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Abstract

The high proportion of nonlinear and unbalanced loads results in power quality issues in islanded microgrids. This
paper presents a novel control strategy for harmonic and unbalanced power allocation among distributed genera-
tors (DGs) in microgrids. Different from the existing sharing strategies that allocate the harmonic and unbalanced
power according to the rated capacities of DGs, the proposed control strategy intends to shape the lowest output
impedances of DGs to optimize the power quality of the microgrid. To achieve this goal, the feasible range of virtual
impedance is analyzed in detail by eigenvalue analysis, and the findings suggest a simultaneous adjustment of real
and imaginary parts of virtual impedance. Because virtual impedance is an open-loop control that imposes DG to the
risk of overload, a new closed-loop structure is designed that uses residual capacity and absorbed power as feedback.
Accordingly, virtual impedance can be safely adjusted in the feasible range until the power limit is reached. In addi-
tion, a fuzzy integral controller is adopted to improve the dynamics and convergence of the power distribution, and
its performance is found to be superior to linear integral controllers. Finally, simulations and control hardware-in-the-
loop experiments are conducted to verify the effectiveness and usefulness of the proposed control strategy.

Keywords Islanded microgrid, Harmonic power, Unbalanced power, Residual capacity, Adaptive virtual impedance

1 Introduction

With increasing concern about the environment, renew-
able energy-based distributed generation (DG) has grad-
ually made its way into the modern energy landscape.
A microgrid is a small-scale power grid formed by DGs
and interconnected loads. It serves as an effective way
for renewable energy integration without violating the
operating principles of classical electricity distribution
networks [1, 2]. In China, the plan of carbon peaking and
carbon neutrality has pushed forward several microgrid
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demonstration projects in recent years, such as the
Burang and Gar county-level microgrids in Tibet. These
microgrids are generally far away from the main grids
and are designed to have the capability of operating in
islanded mode.

For an islanded microgrid, DGs are required to autono-
mously share the power to avoid overload and ensure
that the voltage and frequency vary within reasonable
ranges. This topic has been studied for years, and vari-
ous centralized [3] and decentralized controls [4, 5] can
be found in the literature. Among the approaches, droop
control has gained great popularity because of its ‘plug-
and-play’ feature. Considering conventional droops
between the active power—frequency (P-f) and reactive
power-voltage magnitude (Q-V), the active power can
be accurately shared because the frequency of different
DGs in the microgrid is uniform in the steady state. How-
ever, accurate reactive power sharing is more challenging
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because the voltages measured by DGs are nonuniform
[6]. Improvements in droop control have been suggested
to address this issue, such as adding secondary regulation
though a communication system [7, 8] or using virtual
impedance control to address line impedance mismatch
[9]. Although reactive power sharing is an important and
challenging task, it has been discussed in many publica-
tions and is beyond the scope of this paper.

On the other hand, with the increase in nonlinear and
unbalanced loads, the power quality of islanded micro-
grids has emerged as a concern for the safe and economic
operation of the microgrids. In many cases, the power
quality of islanded microgrids can be worse than that of
traditional distribution systems because of a much lower
short circuit ratio. Accordingly, DGs are vulnerable to
overload because of excessive harmonic and unbalanced
power.

To achieve a fair harmonic and unbalanced power allo-
cation, most existing research is devoted to achieving
accurate power sharing using virtual impedance control.
Reference [10] points out that adding a large fixed virtual
impedance at the harmonic frequency can reduce the dif-
ference in output impedances of different DGs and real-
ize power sharing. However, this scheme is difficult to
apply in microgrids with variable structures. To increase
the flexibility of the harmonic power sharing, reference
[11] proposes an enhanced power sharing control scheme
which uses an adaptive virtual impedance at dominant
frequencies calculated by the central controller. However,
communication is needed for this approach. Reference
[12] proposes a distributed event-triggered power shar-
ing control strategy. The trigger control rule is designed
based on the reactive, unbalanced and harmonic power
distribution deviation signals of each DG, and a propor-
tional integral controller is introduced to dynamically
adjust the virtual inductance. A novel idea proposed in
[13] points out that it is feasible to eliminate power shar-
ing error by injecting coupling between the transient real
power change and virtual impedance. A term associated
with reactive, unbalanced or harmonic power is added to
the traditional active power—frequency droop control. As
a result, the frequency of different DGs can only be uni-
form when the active, reactive, harmonic and unbalanced
power are all shared according to the rated capacity. A
recent work [14] proposes an adaptive virtual impedance
control method based on small disturbance signal injec-
tion. By detecting the active power generated by small
signals injected into the microgrid, the virtual harmonic
inductance of the DG is adjusted to achieve harmonic
power sharing.

However, all the abovementioned research focuses
on accurate harmonic and unbalanced power sharing
among DGs rather than power quality of the microgrid.
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Theoretically, when a DG is close to the harmonic or
unbalanced sources, it is desirable to absorb more har-
monic or unbalanced currents, so as to prevent them
from flowing into the system side. From this perspective,
the power sharing strategy based on the rated capacity of
DGs will sacrifice the power quality of the microgrid to
some extent. The original intention of sharing is to avoid
overload and ensure fairness. However, the amount of
harmonic and unbalanced power is usually much smaller
than that of active and reactive power. This means that
disproportionate sharing of harmonic and unbalanced
power will not significantly increase the risk of DG over-
load. On the other hand, DGs in a microgrid may belong
to the same utility or customer, e.g., all DGs in the Burang
and Gar microgrids belong to the State Grid Corporation
of China. For such cases, premium power quality is more
meaningful than the fairness of DGs, especially when
sensitive loads are connected.

Apart from power sharing, some recent work has
focused on power quality enhancement of islanded
microgrids, such as adding a secondary regulation
though the communication system [11-16] and power-
quality orientated virtual impedance control based on
local measurements. The latter is the focus of this paper
because of its noncommunication feature, and the related
literature is reviewed here. Reference [17] dynamically
adjusts the inverter output impedance design rules by
detecting the voltage distortion at the PCC, aiming to
reduce the equivalent harmonic impedance when the
voltage distortion is high. To control the DG output cur-
rent in a balanced condition, reference [18] concludes
that the higher the value of the virtual impedance, the
better the imbalance suppression. Also, considering the
compromise between the mitigation effect and response
speed, an upper boundary of the virtual impedance is
set to ensure the DG’s modulation performance. In [19],
voltage distortion is compensated by employing the neg-
ative virtual impedance and establishing a droop rela-
tionship between the virtual impedance and the absorbed
harmonic power. However, because power sharing is still
the main control target, power quality improvement is
limited.

Based on the literature review, it can be summarized
that the existing control strategies cannot fully use the
capacity of DGs to enhance the power quality of islanded
microgrid when only local measurements are available.
This paper presents an adaptive virtual impedance con-
trol aimed at enhancing the power quality of an islanded
microgrid. The key idea is to minimize the equivalent
impedance of the DG at the designed frequency so as to
provide a low impedance path to absorb harmonic and
unbalanced currents, similar to passive filters. The main
contributions and innovations of this study include:
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1) A novel closed-loop adaptive virtual impedance
control is proposed. Conventionally, the value of
the virtual impedance is predesigned by experience
or system studies, which effectively is an open-loop
control without the capability of determining the
amount of current absorbed by DGs. In this paper,
virtual impedance is adaptively adjusted according to
the integral of the difference between the remaining
capacity and the absorbed power. Such a closed-loop
structure leads to a minimized output impedance
without the risk of overload.

2) The stability region of the virtual impedance is deter-
mined by eigenvalue analysis, and the root cause of
instability is analyzed in detail. The findings indicate
that adjusting the real and imaginary parts of virtual
impedances simultaneously can effectively expand
the operating range. An adjustment law is designed
accordingly to maximize the stability margin.

3) A fuzzy integral controller is adopted to improve the
dynamic and convergence performance of the har-
monic and unbalanced power distribution. Because
the power calculation involves a nonlinear opera-
tor, the linear PI controller faces the challenge of
striking the balance between dynamic performance
and convergence speed. In this paper, a fuzzy inte-
gral controller is used to address this issue by adap-
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tively adjusting the control parameters according to
the operating conditions [20]. The effectiveness and
computational performance of the proposed method
are verified by simulations and control hardware-in-
the-loop experiments.

The remainder of the paper is organized as follows.
Section 2 reviews droop and virtual impedance control,
while Sect. 3 analyzes the feasible range of virtual imped-
ances via eigenvalue analysis. Section 4 presents the
proposed control strategy based on the adjustment law
defined in Sect. 3, and Sects. 5 and 6 show the results of
the simulation and hardware-in-the-loop experiments,
respectively. Finally, Sect. 7 concludes the paper.

2 Droop and virtual impedance control

The structure of a typical microgrid is shown in Fig. 1,
where several DGs transmit their power to the local and
remote loads via connection lines. Hierarchical control is
commonly adopted to achieve the optimal performance
of the microgrid, where: (1) the primary level is based on
droop control, including a virtual impedance loop to shape
the output impedance; (2) the secondary level performs
the restoration of the deviations caused by droop control;
and (3) the tertiary level optimizes the power flow of the
microgrid. This paper focuses on the primary level, and the
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working principles of droop and virtual impedance control
are briefly reviewed in this section.

2.1 Working principle of droop and virtual impedance
control

The working principle of droop control is shown in Fig. 2.

As seen, the DG adjusts its power output by emulating the

droop characteristic of synchronous generators, as:

fi=f"—mP;
{Ui :U*—nQi (1)

where f and U are the reference voltage and frequency,
respectively. m and n are the droop coefficients for the
active and reactive power, respectively. P; and Q; are the
power output of DG i.

Because the voltages of different DGs are nonuniform,
the reactive power cannot be allocated according to the
rated capacity. To address this issue, one of the most popu-
lar and effective solutions is to add the virtual impedance
loop, and the corresponding control diagram is shown in
Fig. 3, where G,(s) represents the multi-resonant quasi-PR
controller given as:

2k, pwes

G,s) =ky + —"—
u(®) u sz+2wcs+wi

()

where k;, is the proportional coefficient, k,;, is the reso-
nance coefficient, and w;, and w, are the resonance fre-
quency and cut-off frequency, respectively.

G(s) is the inner current control and G (s) represents the
controller delay, given as:

Gi(s) = Kinner

3
G(s) = kpwpre 15T ®)
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where k;,,,.. is the proportional gain of the current loop,
and kpyy,, is the equivalent gain of the inverter bridge. T,
is the sampling time, and a 1.5 T, delay is considered as
in [21].

The working principle of the virtual impedance loop is
to add a desired voltage drop in the voltage reference to
achieve the same effect as adding a physical impedance
at the DG output. As a result, the output impedance of
the DG is reshaped. When the virtual impedance loop is
considered, the output voltage of the DG can be deter-
mined as:

Ua(S) = G(S)Uref(s) - Zim;(S)IO(S) (4)
where
G(s) = Gu()Gi(s)G4(s)
SC(SL 4+ R) + sCGi(8)Gy(s) + Gu(5)Gi(s)Gy(s) + 1
Zin(5) = (SL + R) 4+ Gi(5)G4(5) + Gyir(s)Gu()Gi(s)G4(s)

SC(SL + R) + sCG;(s)Gy(s) + Gu(s)Gi(s)Gy(s) + 1

and G(s) is the voltage transfer function. Z;,(s) is the
equivalent impedance of the DG with the virtual imped-
ance loop. By setting different virtual impedance values
in the feedforward transfer function G, (s), Z;,,(s) can be
changed without affecting G(s). As a result, the influence

of different line impedances can be eliminated.

2.2 Virtual impedance control for harmonic

and unbalanced power sharing
The droop control in (1) only works for the positive-
sequence fundamental power. However, the concept
can be extended to the negative sequence and harmonic
frequencies.

2.2.1 Extraction of harmonic and unbalanced currents
Accurate extraction of harmonic and unbalanced cur-
rents is the foundation of virtual impedance control.
Generally, the dual second order generalized integra-
tor-quadrature signal generator (DSOGI-QSG) can
be adopted for this purpose [22], and the expression of
SOGI-QSG is shown as:

G ( ) khwhs
S) = —7+
g s + kywps + o}
khwi ®)
th(s) =

§2 + kpops + a)i

where w), is the resonance frequency, and &, is used to
determine the bandwidth of the DSOGI-QSG. Accord-
ing to (5), the magnitude gains of G;, and G, at wj, are 1,
and the phase difference is 90°. Thus, the voltage/current
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in the aff frame can be extracted. However, DSOGI-
QSG still retains certain gains at other frequencies,
which makes it difficult to eliminate the interference of
the fundamental component and other harmonics. This
issue can be addressed by crossover cancellation of dif-
ferent DSOGI-QSG modules, as shown in Fig. 4, and the
transfer function of this harmonic extraction process is
shown in (6)—(7). Figure 5 shows the frequency response
of T;,(s)/G;,(s) and T;,(5)/G;,(5)-

T1(s) 1 Gi(s) Gi(s) ---7 ' [Gi(s)
Ts(s) G3(s) 1 Ga(s) - G3(s)

T5(s) | = | Gs(s) Gs(s) 1 Gs(s)

(6)
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Tiig(s) = Grg()4 1= Y Ti(s) (7)
n#h

The harmonic currents of both positive and negative
sequences can be finally extracted by (8), where i;,5"
is the positive-sequence fundamental current used for
fundamental power calculation, and i;,~ is the nega-
tive-sequence fundamental current used for unbalanced
power calculation. The dominant harmonics with #=5,
7, 11 are considered in this paper for the harmonic power
calculation.

l:lzgx Ty +e = ?00 OThq
g | _ 1| Thg—e 0Ty | g
il;(x ) Ty — €7j9400 OThq ’ ( )
il;ﬁ Thq + /0 Ty

2.2.2 Virtual impedance at arbitrary sequences

and frequencies
After the extraction of harmonic and unbalanced cur-
rents at each frequency of interest, the virtual impedance
at arbitrary sequences and frequencies can be imple-
mented as:

V;ot _ |: RV a)hLV:| il;oz
Vig —only R ]| i,
+ +
Vha _ R, —wyL, ho

V}erﬁ oply Ry iljﬂ

where R, is the virtual resistance and L, is the virtual
inductance. vyug7, Vsup ) Vzep s and vy~ are the cal-
culated instantaneous voltage drops for the virtual
impedance at the selected compensation frequencies.
Finally, the total voltage drop for the virtual impedance
is obtained by adding all voltage drops previously calcu-
lated as:

oy o 4t 4
Voo = Vig T V1a T V50 T V70 T V114 (10)
T S
Vup =Vig T Vig T Vg V7 T Vi

where v,,, and v, are the voltage drops for the required
virtual impedance in the stationary reference frame,
which are deducted from the reference voltages to emu-
late the effect of the actual impedance.

Based on Fig. 3, we can drive the equivalent impedance
of the DG in the of frame:
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Zina® | _ [ Zo(8) + Zuir_aa(s) X G(5) Zyir_ap(s) (11)
Zinvfﬁ (s) Zvir_ﬁot (s) Zy(s) + Zvir_,Bﬂ (s) x G(9)

According to (11), there is a coupling between the
impedances in the aff frame, which can be further elimi-
nated by transforming the impedance to the sequence
domain using the following transformation:

MEvEaIM

=35 i—90°

V! 201¢€ Vg
The equivalent impedance of the DG can then be

obtained:

(12)

ZP1(5) = Zo(5) + Zoir_pn() x G(s)

mv

m (13)
Zi(8) = Zo(8) + Zyir_un () X G(s)
where
Zyir ) = Y RonpTp(s) = > honLyyTig(s)
h=-1,5,7,11 h=-1,5,7,11
Zuran® =Y RuuTu® — Y horLp,Tpg(s)
h=-1,5,7,11 h=-1,5,7,11
(14)

3 Stability region of virtual impedance

In this section, the feasible range of the virtual imped-
ance is analyzed through eigenvalue analysis, and an
adjustment law is further given on the basis of the sta-
bility analysis results.

3.1 The stability of a single DG

To facilitate the design, the stability of a single DG is
analyzed first, as shown in Fig. 6. According to (4), at
the positive-sequence fundamental frequency, the
DG can be equivalent to a voltage source with a series
impedance. Because the equivalent impedance of the

Zjg (5)

Fig. 6 Equivalent circuit of a DG. (a) Equivalent circuit at the
positive-sequence fundamental frequency (b) Equivalent circuit at
the negative-sequence fundamental and harmonic frequencies

upstream system is generally much smaller than the
line and filter impedances, an ideal voltage source can
be used to replace the rest of the microgrid [23]. The
DG at the negative-sequence fundamental and har-
monic frequencies is illustrated in Fig. 6b [24], with
the only difference being the omission of the voltage
source. Therefore, for all frequencies and sequences,
the equivalent admittance of the DG can be expressed
as:

Zy s = Zog &) + 2y () + Zpr) )

io(s) __ _ 1
Upce (s) — Y(S) " Ziotal (5)
eq,i

According to Fig. 6b, the stability of the system is
mainly determined by the pole distribution of ¥(s) at the
negative-sequence fundamental and harmonic frequen-
cies. With the parameters shown in Table 1, according
to (4), the voltage transfer function G(s) and the posi-
tive-sequence equivalent impedance Z (s) of the DG are
shown in Fig. 7, whereas the negative-sequence equiva-
lent impedance is the same and so not shown here. At the
resonant frequency of the quasi-PR controller, the gain of

Table 1 Parameters of DG

Element Parameter

LCL filter Le=1mH; R=0.02Q;
Cr=30pF Lg=2 mH;

DC voltage 400V

Voltage controller kp:OOS; k., =20;
ks=ks=Ky=ko=15;
w,=3rad/s

Inner current controller k,=0.025

Line impedance Zjjne=0.064-j0.008 Q)

_ G(s) Z,()
n o0 a
) G

QD
g 0 2
g g s
= 40
g &
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Fig. 7 Bode diagram of G(s) and Z,(s) of the DG
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G(s) is close to 1, and the magnitude of Z (s) is almost 0,
which means that the harmonic power and unbalanced
power consumed by the DG can be effectively adjusted
by the virtual impedance value.

According to (11), adjusting the virtual resistance value
R,, and/or the virtual inductance value L,, can change

Z.,.(s). To facilitate the analysis, the virtual impedance at
the negative-sequence fundamental and harmonic fre-
quencies are set to be consistent. Figure 8 shows the sim-
ulation results when L, and R, are adjusted separately.
In Fig. 8a, L, is set to -L, to eliminate the influence of
the grid inductance. It is clear that the stability range of
the virtual resistance is limited to 8 Q with the crossover
cancellation process. When the crossover cancellation is
not used with DSOGI-QSG, the upper bound is only 1 Q.
Similarly, as shown in Fig. 8b, the upper bound of the vir-
tual inductance increases from 0.6 mH to 0.8 m because
of the crossover cancellation. The results indicate that:
1) the crossover cancellation process helps to expand
the stability region; and 2) the virtual impedance of the
DG must have a well-defined adjustment range to avoid
instability: the larger its adjustment range, the more flex-
ible the power allocation. Therefore, it is important to
determine the cause of the instability by virtual imped-
ances to find a method to further increase the adjustable
range. Previous studies have shown that when the value
of L, or R, is negative, the system can become unstable
because the total impedance Z,,,, behaves as a capacitor
or negative resistor [18, 25]. However, few studies have
focused on the influence of positive L, or R, on stabil-
ity. As shown in Fig. 8, when the virtual impedance of the
DG changes at 5 s, the output current gradually diverges,
which confirms that there is a risk of instability under
positive L ;, and R,

The findings show that the oscillation frequency occurs
near two compensation frequencies, that is, 561 Hz
(near the 11™ harmonic) and 42 Hz (near the negative-
sequence fundamental frequency). This phenomenon is
investigated in detail by the frequency response of the
DG [26]. Figure 8a shows that there is an unstable mode
at approximately 550 Hz. Because L,, is set as —2 mH
to eliminate the influence of the grid inductance, the
negative L, value f Z, have negative resistance char-
acteristics above 550 Hz owing to the hysteresis charac-
teristics of T}, as shown in Fig. 5, while the positive R,,
introduces capacitance characteristics to Z,,. When Z,,
becomes dominant in Z,,,, the stability tends to worsen
In addition, it can be seen that the negative resistance



Wang et al. Protection and Control of Modern Power Systems

3o}
S

e —
S W

R, increase

Real [ZtotaI] (ﬂ)

(e}
T
|
|
|
|
|
|
|
|
|
|
|
!
|
|
|
|
|
|
i

500 520 540 560 580 600
Frequency (Hz)

15Q

[ee]

EN

(=)

Imag [Ztotal] (Q)

R, increase 1

500 520 540 560 580 600
Frequency (Hz)

(a) with crossover cancellation

[\
(=]

Real [Ztotal] (Q)
w3 G

(=}

500 520 540 560 580 600

Frequency (Hz)
12
I
_
<R I
= |
g4
N} |
00
[ L
Euf - ]
I R, increase

500 520 540 560 580 600
Frequency (Hz)

(b) without crossover cancellation
Fig. 9 Real and imaginary parts of Z,,,, as R, varies

(2023) 8:10

Page 8 of 17

Real [Ztotal] (Q)

30 40 50 60 70
Frequency (Hz)

2mH
g’
7 L, increase
ERY
g
N
w 0 — — e — — — —
[}
E -
= -ZIInH
30 40 50 60 70
Frequency (Hz)
(a) with crossover cancellation
1.6 |
~
-2mH
a2 m |
go.s qu increase
N I
—04
[ L
& 0= zZ ———-
[ T
2mH i
-0.4 -
30 40 50 60 70
Frequency (Hz)
~~
S 20
=
s 1y
N
g0
E
[
-1
30 40 50 60 70

Frequency (Hz)
(b) without crossover cancellation

Fig. 10 The real part and imaginary part of Z,,,, as L, varies



Wang et al. Protection and Control of Modern Power Systems

and capacitance characteristics of Z,,,,, in Fig. 9a are
less obvious than those in Fig. 9b. As a result, the stabil-
ity range of R, is larger when using crossover cancella-
tion. Similar conclusions can be drawn for the stability at
approximately 250 Hz and 350 Hz.

Figure 8b indicates that there is another unstable mode
at approximately 50 Hz. According to Fig. 5, when L,
is positive, Z,,,; shows a negative resistance at approxi-
mately 50 Hz, again owing to the hysteretic characteris-
tics of T),,. The range of the negative resistance gradually
widens with increasing L,,. With a frequency where the
imaginary part of Z,, ; crosses zero, the real part of Z,,
is negative, which indicates that the system will lose sta-
bility. Comparing Fig. 10a and b, the inductive feature of
Z,, is more evident, and the zero-crossing point of Z,
«a shifts to the left when crossover cancellation is not
applied. As a result, the stability range increases when
using crossover cancellation.

In summary, the following conclusions can be drawn:
1) a larger adjustment range of virtual impedance con-
trol can be obtained using crossover cancellation; and 2)
the instability of the DG is mainly caused by the negative
impedance effect introduced by the phase lag property of
the harmonic extraction process. By analyzing the results
presented in Figs. 9 and 10, we see that the negative
impedance effect introduced by positive R, and negative
L, can be reduced to some extent by increasing R, and
L, simultaneously. This will lead to an increased adjust-
able range of virtual impedances. Figure 11 shows the
stability constraint relation with R, and L,,. Clearly, the
adjustment range of the virtual impedance is significantly
increased when L, and R, are simultaneously adjusted.
Here, the adjustment law of L, and R, is designed to
maximize the stability margin, as:

Ly, = —2+ 0.05R,, (16)

Figure 12 shows the locus of poles of Y(s) when the
DGs increase R,;, and L, simultaneously according to
(16). It can be seen that such an adjustment significantly
enlarges the feasible range of the virtual impedance.

Unstable region

Stable region

8 10

4 6
R ()
Fig. 11 Stability constraints with R, and L, variations

(2023) 8:10

Page 9 of 17

4000 T
2 & WEEEE x x x x:
% 3000 :
: R, and L,;, increase |
22000' - Wxggkxxxxxx
X MEROSIOOOOOXX  Unstable
& < X _
é 1000 F I regl()n

_—
MR s ¢ X X X KPR

0
-25 -20 -15 -10 -5 0 5 10 15 20
real axis

Fig. 12 Locus of poles of ¥(s) as R, and L, vary

3.2 The influence of parallel multi-DGs

The feasible range of virtual impedances has been
obtained by analyzing a single DG. However, the adapta-
bility of the results in the original microgrid needs further
verification. To study the dynamics of parallel multi-DGs,
the equivalent circuit of the microgrid is established, as
shown in Fig. 13. The equivalent impedance of the rest
of the microgrid (apart from DG i) can be expressed as
(17). It is clear that the stability of the microgrid can be
analyzed by the pole distribution of Y{s), which considers
the extra impedance Z/(s) in (15).

1

/ ! + L (17)
Z?:'/:ll Zeq,n © +Zlgr”' ) +Zline,n (s) Z10ad (8)

Zsi(s) =

In this model, the stability of the system can be veri-
fied by the Bode diagram or the Nyquist criterion. As the
equivalent impedance (Z,;) of each DG can be flexibly
changed, it is challenging to obtain the determined math-
ematical representation of the equivalent impedance. To
analyze the stability of the microgrid under various oper-
ating conditions, the Monte Carlo simulation method is
used to verify the applicability of the conclusion in (16),
in which the virtual impedance of each DG is randomly
generated through Monte Carlo simulations. Then, the
distribution of poles of Y(s) can be calculated accordingly.
The experimental results indicate that the adjustment
range obtained from the single-DG analysis performs

Tload(S)

Thevenin
equivalent

|
|
|
|
|
|
|
|
I
/

Fig. 13 Equivalent circuit model of parallel DGs
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well for the parallel system. This is because Z, has a much
smaller influence on the stability than Z,, and Z;;,., and
therefore the stability margin determined by the single-
DG analysis is sufficient.

4 Proposed closed-loop adaptive virtual
impedance control

4.1 Power calculation

According to the IEEE Standard 1459 [27], the funda-

mental and nonfundamental apparent power in a three-

phase system can be calculated by:

S =3\ (W) + (WD) + (U IF) + (U I)?

2 2 2
Sert =3\ (U1,)2 + (U1, + (U

(18)

In practice, the negative-sequence and harmonic volt-

ages are much smaller than that of the positive-sequence

fundamental voltage, and thus they can be omitted with-

out loss of accuracy. Accordingly, the harmonic and
unbalanced power can be calculated as:

1 21 1
—h h
Znelf m=1 ZDG:W’ Zload
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respective positive-sequence active and reactive power,
given as:

3 . ,
P = 3 (umzfa + ucf;lfﬂ)
(21)

3 , A
Q= E (ucﬁli‘_a - ucalfﬂ>

where u., and u.g are the PCC voltages in the aff frame,
i, and i1[5+ are the positive-sequence fundamental cur-
rents in the aff frame.

4.2 Control principle
Without loss of generality, the control principle of the
proposed method is illustrated using a simple microgrid
with two connected DGs. Figure 14 shows the equivalent
circuit of the microgrid in the negative sequence or har-
monic frequencies, where the nonlinear and unbalanced
loads are modeled as current sources i,q and two DGs
are modeled as impedances.

In this circuit, the equivalent impedance at the PCC
can be determined as:

1

+
j R jyL
m=1 (th,m + Rline,m) +Jwn ( vh,m + L mt th’ne,m) load +]®hLload

Su= ;E (i)’ + <i1_ﬁ)2

Sn = ;E\/(%)z + (i%;ﬁ)z + (i) + (’%)2 +(i10)” + (g
(19)

2

The residual capacity of a DG is calculated as:

St =[Sy — P2+ Q) (20)

where S, and S,,,,; are the residual capacity and rated
capacity of the DG, respectively. P and Q are the

Sk >SII,*SUJ Rioaa jon Licaa
| ||_,WV7ZMV\_ LAYz — _W_JWY\_I I

Rupitjon Lo

Srj» S, ,‘ Suy

|||_Wv7lnm__rwv\_,w\,_rwv\_

Rupj+ joy L JonLgj  Riinej+ jop Liinej

JonLgi  Rinei T jon Liinei

Iload

Fig. 14 Equivalent circuit of a microgrid under negative sequence or
harmonic frequencies

Accordingly, the total harmonic distortion (THD) and
the imbalance factor (UF) can be calculated as:

THD = 7+\ / Z ( Vletlload)
= u+ 4 / Z Vletlload

According to (22) and (23), smaller values of Z,;, and
Zpg benefit the power quality. However, if the harmonic
and unbalanced power are allocated according to the
rated capacity, i.e., the sharing strategy is used, the fol-
lowing condition must be satisfied:

(thl +Rline 1) +jwh (Lvhl +L +Lline,1)

ZpG1 _
ZpG2 (th ,+R, . 2) +}wh( v T Lga+ lee,z)
Hh rated,1

(24)
From this perspective, the sharing strategy must sac-
rifice power quality to some extent. In addition, Eq. (24)



Wang et al. Protection and Control of Modern Power Systems

cannot avoid the overload of the DG if the harmonic and
unbalanced power are excessive.

The idea of the proposed controller is to shape the low-
est Zpc 1 and Zp g, at the sequence and frequency of con-
cern on the premise that the DG does not overload. The
dynamic allocation process of the harmonic and unbal-
anced power is illustrated using the two-DG microgrid
in Fig. 14. Here, it is assumed that: (1) S, > Sy ,; and (2)
line impedances from each DG to the PCC are the same.
At the beginning, the virtual impedances of the two DGs
are set to be large, and thus most harmonic currents flow
to the load, so the residual capacities of both DGs are
larger than the summation of harmonic and unbalanced
power. Afterward, the virtual impedances of the two
DGs are reduced adaptively, so the absorbed harmonic

(2023) 8:10
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and make Sg,>(S;;5+Sy,). The virtual impedance of
DG2 again starts to decrease. The abovementioned
process will repeat until both DGs reach the state of
Sgj=(Su;+ Sy, or the virtual impedance reaches the
minimum value. Accordingly, the power quality of the
microgrid is enhanced without the risk of overload.

4.3 Proposed fuzzy integral controller

Based on the working principles explained in Sect. 4.2,
the virtual impedances at the negative-sequence funda-
mental frequency and the harmonic frequency are shown
in Fig. 15, and are designed as:

kvi
Ryy = Riax — T(ﬂuSR - Su)

. k.
and unbalanced power increase. Because S > Sy, when Rop = Ronax — (a3 Sr — St1) (25)
Spa=1(Sy2+Sy,), there is Sp1>(Sy1+Sy). As a result, s
the virtual impedance of DG2 will first stop decreasing, L —L. + Liax — Lmin R
while DG1 will continue decreasing its virtual imped- Y mn Riax v
ance. According to the current distribution of parallel
branches, the increase in S;;; + Sy, ; will reduce S, + Sy,
BUS
[~~~ [~~~ IYYYL_AAN,
lJ—I_ ) F;
1 Y AAA- T ] 1 ] —/W‘('\_I\/\/\,
YA ry A= g - Y ANN,

Current control

loop
'
.ze Voltage control loop |
R)ling" +w 1 L i I

Power
Calculation

Proposed control

Ry )L ) (R )Ly
4. L2
: | Fuzzy
R Logic
L- 2
I | " w Controller
' |
: | R,
| Fuzzy
: L, Logic
. . de/dt
Ry ! +o, Lpl,wp | Controller -
|

The voltage drop calculation

Fig. 15 Overall diagram of the proposed control scheme

Power calculation
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Fig. 16 Oscillations of DGs'virtual impedance and harmonic power

where a, and a,, are the proportions of the residual capac-
ity to deal with the harmonic and unbalanced conditions,
respectively. Adjusting these two values will affect the PQ
enhancement performance. In this work, the values of g,
and a,, are set to be 0.6 and 0.4, respectively. R, .., L.,
and L, are the upper and lower limits of the virtual
impedance determined in the previous section. They are
10 Q, -1.5 mH and -L,, respectively.

According to (25), the integral of the difference between
the residual capacity and the harmonic (unbalanced)
power is used to adjust the virtual impedance value. For
a nonlinear system, introducing an integral function
into the control loop can delay the response time. If the
integral coefficient k,; in (25) is set too large, the har-
monic power allocation process may oscillate, as shown
in Fig. 16. In contrast, if k,; is too small, the dynamic
response of the DG will be very slow. Therefore, it is nec-
essary to reasonably design the integral coefficient.

To improve the dynamic response of the harmonic
power allocation process, an adaptive integral control-
ler is designed to make the integral coefficient adjustable
according to the value and the change rate of the error,
defined as:

— SrR@®—=Su (@)
{e(t) - (RA fN}: At—At)
e(nAt)—e(nAt—
Ae= =" 5

(26)
where 7 is a positive integer and At is the time interval
used to calculate the change rate. The minimum of A¢ can
be taken as the sampling time of the control system, but
considering the periodic fluctuation of the sampling sig-
nal and the interference of noise, the value of At should
not be too small. In this study, At is taken as 0.01 s.
When e(t) is large and Ae is small, the value of k,;
should be large to speed up the adjustment of the

(2023) 8:10
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virtual impedance. On the other hand, if e(f) is small
and Ae is large, the value of k,; needs to decrease or
even become negative to suppress the rapid change in
the DG’s virtual impedance and harmonic/unbalance
power to avoid oscillation. A fuzzy integral controller is
adopted to achieve the abovementioned function. It has
the same structure as the conventional integral control-
ler, but the integral coefficient is a nonlinear function of
the input signal e(£) and its change rate Ae. It has been
found that the fuzzy logic controller has better capabil-
ities of controlling high-order and time delay systems,
nonlinear systems and systems with uncertainties [28],
and has been used to improve the dynamic perfor-
mance of power electronic equipment in complex situ-
ations [29, 30].

The key to using a fuzzy integral controller is to prop-
erly design a membership function and rule base. These
are mainly obtained from experience [29]. By selecting
the appropriate quantization factors, the basic domain of
input and output can be scaled to the fuzzy set {—3, —2,
—1,0, 1, 2, 3} and the corresponding linguistic variables
are chosen to be negative big (NB), negative medium
(NM), negative small (NS), zero (ZE), positive small (PS),
positive medium (PM), and positive big (PB). According
to the triangular membership function shown in Fig. 17,
the membership of e(t), Ae and k,; can be determined.

According to the input fuzzy variables and the fuzzy
rules, the output fuzzy variables can be inferred by fuzzy
reasoning. The fuzzy rules are the keys to determining
the performance of the fuzzy integral controller. Applying
the Mamdani method, the fuzzy rules can be expressed
in the form of IF-THEN, for example:

IF (e(t) is PB) AND (Aeis PB) THEN (ky; is PB)

IF (e(t) is PB) AND (Aeis PM) THEN (k,; is PB)
(27)

The fuzzy control rules are designed in Table 2, inspired
by [30]. Because the result of fuzzy reasoning is the fuzzy
variables of k,;, the center-of-gravity method is used for

defuzzification to obtain the actual value of k,,;, shown as:
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Table 2 Control rules of the fuzzy integral control
Ae e(t)
NB NM NS Z0 PS PM PB
NB PB PB PB NB NM PS PS
NM PB PM PM 70 NS PS PS
NS PM PM PM PS PS PM PM
Z0 PM PM PS 70 PS PM PM
PS PM PM PS PS PS PM PM
PM PS PS NS 70 PM PM PB
PB PS PS NM NB PB PB PB
e Ly Ziine
43 — 3@
@, L
LT
| LT

studies

Local load

Fig. 18 Schematic diagram of an islanded microgrid in simulation

Local load

Table 3 Simulation parameters

Element

Function

DG1

DG 2

DG3

DG 4

Linear load of bus 1-2

Linear load of bus 3-5

Unbalance load
Rectified load

Rated capacity: 40 kVA
Active/reactive droop coefficient: 10°/107

Grid side/fundamental virtual inductance: 2
mH/-0.78 mH

Rated capacity: 40 kVA
Active/reactive droop coefficient: 107°/107°

Grid side/fundamental virtual inductance: 2
mH/-0.9 mH

Rated capacity: 20kVA

Active/reactive droop coefficient:
2x10°/2%107

Grid side/fundamental virtual inductance:
2 mH/0.4 mH

Rated capacity: 20 kVA

active/reactive droop coefficient:
2x107°%/2% 107

Grid side/fundamental virtual inductance:
2 mH/0.40 mH

Resistance: 10 Q); inductance: 15 mH
Resistance: 10 (; inductance: 5 mH
Resistance: 5 Q; inductance: 5 mH
Resistance: 7 (); capacitance: 15 mF
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> > m(e)im(Ae)jv;

ieF jeF

> > m(e)im(Ae);

ieF jeF

kvi =

(28)

where F represents the fuzzy set, m(e); is the member-
ship degree of e(f) to linguistic variable i, and m(Ae)/ is
the membership degree of Ae to linguistic variable i. v is
the numerical value of k,; corresponding to the linguistic
variable in row i and column j of Table 2. For example, if
the numerical values of e(£) and Ae are 0.25 and —0.05,
respectively, then the fuzzy variables of e(f) can be
obtained as {PM, PB}, and the fuzzy variables of Ae can
be obtained as {ZO, NS}. In this situation, the fuzzy vari-
ables of the integral coefficient k,; can be obtained as{PM,
PM, PM, PM}, where the membership is 0.25 and its
numerical value can be calculated as 300 according to
(28).

5 Simulation verification

To verify the effectiveness of the proposed control strat-
egy, the multi-bus islanded microgrid shown in Fig. 18
is built in MATLAB/Simulink with the parameters of
Table 3 [31]. Different fundamental virtual inductances
are set to ensure a rational distribution of the reactive
power.

Figure 19 shows the voltage waveform measured at the
PCC of bus 5. The THD of the PCC is 6.13% before 2 s
and quickly decreases to 4.06% after applying the pro-
posed control strategy at 2 s. The imbalance factor is also
reduced from 3.28% to 2.01%. Therefore, the power qual-
ity is effectively improved.

Figure 20 shows the change in the residual capacity Sy
and the sum of the harmonic and unbalanced power Sy,
(S Sy) of each DG. When the proposed control strat-
egy is not applied, DG 1-2 still have a certain residual
capacity, while DG 3—4 are overloaded. Thus, it is of great
importance for the microgrid to redistribute unbalanced/
harmonic power to ensure the safe and stable opera-
tion of the system. After applying the proposed control
strategy at 1 s, DG 1-2 gradually bear more unbalanced/
harmonic power, while the unbalanced/harmonic power
borne by DG 3-4 gradually decreases. Finally, DG 3-4
reach the state of S;;;=S;, which indicates that the
unbalanced and harmonic power have reached a reason-
able allocation between different DGs.

Tables 4 and 5 list the THD and the unbalance factor
of each bus before and after applying the proposed con-
trol strategy, respectively. It can be seen that the pro-
posed control effectively avoids the overload of all DGs.
Meanwhile, the low impedance paths for the negative-
sequence fundamental current and harmonic currents
significantly improve the power quality of all buses. To
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Fig. 19 Voltage waveform of bus 5
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Fig. 20 Variation in the residual capacity and S;,
Table 4 The voltage THD of each bus in the simulation
Bus number
1 (%) 2 (%) 3 (%) 4 (%) 5 (%)
Without control 56 53 56 56 6.3
Proposed 34 34 36 3.7 4.1
Sharing 4.0 3.8 4.0 4.1 4.5

Table 5 The unbalance factor of each bus in the simulation.

Bus number

1(%) 2 (%) 3 (%) 4 (%) 5 (%)
Without control 2.8 2.7 24 23 33
Proposed 1.8 1.5 1.1 1.0 20
Sharing 33 3.1 29 26 37

demonstrate the effectiveness of the proposed method,
the power quality under the sharing strategy is displayed
in the tables as the benchmark. It is clear that the pro-
posed control leads to a much better power quality than
that of the sharing strategy.

To verify the adaptability of the control strategy under
dynamic conditions, load switching events are performed
in the simulation. Figure 21 shows the load switching
results under three different integral controllers. Because
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Fig. 21 The residual capacity and S, of DG 1 and 4 under load
switching tests

of space limitations, only the results related to DG 1
and 4 are presented here. The virtual impedance control
is applied at 1 s, and the linear load at bus 5 is discon-
nected at 5 s and reconnected at 6 s. In the initial operat-
ing state, DG 4 is overloaded, and the capacity of DG 1
is in surplus. When the fuzzy integral controller is used,
the power distribution among different DGs quickly
reaches the new steady state. In contrast, when the inte-
gral parameter k,, is fixed to 10, the imbalance and har-
monic power of DGs change slowly, which indicates that
the dynamic response is very poor. In contrast, when
k,; is fixed at 200, the power oscillates significantly, and
the microgrid gradually loses its stability. These results
demonstrate that compared with the fixed integral con-
trol, the fuzzy integral controller strikes a good balance
between the dynamic and convergence performances.

6 Hardware in loop tests

To further verify the effectiveness of the proposed con-
trol method, control hardware-in-the-loop experiments
are performed on a real-time simulator system.

To achieve this, the microgrid shown in Fig. 22 is built
on the Starsim MT6020 simulator, and the controller
part is built on the Starsim MT1050 controller. MT1050
receives the electrical measurement signals from
MT6020 through the external line and returns the PWM
signals to the simulator to form a closed loop. The real-
time calculation is performed in steps of 0.5 ps.
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Fig. 22 The test circuit of hardware-in-the-loop experiments

Figure 23 shows the change in the residual capacity
Sz and the sum of the harmonic and unbalanced power
Suu Sy Spp) of each DG. It can be seen that the control
strategy can reasonably adjust the distribution of imbal-
ance and harmonic power and effectively protect DGs
from overload. According to Fig. 24, the voltage THD is
reduced from 7.96% to 3.88%, and the imbalance factor is
also reduced from 3.10% to 2.12%. Therefore, the control
strategy achieves the goal of improving the power quality
of the microgrid without overloading DGs. The control
hardware-in-the-loop test demonstrates that the compu-
tational burden of the proposed controller is acceptable.
In [32, 33], more complex controllers have been realized
in prototypes, and thus the proposed method is not chal-
lenging in real life implementation.
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Fig. 23 Variation in the remaining capacity and the sum of the
unbalanced and harmonic power of the DGs
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Fig. 24 The voltage waveform of the common bus

7 Conclusion

This paper presents a new virtual impedance control
strategy to enhance the power quality of islanded micro-
grids. Different from the traditional sharing strategy, the
proposed control intends to shape a low output imped-
ance without overloading the DG. This is realized by
adjusting the virtual impedance through a fuzzy inte-
gral controller until the power limit or the minimum
allowable value is reached. These low-impedance paths
absorb harmonic and unbalanced currents, similar to
passive filters, and thus improve the power quality of the
microgrid. The proposed method is particularly useful
for situations where the power quality of the microgrid
is the main concern, and accurate power sharing is not
mandatory.

This paper also reveals the mechanism of the instability
due to virtual impedance control. This instability is mainly
caused by the negative impedance effect introduced by the
phase lag property of the harmonic extraction process,
while using crossover cancellation together with DSOGI-
QSG enhances the stability to some extent. An adjustment
law of the virtual impedance is designed accordingly, which
simultaneously changes its real and imaginary parts. Con-
sequently, the stability region is effectively expanded, and
the flexibility of the proposed control strategy is enhanced.
Simulations and control hardware-in-the-loop experi-
ments verify the effectiveness of the proposed method.
The results demonstrate that the proposed method effec-
tively improves the power quality of the microgrid and
that the fuzzy integral controller accelerates the dynamic
response. Because the method does not depend on a com-
munication system, it is easy to implement and shows high
reliability in real implementation.

As the proposed control strategy only uses local meas-
urements to shape a low impedance, it cannot guarantee
the optimal power quality improvement at the system
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level. The dynamic response of the proposed method can
be further enhanced in the future using more advanced
control strategies.
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