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ABSTRACT A control strategy of islanded microgrid is proposed in this paper against the harmonic
circulation of the inverters and the Point of Common Coupling (PCC) voltage harmonic distortion of the
microgrid caused by nonlinear load. The reference voltage of the inverter’s outer voltage loop is given by the
decoupling control of the fundamental and harmonic components. Virtual synchronous generator (VSG) is
adopted in fundamental domain. In harmonic domain, adaptive harmonic compensation and harmonic virtual
impedance are applied to obtain the harmonic components of the reference voltage of the outer voltage loop.
The hybrid control strategy combining P control and repetitive control in parallel is adopted in the outer
voltage loop. Multi-period repetitive control (MPRC) with fast repetitive control (FRC) is adopted to improve
the tracking control performance of the main harmonic components of the given reference voltage. Fractional
order delay approximated by Lagrange interpolation polynomial FIR filter is applied in MPRC for different
repetitive control periods at the fixed sampling period. The output harmonic current of the inverters can be
distributed autonomously according to the capacity of the inverters to suppress the harmonic circulation, and
the suppression of the PCC voltage harmonic distortion is realized. Simulation based on Matlab/Simulink
and hardware-in-loop(HIL) test are carried out, and the results show that the proposed control strategy is
effective.

INDEX TERMS Islanded microgrid, nonlinear load, decoupling control, adaptive harmonic compensation,

multi-period repetitive control (MPRC).

I. INTRODUCTION

With the increasing tension of traditional energy and the
aggravation of environmental problems, distributed genera-
tions such as photovoltaics, wind power and fuel cell develop
rapidly, and microgrid composed of distributed generation,
energy storage and local load is widely used [1]-[3]. Micro-
grid often contains nonlinear load which leads to the har-
monic circulation among the inverters and the PCC voltage
harmonic distortion of the microgrid in islanded operation
mode [4]-[6]. The harmonic circulation affects the stable
operation of the inverters and even damages them, so it is
necessary to distribute the output harmonic current among the
inverters to suppress the circulation. IEEE standard requires
that the total harmonic distortion (THD) of grid voltage
should not be more than 5% [7]. When the PCC voltage
harmonic of microgrid are serious, it will affect the opera-
tion of the electrical equipments in the microgrid. Therefore,
the PCC voltage harmonic components caused by nonlinear
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load should be suppressed to ensure the power quality of
microgrid.

Active power-frequency (P-f) and reactive power-voltage
magnitude (Q-V) droop control is usually applied in the par-
allel operation of the inverters in islanded microgrid, which
can realize the power sharing among the inverters without
communication links [8]-[10]. Nevertheless, droop control is
only applied in fundamental domain for the sharing of the
fundamental power. Due to the harmonic circulation and dis-
tortion caused by nonlinear load, it is not effective. Therefore,
the sharing of the harmonic current and the suppression of the
PCC voltage distortion are focused in this paper.

Applying APF to microgrid can effectively suppress the
harmonics [11], but this increases the cost of the microgrid.
On the other hand, the harmonic suppression can be real-
ized by the inverter with proper control. The control strate-
gies of the inverter to achieve the harmonic suppression in
islanded microgrid are mainly divided into two modes: decen-
tralized autonomous control without communication links
and hierarchical control based on communication links [12].
The harmonic circulation among the inverters and the PCC
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voltage distortion of microgrid are affected by the out-
put impedance of the inverters and the feeder impedance
between the inverter and the PCC. Virtual impedance is
mostly used for autonomous control without interconnected
communication links to achieve the harmonic circulation sup-
pression [12]-[14]. A negative virtual harmonic impedance
method was applied in [12] to compensate the effect of feeder
impedance on harmonic power delivery. An adaptive virtual
impedance control scheme based on small-AC-signal injec-
tion was proposed in [13]. The virtual impedance of each
inverter was matched for sharing the harmonic power by this
method. In [14], the inverter impedance was directly con-
trolled to regulate the output harmonic current of the inverter
in islanded microgrid to achieve harmonic current sharing.
However, the virtual impedance is needed to be much larger
than the feeder impedance for the accurate harmonic current
sharing among the inverters, while large virtual impedance
leads to the serious PCC voltage distortion. The hierarchi-
cal control based on communication links can effectively
reduce the influence of the feeder impedance on the harmonic
circulation suppression and suppress the PCC voltage har-
monic distortion [15]-[17]. Reference [15] adopted central
controller to give the harmonic current reference and vir-
tual harmonic admittance of each inverter by communication
links according to the detected harmonic contents of the PCC
voltage of microgrid. Reference [16] proposed an enhanced
virtual harmonic impedance control scheme. According to the
rated harmonic power and actual harmonic power of each
inverter, the microgrid central controller provided the refer-
ence of the harmonic power for each inverter to compensate
the mismatch in feeder impedance. Reference [17] adopted
hierarchical control which realized a complementary control
loop, virtual impedance and harmonic voltage compensation,
and power calculation based on harmonic power flow using
radial basis function neural network. However, the hierar-
chical control based on communication links leads to the
hardware complexity and reduces the reliability of microgrid,
and is also not good for the addition of inverters to expand
microgrid. Voltage and current harmonics compensation was
realized in [18]. But it’s realized by two converters respec-
tively. One is responsible for the voltage harmonic suppres-
sion, and the other is used to mitigate the harmonic current.

Proportional resonant control is usually used to realize the
closed loop control of each order harmonic component. Res-
onant controller needs to extract each harmonic component,
and the parallel number of resonant controller is limited.
So it is difficult to meet the control requirements of each
order harmonic, and the control parameters setting is also
complex. Repetitive control based on internal model theory
can be equivalent to the parallel of integral and each order
quasi-resonant control, and the control parameter setting is
relatively simple, which can overcome the shortcomings of
resonant controller [19], [20].

This paper presents a novel control strategy applied in
islanded microgrid with nonlinear load. The inverters in the
microgrid can realize the harmonic current distribution and
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FIGURE 1. Structure of the islanded microgrid with nonlinear load.

the PCC voltage distortion suppression simultaneously in
islanded microgrid by autonomous control. The fundamental
and harmonic components of the reference voltage of the
inverter’s voltage loop are obtained by the decoupling control
of the fundamental and harmonic components to meet the dif-
ferent control requirements. Virtual inertia and damping are
introduced by VSG control in the fundamental droop control.
To make up for the deficiencies of virtual impedance, adap-
tive harmonic compensation and harmonic virtual impedance
are combined in the harmonic domain control to suppress the
harmonic components of the PCC voltage and the harmonic
circulation of the inverters. According to the harmonic char-
acteristics of the three-phase circuit with nonlinear load, the
tracking control performance of the main harmonic compo-
nents is improved by the hybrid control strategy combining P
control and MPRC with FRC in parallel.

The sections of this paper are structured as follows.
Section II analyses the structure of the islanded microgrid
with nonlinear load. Section III presents the VSG control in
fundamental domain. Section IV deduces the adaptive har-
monic compensation control in harmonic domain. Section V
gives the voltage and current double loop control which
emphasizes the MPRC. In Section VI, simulation based on
Matlab/Simulink and HIL real-time verification test are car-
ried out.

Il. STRUCTURE OF ISLANDED MICROGRID WITH
NONLINEAR LOAD

The structure of the islanded microgrid with nonlinear load is
shown in Figure 1. Uy, is the dc side voltage of the inverter.
L and C are the filter inductance and capacitor of the inverter
respectively. iy, is the current of the filter inductance. i, is
the output current of the inverter. The terminal voltage of
C is u, which is the output voltage of the inverter. Z; is the
feeder impedance between the inverter and the PCC. uyy is
the reference voltage value of the voltage loop. uj,, is the
output of the inverter bridge. upc. is the PCC voltage. Upce
is the magnitude of upc.. /:, is the fundamental components of

VOLUME 9, 2021



Q. Chen: Control Strategy of Islanded Microgrid With Nonlinear Load for Harmonic Suppression

IEEE Access

FIGURE 2. Block diagram of the voltage and current double loop.
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FIGURE 3. Separation method of the fundamental and harmonic
components.

ip. The fundamental components of the physical quantities
in this paper are all with superscript f. iﬁ is the harmonic
components of i,. The harmonic components of the physical
quantities in this paper are all with superscript 4.

The voltage and current double loop control of the inverter
is shown in Figure 2. G,(s) is the voltage loop regulator. G;(s)
is the current loop regulator. i, is the reference current value
of the current loop. i, is the current value of the capacitor C.
Kp\m is the gain of the inverter-bridge.

According to Figure 2, the output voltage of the inverter is
expressed by

Uuy(s) = G(S)Mref — Zo(8)in(s) (D

where G(s) is the closed-loop transfer function, and Z, is the
output impedance of the inverter as follows
Gi(s)G
G(s) = . i($)Gu(s) )
LCs? + Gi(s)Cs + Gi(5)Gy(s)
Ls + Gi(s)
Zo(s) = — : 3)
LCs* 4+ Gi(s)Cs + Gi(5)Gy(s)
i, is decomposed into the fundamental and harmonic com-
ponents as follows

0—z+l 4

As shown in Figure 3, the separation of the fundamental and
harmonic components of i, is achieved by band-pass filter.
¢ is the damping coefficient. w is the actual value of the
fundamental electric angular velocity of the inverter.

By substituting (4) into (1), the fundamental and harmonic
components of the inverter’s output voltage are respectively
expressed as

u(s) = Gl — Z0 ()il () )
y() = ~Zy($)ig(s) ©)
where Zf and Zh are the output impedance of the inverter

respectlvely in fundamental and harmonic domains. u’;ef and
nf are the fundamental and harmonic components of the

reference voltage of the voltage loop respectively. 7zl = Z) h—
Zo, Uref = uref + uref’ ref =0.
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FIGURE 4. Equivalent circuit of the islanded microgrid: (a) Fundamental
domain; (b) Harmonic domain.

According to (5), (6) and Figure 1, the equivalent circuit
of the islanded microgrid is shown in Figure 4. The load
is equivalent to a current source. ij,,q is the current of the
load. Subscript j and k represent the jth and kth inverters
respectively. iif is the harmonic circulation.

The rated power ratio of the jth and kth inverters is w.
According to Figure 4(b), the harmonic components of the
PCC voltage and the harmonic circulation between the two
inverters are expressed by

W = —(Zy + Z)ih = —(Zn + Z))ily @)
L S S
CT w19 w1k
 L@w+Z05) — w2y + Z) iy )

W+ DI + Zy) + i+ Z))]

Excessive Zf results in the harmonic distortion of upc
exceeding the standard from (7). But too small Zoh is not
conducive to the suppression of the harmonic circulation
between the inverters from (8). The effective suppression
of ié’ and uﬁcc should be taken into account in the inverter
control simultaneously. What’s more, the output impedance
in harmonic domain needs to be resistive for the distribution
of the harmonic current. Therefore, the characteristics of the
output impedance in harmonic domain should be different
from those for droop control in fundamental domain.

It is shown from (5) and (6) that the output impedance of
the traditional control of inverter is the same in fundamental
and harmonic domains. So it is difficult to meet the differ-
ent control requirements of the fundamental and harmonic
components, and the control effect with nonlinear load is not
ideal. In this paper, the decoupling control of the fundamental
and harmonic components is used to obtain the fundamental
and harmonic components of the reference voltage of the
outer voltage loop to improve the output characteristics of
the inverters and the stable operation ability of the islanded
microgrid with nonlinear load.
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IIl. VSG CONTROL IN FUNDAMENTAL DOMAIN
To improve the stability of the droop control in fundamen-
tal domain, rof is given by VSG control to simulate the
rotor motion and stator excitation regulation characteristics
of synchronous generator so that the frequency and voltage
regulation characteristics of the inverter is similar to those of
synchronous generator.

According to the decoupling control principle, the power
loop of the VSG control adopts the following instantaneous
active and reactive power of the inverter in fundamental

domain
G- lle] -
o 2 "‘{)q _”{)d i{”!
where u(f)d and uzq are the dg components of uz respec-
tively, and the dg components of other physical quantities are
expressed by reference to this.
By simulating the primary frequency modulation charac-
teristics, rotor motion equation and stator excitation regula-

tion characteristics of synchronous motor, the VSG control
equations are expressed by

Pref = Po + ky(wo — )
do Py P

7L = T D(w— wp) (10)
dr wo wo

Urer = Up + no(Qo — Qf) + ku(Up — Upcc)

where Py is the rated active power, k,, is the active power
droop coefficient, P, is the active power reference value,
wo is the rated electrical angular velocity, J is the moment of
inertia, D is the damping coefficient, Uy is the rated voltage
magnitude, ng is the reactive power droop coefficient, Qg
is the rated reactive power, U, is the voltage magnitude
reference value, and k, is the regulation coefficient of the
PCC voltage.

According to (10), the voltage reference value in funda-
mental domain given by the VSG control is expressed by

Uyer sinf
Uyer sin(0 — 27 /3) (11
Uyer sin(0 — 47 /3)

* —_—
Uref =

where 6 is the phase angle of the inverter. 6 = fé wdt +¢. @
is the initial phase angle of the inverter.

In order to suppress the current circulation of the invert-
ers in fundamental domain and enhance the stability of the
system, the fundamental virtual impedance ZL‘ is adopted to
improve the output characteristics of the inverter. The fun-
damental components of the reference voltage of the voltage
loop is given as

l, =—1]

re,

%’f — R+ ulhy (12)
where Z{: = IJV + ja)L(,. In order to improve the droop
characteristics of the inverter, Z{ needs to be highly inductive.

Based on the above analysis, the control system block
diagram of the VSG control in fundamental domain is shown
in Figure 5.
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FIGURE 5. Control system block diagram of the VSG control in
fundamental domain.

IV. ADAPTIVE HARMONIC COMPENSATION CONTROL IN
HARMONIC DOMAIN

According to (7), the harmonic current of the inverter is
determined by the harmonic components of the PCC voltage,
the output impedance of the inverter in harmonic domain and
the feeder impedance. In order to realize the harmonic current
distribution among the inverters, according to Figure 4(b),
the harmonic virtual impedance should be resistive, Z" = R".
The harmonic components of the reference voltage of the
voltage loop and the output impedance in harmonic domain
are respectively expressed by

upe = —RUi] (13)
Ls+G;
Zh(s) = s + Gils) +R'G(s) (14)

LCs? 4 Gi(s)Cs + Gi(s)Gy(s)

According to (6), (8) and (14), R}vl and Z; affect the distri-
bution of the harmonic current together. In order to ensure
the distribution effect of the harmonic current, R}VZ > 7 to
ignore the effect of Z;. Although increasing Ri‘ can improve
the control performance of the harmonic current distribution,
it also increases the harmonic components of the inverter’s
output voltage which leads to the aggravation of the PCC volt-
age harmonic distortion and affects the power quality of the
microgrid. For the harmonic suppression of the PCC voltage,
a harmonic compensation loop is introduced. According to
Figure 4(b), the harmonic compensation loop is given as
" ki (15)

Uy = —Upee

where kj, is the harmonic compensation coefficient. ui‘ef is
adjusted as

uly = Uy — R (16)
According to Figure 4(b), it has
W) = ) — Z,il (17)

(17) is substituted into (16), uﬁ‘ef and Z(ﬁ' is adjusted as
e = (Ziily — upky — Ry} (18)
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(Ls + Gi(s))/(1 + kpG(s))
LCs? + Gi(s)Cs + Gi(s)G,(s)
(R} — knZ1)G(s)
1 + kpG(s)
Then combining (7), according to the final value theorem
in steady-state is given as

Zls) =

19)

ul
Upee

R+Zlh
1+ kp, o

(20)
In (20), upcc is inverse proportional to k. Too small kj,
is not conductive to suppress the harmonic components of
the PCC voltage, but it is shown from (19) that excessive ky,
reduces the shunt effect of R and affect the harmonic current
distribution. What’s more, uz“ is proportional to . For the
harmonic compensation loop can meet the demand of the
PCC voltage distortion suppression and the harmonic current
distribution simultaneously, adaptive harmonic compensation
control is introduced in this paper as follows

ki = ki | i 1)

where k;j, is the adaptive harmonic compensation coefficient.
Adaptive harmonic compensation control is shown in Fig-
ure 6.

As shown in Figure 6, i o 1s proportionate to kh Since the
effect of kj, on upcc is the 0pp051te of the effect of ! iy, adaptive
control can reduce the effect of i" on upcc and effectively real-
ize the suppression of upcc. Setting k;;, in a reasonable value
can ensure the distribution effect of the harmonic current.

IEEE standard stipulates that the PCC voltage THD should

not be more than 5% as

h

Mpcc

< |

(22)

Substitute (20) and (21) into (22), ‘u{,cc and }lﬁ| respec-
tively take the rated voltage and current magnitude of the
inverter, and Ri‘ > 7, s0 kjp, is given as

Rl 1
0.05Uy [0

where [ is the rated current magnitude of the inverter. For the
value of Z; is ignored in (23) and the value of k;; needs to be
limited for the harmonic current distribution, the value of k;j,
is slightly greater than the value of the right of (23).

To suppress the harmonic circulation among the inverters,
the output harmonic current of the inverters should be dis-
tributed according to the capacity of each inverter. w is the
ratio of the rated power between the jth and kth inverters, then

klh =

(23)
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the harmonic current distribution between the two inverters is
given as

i =w (24)
Substituting (24) into (20), it has
R+ 7 Rl +7
d vk T (25)
1+ Wklhj |’ok| T Tk i
Rﬁ >> Zj, then ignoring the influence of Z;, it has
WRY; + WRI ki |ity | = Rl + Ry wking |l (26)
where
R} = wRY;
kink = Wklhj
Therefore, the relationship among the rated power,

the adaptive compensation coefficient and the harmonic vir-
tual impedance of the inverters is determined by

{ kintS1 = kinpS2 = -+ - = kinnS.

(28)
.=R"S,

h h
Rv1S1 = Rv2S2 =
where Rm, S, and ki, are the harmonic virtual impedance,
the rated power and the adaptive harmonic compensation
coefficient of the nth inverter respectively.

V. VOLTAGE AND CURRENT DOUBLE LOOP CONTROL
In order to realize the tracking control of the reference’s har-
monic components of the outer voltage loop, hybrid control
strategy combining P control and repetitive control is applied
in the outer voltage loop, and P control is applied in the inner
current loop. The voltage loop is realized in dg coordinate
system, and the current loop is realized in @B coordinate
system.

Conventional hybrid control strategy combining P control
and repetitive control is written as

e*STl

1= Q=T

where k) is the proportional coefficient of the voltage loop,

k1 is the gain of the repetitive control, 71 = 27/w, and Qj is

the internal mode coefficient of the repetitive control.
Expand (29) as follows

ko kn

200 TQi(s+ wer)

o0

Gpre(s) = kyp + ki1 (29)

Gpre(s) = kvp -

Zkrl S+ w1
(30)
T1Q1 Z 52 4 2wc1s + 2| + (ko)?

where w1 is the resonant bandwidth. The hybrid control com-
bining P control and repetitive control can be equivalent to the
parallel control of proportion, integral and each order quasi-
resonance control, which has large gain at the fundamental
and each order harmonic and realizes the tracking control
of each order harmonic compensation. w.,; = —InQ1/T1.
Reducing Q1 can increase w. to improve the stability of the
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repetitive control, but also reduces the open-loop gain of the
repetitive control leading to the increase of the tracking error
of the repetitive control. For wider resonant bandwidth and
larger open-loop gain of the repetitive control, it is necessary
to increase k,; and reduce Q. However, k,| is related to the
stability margin, and too large k,; will lead to the system
instability. Q7 is generally less than 1 and the capacity of
microgrid is generally small, so the frequency error of the
PCC voltage can be allowed within £0.5Hz [21], then w.] <
m and Qg is defined as 0.94.

According to (30), the repetitive control also has large gain
at high frequency band, which affects the stability of the
repetitive control. Low-pass filter is connected in series to
improve the attenuation capability of the repetitive control
to reduce the gain at high frequency band, and phase lead
compensation is added to compensate phase to realize zero
phase shift at middle and low frequency band as follows

—sT

WGLPF (S)ESTOK1 (31)
where K| is the phase lead compensation quantity, and Ty is
the sampling period which is 0.1ms. According to Shannon’s
sampling theorem, the sampling frequency should be greater
than twice the harmonic frequencies. Considering the delay of
the control system, 7 can meet at least 50th order harmonic
compensation. Grpr(s) is the 2nd order low-pass filter as
follows

Gpre(s) = kvp + k1

w2

- (32)

G = %
1PF(S) T 2wms + o

where the cut-off frequency w, is 2.6kHz, and the damping
ratio & is 0.707.

In the three-phase AC circuit with nonlinear load, the pos-
itive sequence components are mainly 6k + 1th order har-
monics, and the negative sequence components are mainly
6k — 1th order harmonics, where k is interger. When the
three-phase voltage and current are transformed to the posi-
tive sequence fundamental dg coordinate system, the positive
6k + 1th and negative sequence 6k — 1th order harmonic com-
ponents are all converted to 6kth order harmonics. In order
to improve the control gain of 6kth order harmonics in dg
coordinate system, FRC is added to (31) in parallel to obtain
the MPRC strategy as follows

sToK>

e*STQ
Gprumre(s) = Gpre($) + kro—————Grpr(s)e
1 — Qpes2

O
(33)

where the repetitive control period of the FRC T, = T/6, K>
is the phase lead compensation quantity, &, is the gain of the
FRC and Q5 is the internal model coefficient of the FRC.
The MPRC is the parallel of the repetitive control with
period T and the repetitive control with period 77/6, and thus
the performance of the repetitive control for tracking the ref-
erence signals of the integral multiples frequency harmonics
of 1/T> in dg coordinate system is enhanced. The resonant
bandwidth of the FRC w., = —In Q»/T>. To make the same
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FIGURE 7. Magnitude-frequency characteristic curve of Gpypc(z) at
different values of z=N/6,

resonant bandwidth of the two parallel repetitive controllers,
0> = J0y. (33) is discretized as follows

-N
_ 2 K
Gpmrc(2) = kyp + ki1 WGLPF ()™
—N/6
ko Grr () (34)
ey — Q2Z7N /6
where N = T/Ty, and Grpr(z) is the discretization of

Grpr(8).

Only when N is divisible by 6, (34) can be implemented
in the control system, but in the actual system N is not
necessarily set to be integral multiples of 6. If z7N/6 is
approximated as an adjacent integer of N/6 order delay,
the resonant frequencies of the FRC are different with the
harmonic frequencies of the PCC voltage, and the tracking
control performance of the main harmonic components is
reduced. To solve this problem, the FRC adopts fractional
order delay as follows

Z_N/6 — Z_mZ_F (35)

where m is an integer, and 0 < F < 1. The fractional order

delay z=F can be approximated by the following Lagrange
interpolation polynomial FIR filter
X
F A A (36)
n=0
X
F—i
A(n) = | = e
m=[]— i=01.. . x (37)
i=0
n#i

To simplify the calculation, the value of x is defined as 1,
and (36) is the linear interpolation as follows

Fa~1-F)+F;! (38)

when N = 200, m = 33 and F = 1/3. So z7V/% is adjusted
as

N~ 73034 713) (39)

Figure 7 is the magnitude-frequency characteristic curve
of Gpyrc(z) at the main frequency band when 77 N/6 s
separately defined as z733, z734, and z733(2/3 + z71/3).
From Figure 7, the open loop gain of z7V/% as z7733(2/3 +
z71/3) is higher than that of z7V/¢ as 7733 and 773 at the
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FIGURE 9. Islanded microgrid with nonlinear load.

frequencies 300Hz, 600Hz and 900Hz. So the fractional order
delay proposed in this paper is necessary to improve the
tracking control performance of the repetitive control at major
harmonics. The MPRC can effectively improve the harmonic
gains at middle and low frequency band for the tracking
control performance of the given reference’s harmonic com-
ponents of the voltage loop, especially 6kth order harmonics
in dq coordinate system.

The control system block diagram of the voltage and cur-
rent double loop control is shown in Figure 8. iyef o8, io,o8-
iL,af> Uo,ap and Ujpy op are the aff components of iy, io, ir,
o and u;y, respectively in af coordinate system. k;, is the
proportional coefficient of the current loop.

VI. SIMULATION AND HIL TEST

A. SIMULATION

The control strategy proposed in this paper is simulated and
verified by simulation model in Matlab/Simulink. Figure 9 is
the simulation model of the islanded microgrid with nonlinear
load. INV1 and INV2 are connected in parallel, and the
capacity ratio of them is 1:2. Table 1 is the main simulation
parameters. Zj,q41 is the three-phase linear load. The DC side
of the three-phase uncontrolled rectifier is connected with
Zioad2 to generate the nonlinear load.

When each phase of Zj,,q1 is 152, and Zjyuq2 is 40 +
Jjo x 0.03€2, the contrast of the harmonic contents of the PCC
voltage by different control strategies is shown in Table 2,
in which different control strategies: (a) Harmonic compen-
sation loop is not applied and P control is applied in the outer
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TABLE 1. Main simulation parameters.

Parameter/unit Numerical(INV1) Numerical(INV2)
L/mH 4 2
C/ uF 10 20
Zlf/Q 0.3 +jw % 0.006 0.15+ jw x 0.003
RMQ 7 35
kin 0.6 0.3
Z,/mQ 40 + jw x 0.03 30 + jw x 0.02
Py/kW 5 10
Q,/kvar 2.5 5
Uye/V 700
Uy/V 311
wo/(rad/s) 1007

TABLE 2. Contrast of the harmonic contents of the PCC voltage by
different control strategies.

Control strategy a b c d

Fundamental (50Hz)/V 5372 5373 538.3 5384
THD/% 6.22 3.75 3.24 2.59
Magnitude of 2nd 2.55 0.77 0.4 0.21
each order 3rd 0.01 0.01 0.03 0.13
harmonic/(% of 4th 2.03 0.59 0.35 0.4
fundamental) Sth 341 1.95 1.62 1.09
6th 0.03 0.01 0.03 0.14

7th 2.53 1.27 1.04 0.6

8th 0.57 0.17 0.12 0.02

9th 0.02 0.02 0.01 0.04

10th 0.3 0.08 0.1 0.04

11th 2.15 1.35 1.19 0.73

12th 0.04 0.02 0.02 0.11

13th 1.82 1.16 1.06 0.62

14th 0.19 0.15 0.14 0.13

15th 0.03 0.01 0.02 0.07

16th 0.1 0.22 0.21 0.22

17th 0.93 1.32 1.15 0.91

18th 0.04 0.01 0.05 0.09

19th 0.67 1.07 1.03 0.87

voltage loop; (b) Adaptive harmonic compensation control is
applied and P control is applied in the outer voltage loop;
(c) Adaptive harmonic compensation control is applied and
(31) is applied in the outer voltage loop; (d) Adaptive har-
monic compensation control is applied and (34) is applied
in the outer voltage loop. The fundamental (50Hz) value is
the fundamental magnitude of the 3-phase line voltage. By
comparing (a) with (b) the adaptive harmonic compensation
control can greatly improve the power quality of the islanded
microgrid with nonlinear load. By comparing (b), (c) and (d),
the harmonic gains improved by the MPRC at middle and low
frequency band are good for the tracking control performance
of the given reference’s harmonic components of the voltage
loop, which can improve the ability of the control system to
suppress the PCC voltage distortion, especially Sth, 7th, 11th,
and 13th order harmonics.

By the control strategy presented in this paper, the current
waveform of INV1 and INV2, the harmonic contents of the
current of INV1, INV2 and the load, and the PCC voltage
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FIGURE 10. Current waveform of INV1 and INV2, harmonic contents of
the current of INV1, INV2 and the load, and PCC voltage waveform of the
microgrid at steady state: (a) Output current of the inverters; (b)
Harmonic contents of INV1’s output current; (c) Harmonic contents of
INV2’s output current; (d) Harmonic contents of the load current; (e) PCC
voltage of the microgrid.
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FIGURE 11. Waveform of the microgrid when the inverters are put into
operation: (a) Magnitude of the fundamental current of the inverters and
load; (b) Magnitude of the 5th order harmonic current of the inverters
and load; (c) Magnitude of the 7th order harmonic current of the inverters
and load; (d) Magnitude of the PCC voltage of the microgrid; (e) THD of
the PCC voltage of the microgrid.

waveform of the microgrid at steady state are shown in Fig-
ure 10. The load condition of the microgrid is the same as that
in Figure 10. The fundamental current magnitude of INV2 is
nearly twice the fundamental current magnitude of INV1.
The current of INV1 and INV2 have the same frequency
and phase. The percentages of the main harmonic contents
of the current among INV1, INV2 and the load are close.
Figure 10 indicates that the control strategy has good steady
performance and the harmonic circulation can be effectively
suppressed.

The waveform of the microgrid when the inverters are put
into operation is shown in Figure 11. Before t = 0.5 s, only
INV1 operates, and INV2 is put into operation at t = 0.5 s.
The load condition of the microgrid is the same as that in Fig-
ure 10. The current of the inverters changes smoothly and
the PCC voltage is steady in the transient process. According
to Figure 10(b), (c) and (d), the 5th and 7th order harmon-
ics current is selected as main harmonics for analysis. The
distribution ratio of the fundamental and main harmonics
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FIGURE 12. Waveform of the microgrid when the load suddenly changes:
(a) Magnitude of the fundamental current of the inverters and load;

(b) Magnitude of the 5th order harmonic current of the inverters and
load; (c) Magnitude of the 7th order harmonic current of the inverters and
load; (d) Magnitude of the PCC voltage of the microgrid; (e) THD of the
PCC voltage of the microgrid.

current extracted by Fourier analysis is close to the ratio of
the inverters’ capacity.

The waveform when the load suddenly changes is shown
in Figure 12. Each phase of Zj,,41 is 15 Q2. Before t = 2.3 s
Zioada2 18 40 + jo x 0.03Q2. At t = 2.3 s Zjyaq2 changes
to 20 4+ jo x 0.015Q instantaneously. The current of the
inverters changes smoothly, and the THD of the PCC voltage
conforms to IEEE standard in the transient process. The
distribution ratio of the current is close to the ratio of the
inverters’ capacity. The simulation results from Figure 11 and
Figure 12 validate that the harmonic current distribution real-
ized by Ri’ and k;;, is effective at various dynamic operating
conditions.

B. HIL TEST

In order to further verify the proposed control strat-
egy, the HIL real-time verification test based on Typhoon
HIL604 is carried out. The microgrid model is estab-
lished in Typhoon schematic editor and then download into
HIL604 hardware platform. The islanded microgrid with
nonlinear load of the HIL test system is as Figure 9. The
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FIGURE 13. Current waveform of the inverters, and PCC voltage waveform
of the microgrid at steady state: (a) A-phase output current of the

inverters; (b) PCC voltage of the microgrid.

TABLE 3. Contrast of the invertes’ output current.

Casel Case2
INV1 INV2 INV1 INV2
Fundamental 11.61 23.27 16.18 324
magnitude/A
THD/% 10.67 9.59 14.65 13.24

parameters of the inverters and load are the same with those
of the simulation presented in Table 1.

Casel: each phase of Zj,uq1 is 15 Q2 and Zjpaqo is 40 +
Jjo x 0.03Q. Case2: each phase of Zjyqq1 18 15 2 and Zjp4q2 i
20+ jw x 0.015€2. The current waveform of the inverters and
the PCC voltage waveform of the microgrid at steady state
are shown in Figure 13. The load condition of the microgrid is
casel. The THD of the PCC voltage is 3.62%. The waveform
when the load suddenly changes is shown in Figure 14. The
load changes from casel to case2 instantaneously. The cur-
rent of the inverters changes smoothly and the PCC voltage
is steady in the transient process. To demonstrate the funda-
mental and harmonic current distribution effect between the
inverters, the contrast of the inverters’ output current about
the fundamental components and THD is given in Table 3.
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FIGURE 14. Current waveform of the inverters, and PCC voltage waveform

of the microgrid when the load suddenly changes: (a) A-phase output
current of the inverters; (b) AB line voltage of the PCC.

From Table 3, the distribution ratio of the fundamental and
harmonic current is very close to the ratio of the inverters’
capacity, and the current circulation is suppressed effectively.

VII. CONCLUSION
In this paper, the power quality problems of islanded micro-
grid caused by nonlinear load are studied and addressed.

By analyzing the main circuit of the microgrid, the equiv-
alent circuits in fundamental and harmonic domains are
obtained, and then the generation mechanism of the har-
monic circulation among the inverters and the PCC voltage
harmonic distortion are deduced. According to the different
control requirements of the fundamental and harmonic com-
ponents of the inverters, the decoupling control of the funda-
mental and harmonic components is carried out. VSG control
is applied in fundamental domain to realize the fundamental
frequency and voltage regulation of the microgrid and the
autonomous distribution of the fundamental current. Adap-
tive harmonic compensation and harmonic virtual impedance
are used in harmonic domain against the PCC voltage har-
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monic distortion and the harmonic circulation. The relation-
ship among the adaptive compensation coefficient, harmonic
virtual impedance, harmonic current and harmonic compo-
nents of the PCC voltage is analyzed. Adaptive harmonic
compensation can effectively overcome the shortcomings of
virtual impedance. MPRC with FRC is used to improve the
tracking control performance of the given reference’s har-
monic components of the voltage loop, especially the main
harmonic components.

Simulation model is built in Matlab/Simulink for analysis
and verification. The HIL real-time verification test based
on Typhoon HIL604 is given. The simulation and HIL test
results show that the control strategy proposed in this paper
can effectively suppress the harmonic circulation and the PCC
voltage distortion, which ensures the power quality of the
microgrid. The control strategy has good steady and dynamic
performance.
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