (b) Inverter 2. (c) Inverter 3.

cillates. When k,,=50 or the fuzzy control is adopted, the in-
verter can realize the desired control performance, but the
fuzzy control leads to a faster dynamic response. These ex-
perimental results validate the feasibility of the proposed
control.

TABLE X
LINE PARAMETERS

Value
=2x(0.0261+j0.0024) Q
L=40 mH, R=3 Q
L=35mH, R=5Q
L=0mH, R=21 Q
L=5mH, R=5Q
R, =1Q, C=20mF, R,=15Q
R, =1Q, C=10 mF, R,=30 Q

Parameter

Z

line

Line impedance
Linear loads 1 and 2
Linear load 3
Linear load 4
Linear load 5

Nonlinear load 2

Nonlinear load 1

TABLE XI
VOLTAGE THD BEFORE AND AFTER APPLYING PROPOSED CONTROL

THD (%)
Bus Before applying proposed control After applying proposed control
Bus 1 7.83 3.66
Bus 2 7.90 3.74
Bus 3 8.06 4.01
Bus 4 8.04 3.97
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VII. CONCLUSION

This study presents an adaptive HVI control for improv-
ing the voltage quality of microgrids. With the residual ca-
pacity used as the input and HVI as the output, the output
impedance of all DGs can be minimized without experienc-
ing overloading. These low impedance branches filter har-
monic currents and then improve the voltage quality. The sta-
bility of the proposed control is comprehensively studied,
where the results indicate that simultaneously adjusting the
resistive and inductive parts of the HVI effectively expands
the stability domain. In addition, a fuzzy controller is uti-
lized to enhance the dynamic performance.

The proposed control is expected to be applied to situa-
tions in which low-order harmonics caused by nonlinear
loads are a concern and precise harmonic sharing is not man-
datory. A comparison with two state-of-the-art control strate-
gies demonstrates the advantages of the proposed control.
The study also demonstrates that the control law of HVI is
critical in improving voltage quality and must be carefully
designed in practice. Finally, it should be noted that achiev-
ing optimal voltage quality with the proposed control is not
guaranteed, as this depends on the microgrid topology and
objective function. Typically, such optimal voltage quality ne-
cessitates a global optimization strategy, supported by effec-
tive communication. However, the performance of the pro-
posed control, as revealed in the detailed case study verifica-
tion, is still satisfactory. In addition, an evaluation based on
Monte Carlo harmonic power flow is proposed, which can
be used in practice to demonstrate the applicability of the
proposed control.
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