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An Enhanced Virtual Impedance Optimization
Method for Reactive Power Sharing in Microgrids

Yixin Zhu

Abstract—To solve the reactive power sharing issue of the con-
ventional droop control method, communication is commonly used,
especially in networked microgrids. However, there are still many
occasions where communication has not been established in ad-
vance. In such cases, the wireless reactive power sharing strategy
based on the virtual impedance optimization can be applied. By
designing and optimizing the controller of virtual impedance, the
global reactive power sharing error of the microgrid can be mini-
mized. Thus, the reactive power sharing performance of the droop
control method is improved accordingly. However, the original op-
timization method has not considered the different capacities of
distributed generation (DG) units, and it is subject to the number
of network nodes. In this paper, an enhanced virtual impedance
optimization method is proposed to solve the two issues. First, the
reactive power estimation method used in the fitness function is
modified to adapt to the system that contains DG units with differ-
ent capacities. Second, a network simplification step is added be-
fore the optimization to deal with the system with more nodes. With
these improvements, the application scope of the virtual impedance
optimization method is greatly extended. Finally, the effectiveness
of the enhanced method is verified through a 38-bus system in
MATLAB simulation.

Index Terms—Droop control, networked microgrid, optimiza-
tion problem, reactive power sharing, virtual impedance.

I. INTRODUCTION

HE microgrid, as a small-scale power system, has the ca-
T pability to increase the penetration of distributed gener-
ations (DG) into the main grid [1]. It can operate in either
grid-connected mode or islanded mode, thereby improving the
power supply reliability for the end user. The microgrid provides
an efficient integration solution for distributed energy resources
and distributed energy storage systems. So far, the microgrid
has been widely studied and a variety of surveys have been
reported, particularly on the subject of architectural, stability
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analysis, power quality improvement, power sharing, energy
management, etc.

For the islanded microgrid, load power must be properly
shared among multiple DG units. If economic factors are not
considered, DG units should output power in proportion to their
power capacities. To achieve this, the frequency and voltage
magnitude droop control method is commonly used, which
mimics the behavior of synchronous machines in the power sys-
tem [2], [3]. The droop control manner is completely distributed,
making the microgrid operation independent of communication
links. The wireless control manner enables the “plug and play”
function of DG units and also enhances the reliability of the
system. Although the frequency droop control can realize ac-
curate real power sharing, the voltage magnitude droop control
typically results in poor reactive power sharing due to the mis-
match in line impedances and local loads [4]. Moreover, when
the microgrid structure is networked, the reactive power sharing
issue will be trickier.

To improve the reactive power sharing performance of the
droop control method, many solutions have been developed.
Among these solutions, the virtual impedance method, as an
efficient supplementary means for the droop control method, is
frequently used. In [5] and [6], predominant virtual inductors
are added to DG units, which can compensate the mismatch in
line impedances to some extent, thereby reducing some reactive
power sharing errors. However, the main target is to prevent the
instability of power control. In [7]-[9], virtual impedances are
designed to compensate the mismatch in the output impedances
of the closed-loop controlled DG units. But for a microgrid
system, the reactive power sharing issue is not only caused by
the internal factors of DG units. In [10]-[12], the impacts of the
mismatched line impedances and local loads on reactive power
sharing are considered. In [10], reactive power sharing errors
are eliminated through the modification of droop control slopes.
To enhance the effect, communication is then introduced to help
estimating the line impedance [11]. In [12], by associating feeder
current with the virtual impedance control, the transient process
after load change becomes faster and more stable. However,
the above-mentioned methods have some requirements in the
microgrid structure: all the DG units need to connect directly
to the common ac bus. So, when the microgrid has a networked
structure, these methods cannot work properly as desired.

To solve the reactive power sharing issue in networked mi-
crogrids, the communication-based solution becomes a shortcut.
Synchronizing signals are utilized in [13]-[15] to trigger an ex-
tra regulation process for reactive power sharing, but the control
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performance is easy to be influenced if loads change during the
regulation period. When data communication is set up between
the microgrid central controller and DG units, accurate reactive
power sharing can be achieved through the centralized control
manner, either by tuning the virtual impedances or the O—V set
points [16]-[20]. In recent years, the control methods based on
the multi-agent consensus protocol have been also developed,
which can realize accurate reactive power sharing by only using
a sparse communication network [21]-[24]. Differing from the
centralized control manner, the consensus-based control meth-
ods are highly distributed, as DG units only communicate with
their neighbor units. By this means, the microgrid system is
easier to be expanded. Not only that, when communication is
utilized, the voltage deviation issue of the droop control can also
be solved [25]-[27].

Although communication can help improve the reactive
power sharing performance of the droop control method, there
are still many occasions where communication has not been
built due to economic or geography reasons. In such cases, the
wireless solution can still be the first choice. However, most
wireless methods cannot provide satisfactory reactive power
sharing performance for the networked microgrid. In [28], a
wireless reactive power sharing strategy based on the virtual
impedance optimization method is proposed for the networked
microgrid: by designing and optimizing the controller of vir-
tual impedance, the global reactive power sharing error of a
microgrid can be minimized and limited to a low level. Thus,
the reactive power sharing performance of the droop control
method is improved accordingly. The technical details of the
virtual impedance optimization method are as follows.

1) When the virtual impedance optimization method is ap-
plied, DG units do not need any hardware update. So, it
can easily help the existing microgrid improve the reactive
power sharing performance.

2) The only difference is that a specially designed virtual
impedance controller is added to each DG unit. Through
the adaptive virtual impedances, the reactive power shar-
ing errors of a microgrid can be limited to a low level.

3) According to the network parameters and voltage level,
the relationship between the virtual impedance and out-
put power is derived and analyzed. Then, the controller
expression of virtual impedance can be determined.

4) In the controller expression, virtual impedance and output
power are correlated, but the detailed controller parame-
ters are undetermined. Normally, DG units have individ-
ual controller parameters, due their different locations and
capacities.

5) To obtain the exact controller parameters, an optimization
problem based on the global reactive power sharing error
is designed. The core of building the fitness function is
an estimation method, which estimates the reactive power
sharing error of a given network.

6) In the optimization, the microgrid is assumed to oper-
ate under different operation points, each of which corre-
sponds to a network. By accumulating the reactive power
sharing error of each operation point, the global reactive
power sharing error of the microgrid can be obtained.
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7) The calculation function of the global reactive power shar-
ing error is then set as the fitness function to further build
the optimization problem. And the undetermined param-
eters of the virtual impedance controllers are all set as the
optimization variables.

8) By using the genetic algorithm, the optimization problem
can be well solved. The obtained controller parameters,
as the optimal solution for the optimization problem, are
then configured to the corresponding DG units.

The optimization method enables wireless reactive power
sharing control among DG units. However, the original method
has not considered the different capacities of DG units, and it
is subject to the number of network nodes. As the node number
increases, the calculation amount of the optimization problem
solving will become massive, making the optimization method
invalid. So, two improvements are made in this paper.

1) By incorporating reactive power droop slopes into the cal-
culation formulae, the reactive power estimation method
used in the fitness function is modified to adapt to the
system containing DG units with different capacities.

2) Byrationally simplifying the network of the microgrid, the
number of microgrid operation points is greatly reduced,
making the virtual impedance optimization method not
subject to the network node number.

Through the two improvements, the improved method can
have a much wider application scope compared with the orig-
inal method. But it should be noted that, due to the lack of
communication, the optimization method can hardly add sec-
ondary regulation function to control the voltage.

This paper is organized as follows. The reactive power sharing
strategy based on the virtual impedance optimization method is
introduced in Section II. Section III presents the modified re-
active power estimation method, which takes account of the
different capacities of DG units. The network simplification is
discussed in Section IV. In Section V, some simulation results
are given to validate the improved virtual impedance optimiza-
tion method. Conclusions are finally drawn in Section VI.

II. REACTIVE POWER SHARING STRATEGY BASED ON THE
VIRTUAL IMPEDANCE OPTIMIZATION METHOD

A. Reactive Power Sharing Issue of the Conventional Droop
Control Method

With the fast development of microgrids, more and more
“plug and play” DG units are applied to the system. This trend
leads to some changes in the structure of the traditional micro-
grid and forms the networked microgrid, as shown in Fig. 1. In
the networked microgrid, DG units can be connected to any node
of the network. The loads connected directly to DG unit nodes
are local loads, and the others are public loads. Considering
that the focus of this paper is the fundamental real and reac-
tive power control, nonlinear loads are assumed to be limited
in the microgrid. Like the traditional microgrid, by controlling
the static transfer switch at the point of common coupling, the
networked microgrid can also operate in either islanded mode
or grid-connected mode. In the grid-connected mode, as the
voltage of the microgrid is supported by the main grid, power
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Fig. 1. Different structures of the microgrid. (a) Traditional structure.
(b) Networked structure.

sharing can be easily realized by adopting power tracking tech-
niques. However, in the islanded mode, power sharing relies on
the cooperation of multiple DG units.

Normally, for an islanded microgrid, DG units can employ the
conventional real power—frequency droop control and reactive
power—voltage magnitude droop control as

fi,* = f() - D[77PI (1)
Ef =Ey— Dy, Qi (2)

where fj and F are the initial frequency and voltage magni-
tude of the DG unit, respectively; P; and @); are the measured
real and reactive powers after the first-order low-pass filtering,
respectively; and D,; and D,; are the real and reactive power
droop slopes of DG i, respectively. Normally, they are associated
with the power capacity of the DG unit, which can be defined as

flll X fmin
Dy = apmﬁ (3)
Fnax — Fui
D ;= max min (4)
! Qmaxi

where fi.x and funi, are the upper and lower bounds of the
microgrid frequency, respectively; Fi.x and Ep, are the upper
and lower bounds of the voltage magnitude, respectively; and
Praxi and Qnax; are the real and reactive power capacities of
DG i. With the derived frequency and voltage magnitude, the
instantaneous voltage reference can be obtained accordingly.
According to (3) and (4), the droop slopes are inversely pro-
portional to the DG capacities. Normally, DG units with larger
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capacities will be set with smaller droop slopes, and vice versa.
So that when all the DG units operate under the same frequency
and voltage magnitude, the larger DG units could output more
real and reactive powers according to (1) and (2). In practice,
due to the consistent frequency among DG units, the P—w droop
control can easily achieve accurate real power sharing. However,
as the voltage magnitudes of DG units can hardly be unified due
to the mismatch in network parameters, the Q—V droop control
always suffers reactive power sharing issues. For a low-voltage
microgrid, where distribution feeders are mainly resistive, the
P-V and Q-f droop control method can be used. This inverse
droop control can achieve an accurate reactive power sharing
state. Instead, it has real power sharing issues. Considering that
the real power is associated with the energy consumption, the
conventional droop control method is selected as the basic con-
trol here. In traditional microgrids, reactive power sharing errors
are mainly caused by the mismatch in line impedances and local
loads. By adding some local control, the reactive power sharing
issue can be solved without using communication [10]-[12].
However, due to the irregular distribution of DG units, commu-
nication becomes essential for networked microgrids. But the
introduction of communication also results in some new issues,
such as cost increase and equipment upgrading. Then, the virtual
impedance optimization method based reactive power sharing
strategy can be applied for networked microgrids [28].

B. Proposed Reactive Power Sharing Strategy

As a supplementary means for the droop control method, the
virtual impedance technique can improve both the control stabil-
ity and reactive power sharing performance of the system. Nor-
mally, the value of virtual impedance is fixed, which is simple
but not efficient. However, as the load changes in the microgrid,
the input impedance of each DG unit will change accordingly.
To realize tracing compensation, it would be better if the virtual
impedance has regulating ability. In [28], reactive power shar-
ing control is realized through several specially designed virtual
impedance controllers. The diagram of the networked microgrid
using the proposed control strategy is illustrated in Fig. 2.

As can be seen from the figure, the DG units in the micro-
grid are fully distributed. Each DG unit is equipped with an
individual virtual impedance controller. As mentioned before,
these controllers have different parameters, which are obtained
by solving the optimization problem. As the microgrid operates,
the controller will generate virtual impedance reference for its
local DG unit according to the power change. Through the co-
operation of these optimized virtual impedance controllers, DG
units can well share the load power.

C. Workflow of the Virtual Impedance Optimization Method

The virtual impedance optimization method is offline used, as
shown in Fig. 2. Before it works, the microgrid staff needs to col-
lect some necessary network information, such as the network
topology, line impedances, and the load range of each node.
The workflow of the virtual impedance optimization method is
briefly illustrated in Fig. 3.
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Fig. 3. Main steps of the virtual impedance optimization method.

As the figure shows, the virtual impedance optimization
method mainly contains four steps. First, determine the con-
troller expression for virtual impedance, with the controller pa-
rameters undetermined. Second, set the operation points for sin-
gle load to further generate the complete microgrid operation
points. Third, establish the calculation function of the global
reactive power sharing error based on the reactive power esti-
mation method. Finally, set the calculation function as the fitness
function and then solve the optimization problem to obtain the
specific controller parameters.

In the designed virtual impedance controller, the virtual re-
actance is fixed to a large value to maintain the system stability,
while the virtual resistance is adjustable for reactive power reg-
ulation. The virtual resistance is controlled by the output power.
When a local load is included, the power of the local load can
also be added to the controller expression. In the optimization,
the microgrid is assumed to operate at many different microgrid

Electrical Network

Network Node

)
i

Load m

}
I

Load 2

Load 1

Overview for the virtual impedance optimization method based reactive power sharing strategy.

operation points. A microgrid operation point is composed of
load operation points. If the microgrid contains m loads and
each load has k operation points, there will be total k" operation
points for the microgrid, each of which corresponds to a specific
network. It should be noted that the load operation points are not
actual, which are set artificially according to the power range of
load. In the calculation function, the parameters of the virtual
impedance controllers are designed as the inputs, and the output
is the global reactive power sharing error. With the proposed
estimation method, the reactive power sharing error of a single
microgrid operation point can be calculated. By accumulating
the reactive power sharing error of each microgrid operation
point, the global reactive power sharing error can be obtained.
Finally, with the optimized controllers, DG units can well share
the reactive power during the operation stage of the microgrid.
As the load network is linear, as long as the load operates in
the designed range, the reactive power sharing errors will be
limited. It can be seen that the whole optimization process is
completed offline, where communication is not required.

However, the original method has not considered the different
capacities of DG units, and it is subject to the number of network
nodes. To solve these issues, network simplification is added in
step 2; meanwhile, the reactive power estimation method used
in step 3 is improved.

III. IMPROVED REACTIVE POWER ESTIMATION METHOD

A. Original Reactive Power Estimation Method

To control the calculation amount of the fitness function, the
reactive power estimation method, as the core of the global
reactive power sharing error calculation, should be simple and
efficient. In [28], by ignoring the voltage differences of DG
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Livsp = GuetEavsp — BretEavso (6)
Livsg = BuctEavsp + GuetEdvso (N
where
[Tavsp1 ] Eavsp1
Tavspo Eavspo
Lavsp = s Bavwsp =
| LdvsDs | Eavsps
[Tavso1 | Eavsor
Livso = IdV:SQQ . Egvsg = Ed\iSQQ
L Lavsqs | Eavsqs

units, the reactive power sharing error of a microgrid operation
point can be estimated. The main processes are as follows.

1) Microgrid Model and Admittance Matrix: A conceptual
microgrid model is established in a D—Q synchronous rotating
reference frame, as shown in Fig. 4. In the figure, the dashed
part indicates the equivalent network of the microgrid, contain-
ing a physical network and several virtual feeders. The whole
microgrid system is composed of a physical network and s DG
units. Considering that DG units with the PQ control can be
treated as special loads, they are not discussed in this study. In
the presented model, all the DG units apply the droop control
method. When the virtual impedance method is applied, the
DG unit can be equivalent to a droop-controlled voltage source
(DVS) in series with a virtual feeder. By separating these DVS
units, the equivalent network of the microgrid can be obtained.

In the microgrid model, there are total s DG units, n network
feeders, and m network nodes. With the parameters of the line
impedances, virtual impedances, and load impedances, the ad-
mittance matrix Y ¢ of the equivalent network can be derived.
The detailed derivation process of Y can be found in [28],
and its final form is as follows:

Yii Yo Y,
Yy Yoo Yo,
Ynct = . : . (5)
Ysl Ys? Yss 25%x2s
where
_|Gij —Bj
YZ] - |:B7Zj ij :| '

In (5), Y, is expressed as a partition matrix. Its diagonal
submatrix Y;; represents the input admittance of DVS i, which
reflects the network port characteristics. The off-diagonal sub-
matrices Y;; and Y ; reflect the coupling between DVS i and
J, which are always equal. Thus, the admittance matrix Y e is a
partition symmetric matrix.

2) Reactive Power Estimation: With the derived admittance
matrix Y e, the DQ-axis currents of DG units can be calculated
as

In (6) and (7), Gy and B, are the system conductance and
susceptance matrices extracted from Y ; Eyyspi and Egysqi
are the DQ-axis voltages of DVS i in the common reference
frame; and Iqysp; and Igysq; are the DQ-axis currents of DVS i
in the common reference frame. Normally, the reference frame
of DG 1 is set as the common reference frame. As the real power
sharing is always accurate with the droop control method, all the
D-axis currents should be virtually equal. Assuming that all the
D-axis voltages equal to the rated voltage of the microgrid and
all the Q-axis voltages equal to zero, the Q-axis currents of DG
units can be estimated accordingly. With the estimated vector
Livsq» the reactive power sharing error of a given network can
be evaluated.

As can be seen from the estimation method, the voltage mag-
nitudes of DG units are assumed to be the same, and the capacity
difference cannot be reflected. Thus, the estimation method is
inapplicable for the system containing DG units with different
capacities. This will affect the application scope of the virtual
impedance optimization method.

B. Improved Reactive Power Estimation Method

To make up for the defects, an improved estimation method is
proposed for the reactive power. The concepts of the equivalent
network and the system admittance matrix Y are still used,
but the estimation process for Iy is modified. As mentioned
before, the reference frame of DVS 1 is set as the common
reference frame; thus, the Q-axis voltage of DVS 1 should be
zero. Then, (6) can be rewritten as

IdvsD = GnetEdvsD - B,uetE/dst (8)

where matrix B/, is size of s X (s — 1) and it is obtained from
Bt by eliminating the first column. Similarly, vector Ej,, is
obtained from Egyso by eliminating the first element Fgysg1. As
the real power sharing is always accurate, the elements in Igysp
should obey the following relationship:

Tavspi - IdvsDj = W; Wy (9)

where

_ Qmaxi
p— W.
E :7',:1 max i

w;
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In (9), w; and w; are the power-sharing coefficients of DVS i
and j, respectively. They are proportional to the DG capacities,
and their sum equals to 1. Thus, the capacity differences are
now reflected. Then, (8) can be transformed as

TreIdvsD - T’r'e (GnetEdvsD - B,netE/dst) =0 (10)
where
w9 —w1 0 0
ws 0 — w1 0
Tre = .
Wy 0 0 cee —wy

(s—1)xs

Then, the relationship between Eg,p and Eg,o can be
derived as

Edst = Ted?qudvsD (1 1)
where
Ted?eq = Tin<TTeB/net)_1Tre Gnet
and
0 0 0
1 0 0
Tln = 0 1 0

sx(s—1)

First, from the aspect of power sharing, the Q-axis voltages
of DG units can be obtained. By substituting the vector Eqys0
in (7), the following equation can be obtained:

Idst = MnetEdvsD (12)

where
Mnet = Bnet + GnetTedQeq~

In this paper, M, is defined as the initial estimation matrix of
the reactive power, which is determined by the parameters of the
equivalent network and the capacities of DG units. Assuming
that all the DG units have the same D-axis voltage, the reactive
power of DG units can be estimated roughly, like the original
estimation method did. However, the same voltage magnitude
cannot reflect the capacity differences among DG units. Thus,
the reactive power droop slopes are utilized here. According to
(2), the reactive power and voltage magnitude of the DG unit
should obey the following relationship:

Ey— E;

Qi=——1=x 1.5Idsti,En

Dy, (13)

where I, is the rated voltage of the microgrid. So the Q-axis
current of each DG unit can be expressed as
Livsqi =t (Ep — EY) (14)

where
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After this, from the aspect of the droop controller, the vector
Livso can be expressed in another form as

Idst = E0T2 + TlEdvsD (15)
where
ty, O 0 t
0 tQ 0 t2
Tl - . 9 T2 -
0o 0 - t ts

sXS sx1

Based on (12) and (15), the vectors Eqysp and I4,s0 can be
calculated accordingly as follows:

Edqvsp = Eo(Myec + T1) ' Ty (16)
Livsg = E0Cq (17)
where
Oql
Cy2
1
CQ = Mnet (Mnet + Tl) T2 = :
Cqs sx1

In (17), Cq is a vector, which reflects the reactive power of
different DG units. From the derived process of Cg, it can be
seen that the reactive power state of a network is determined by
the network parameters, virtual impedances, as well as the droop
slopes. To observe the reactive power sharing state conveniently,
the vector C) can be modified as follows:

ql
N 1 22
CT TG T "
C;S sx1

Then, by comparing C,; and w;, the reactive power sharing
error of a single DG unit can be calculated as
6DG£ = (O*i — ’LU,) x 100%.

q

19)

Then, the reactive power sharing error of a given network can
be calculated accordingly as follows:

s
5netj = Z |5DGZ"-
i=1

In (20), 0y reflects the reactive power sharing state of a given
network, and it is determined by the equivalent network and
droop control parameters. For example, if dy¢;; equals 50%, that
means 50% of the load has not been well shared. The accuracy
of the proposed estimation method will be validated through
MATLAB simulation results in Section V. By improving the
estimation method, the virtual impedance optimization method
can be applied to the system containing different DG units. Nor-
mally, it would be better to regulate the virtual impedances rather
than the droop slopes. Thus, if the virtual impedance can be con-
trolled reasonably, the reactive power sharing performance of a
microgrid will be improved.

(20)
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A. Optimization Problem Design

To design an optimization problem for the reactive power
sharing error elimination, there are mainly three basic issues
that need to be noted: the optimization variable, the optimization
objective, and the calculation amount.

1) Optimization Variable: Controller Parameters: In a low-
voltage microgrid, virtual impedance is usually dominated by
the virtual reactance. It is proved that the virtual resistance is
more suitable for the reactive power regulation due to its stable
regulating characteristic [20], [28]. So the virtual impedance
controller here is designed as follows:

m fazP +be

2y
(22)

where f,; and f3; are controller parameters, which need to be
optimized through the optimization problem, and kept constant
during the operation stage of the microgrid. As can be seen
from (21) and (22), the virtual resistance is regulated by the real
power of the DG unit, while the virtual reactance is constant.
The control scheme of the DG unit with the proposed virtual
impedance controller is depicted in Fig. 5.

As DG units locate in different positions of the microgrid and
their network port characteristics are distinct, each controller
will have different parameters (f,; and f;). Finally, there will
be 2 X s optimization variables in the optimization problem.

2) Optimization Objective: The Average Reactive Power
Sharing Error: After the optimization variables being deter-
mined, the corresponding optimization problem can be estab-
lished, and it is important to choose a reasonable optimization
objective. In [28], the global reactive power sharing error of
the microgrid is set as the optimization objective. To reflect the
reactive power sharing performance more clearly, the average
reactive power sharing error is set as the optimization objective
in this paper, which is defined as follows:

Nop

1
n glb - Z 6net]

op nOp ]7 1

6ave = (23)

where nyp is the total number of the preset microgrid operation
points; dye; is the reactive power sharing error of operation point
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virtual impedance
calculation based
on controller

load impedance
calculation

operation according to the j * d
points operation point parameters an
average power
Load
impedance | Virtual
network topology impedance
and Calculate Y ¢ |

feeder impedance

| Estimate O pg; |

| é’ncti = Z I 6DGiI I

| Su= St 6

netj |

=i+ no

Function Fj (x). Calculation process of dyye.

Fig. 6.

Ji Oaib represents the global reactive power sharing error, which
is obtained by accumulating the d,.; value of each operation
point; and &,y is the average reactive power sharing error, which
reflects the comprehensive reactive power sharing performance
of the microgrid. Compared with dgp, the value of d,y is more
intuitive. For the microgrid, the value of J,,. should be as small
as possible. The calculation process of dyye is illustrated in Fig.
6, and the corresponding calculation function Fj(x) needs to be
established in MATLAB for the virtual impedance optimization.
3) Calculation Amount: Operation Point Number: For the
fitness function Fj(x), the calculation amount is mainly deter-
mined by the operation point number n,,, which can be calcu-
lated as
nop = (1 X 1g)" (24)
where n,, and n, are the real and reactive power operation point
numbers for a single load, respectively. When the network node
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independent load branch:
10 1) node 12 to node 18
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connection node :
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Fig. 7. Topology of the introduced 38-bus microgrid system.
A B A B
Zg, |:> Zn )
Zy Z;
22
Fig. 8. Illustration for the A-Y transformation.

number m is small, the calculation amount of the optimization
problem solving is acceptable. By solving the optimization prob-
lem, the average reactive power sharing error of the microgrid
can be minimized. However, as the number m increases, the cal-
culation amount will grow exponentially, making the proposed
optimization method invalid.

B. Network Simplification

When a microgrid with more nodes is encountered, to limit
the microgrid operation point number, a network simplification
step is added before the optimization. To explain the network
simplification method, the 38-bus microgrid system used in [29]
is introduced here. The topology is shown in Fig. 7, with the
related network parameters listed in Appendix A.

As can be seen from the figure, the microgrid contains 5 DG
units and 32 loads. If each load is set with 3 real power operation
points and 2 reactive power operation points, then the microgrid
will totally have 63> microgrid operation points, which is too
large for the function Fj (). So, the network of the microgrid
needs to be equivalently simplified. To achieve this, the well-
known A-Y transformation can be utilized, which is illustrated
in Fig. 8 and has the following formulae:

_ ALY/
Zria + 2 + Zip

Zf1 (25)
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Fig. 9. Topology of the 38-bus system after the proposed simplification.

ALYAR!
2y = (26)
e Zrio + 2+ Zpo
L1902,
. 112212 27)

C Zpe+Zn+Zp

When the A-Y transformation is applied to the power system,
as the line impedance is much smaller than the load impedance,
following relationships can be derived:

Zr1oZn + Zr12Zp2

Zp1 F 2 R 70t Zn = Zr12 (28)
Z12 2
N —— = 7l 4. 2
2112 7t 70 1211 Zn (29)

It can be found that the new load after the transformation can
be regarded as the parallel of the previous loads, and the total
line impedance between the two nodes will remain unchanged.
These characteristics will be utilized later in the generation of
microgrid operation points. The simplification processes for a
multinode topology are as follows: first, the independent load
branch, such as the one from nodes 12 to 18, can be regarded as
one load connected to the head node; second, the branch between
DG unit node and connection node (the node with more than
two feeders) is converted to the simplest form by using the
A-Y transformation. With the above-mentioned two steps, the
topology of the 38-bus system can be greatly simplified, as
shown in Fig. 9.

In the figure, the red circuits indicate the simplified branches
(SBH) of the network, and there are total five such branches in
the simplified system. Zj; represents the total line impedance of
SBH i, which is composed of Zy; 1 and Z; ». According to (28),
the value of Z; ; is definite. Thus, to describe an SBH, only
two parameters are needed: Z; and Zg; 1 (or Zg; ). The load
impedance Z,;; reflects the load amount, while Z ; reflects
the load position. When the concept of SBH is introduced, the
microgrid operation point number n,, can be greatly reduced.
Each SBH has six operation points, just like the load does. Con-
sidering that there are five SBH and one load in the simplified
network, the total microgrid operation point number will be 6°,
which is much smaller than its previous value.
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= 025 - ' TABLE II
g : : CONSTRAINT CONDITION SETTING AND OPTIMIZATION RESULTS
5 02} : Ry i
T s 5 3
_§ | Xy 1 Xy : : Parameters Value
3 o1} e e :
§ ' : Constraint condition Condition 1 —0.1 < fo;pmaxi + foi < 0.2
g 0051 : ; Condition2 —0.5 x 107> < f,; < 0.5 < 0.5 x 107
~ ‘ : N : Condition3 —0.1 < f; <02
0 0.005 0.01 0.015 0.02 0.025 0.03 Optimization result DG 1 fa1 = —5.08 x 1070, f,; = 0.1952
. DG2  fyo = —446x 1075, f;, = 0.0883
Resistance and Reactance of Zy;  (p.u.) DG3  fu3 =944 %1075, f,3 = —0.0648
. L . . DG4  fuu =150%x1075, f,, = 0.1789
Fig. 10. Distribution of the load position parameters of SBH 3. DG 5 fus = —9.61 x 1075, f,5 = 0.1985
TABLE I TABLE III
NETWORK PARAMETERS OF THE SIMPLIFIED SYSTEM DG UNIT PARAMETERS USED IN MATLAB SIMULATION
Branch Line impedance of SBH (p.u.) Parameters Value
Name EN and TN Load Zria Zyfin Circuit parameters LCL Ly =15mH, Cy = 15uF, L, = 0.3mH
- _ Z, R, =005Q,L, =0.1Q
SBH 1 3t06 4,5 0.0035 + 0.0018j  0.0063 + 0.0050j Voltage  fo = 50.125Hz, By = 31725V
SBH 2 35t06 6,26-33  0.0174 + 0.0166j  0.0097 + 0.0076;  Droop slopes DG1(1) D, =05x107°, Dy =0.5x 107
SBH 3 36to 8 8-18 0.0154 + 0.0141j  0.0135 + 0.0087j  S* = 25kVA )
SBH 4 37t03 2,19-22  0.0215 + 0.0225;  0.0114 + 0.0098; DG2 (1.5 Dy2 =0.333 x107°,
SBH 5 38to3 3,23-25  0.0201 + 0.0184j  0.0063 + 0.0047; Dyo = 0.333 x 1074
BH 1 6108 7 0.0012 4+ 0.0039j  0.0044 + 0.0015j DG3(1) Dy3 =05x10"°,Dy3 =05x 1074
DG4(0.5) Dyy=1x10",Dyy =1x 107"
Note: FN—from node and TN—to node. DG5(1) Dys =05x107°, Dys = 0.5 x 107°

C. Operation Point Design for SBH

To design the operation point of the SBH rationally, related
parameter analysis is carried out. Taking SBH 3 for example,
after the first simplification step, the branch from node 36 to
node 8 will have 5 loads, corresponding to 6° operation points.
Each SBH operation point will correspond to a set of SBH
parameters after the second simplification step, containing the
load impedance (Z,;;) and the line impedance (Zy;.1 or Z2).
The distribution of these parameters is shown in Fig. 10.

The total line impedance of SBH 3 is marked out in the figure.
From the comparison between Z3 1 and Zy3, it can be seen that
the position parameter Zy3 1 only changes in a limited range.
Thus, the load connection position of SBH 3 can be regarded as
fixed. So, the average value of Zy3 | can be used to describe the
load position approximately. This conclusion is also applicable
to the other SBHs. Thus, a simplified network with exact line
impedances can be obtained, with its corresponding parameters
listed in Table 1. By setting three real power operation points
and two reactive power operation points to each SBH load, each
SBH will have six operation points. The operation point setting
can be found in Appendix B.

By setting the simplified system as the target system, the
virtual impedance optimization method can be used now. The
following steps are as usual: by establishing Fj (z) as the fitness
function and solving the optimization problem, the best values
for those controller parameters can be obtained, which can min-
imize the average reactive power sharing error for the simplified
system. The constraint conditions setting in the optimization as
well as the optimization results are shown in Table II. The com-
putation time for the optimization problem solving is associated

with the number of microgrid operation points. When nyy, is 6,
it would take about 43 s to complete one optimization.

With the optimized controller parameters, the reactive power
sharing performance of the simplified microgrid can be greatly
improved. As the simplified system is an approximate model
obtained based on the 38-bus system, the optimization results
can be regarded as an approximate solution for the original sys-
tem, which is also effective. This will be verified by MATLAB
simulation results in the next section. Thus, the improved virtual
impedance optimization method can be applied to the microgrid
with more nodes.

V. SIMULATION VERIFICATION

To test the effectiveness of the improved virtual impedance
optimization method, the 38-bus system depicted in Fig. 7 is
established in MATLAB simulation. The parameters of the DG
units are listed in Table III. The number in brackets represents
the power capacity (p.u.) of the DG unit. The virtual impedance
controller in each DG unit is standby in the beginning, and its
controller parameters are obtained from the virtual impedance
optimization. The optimization results are listed in Table II.
Before the virtual impedance controllers work, fixed virtual
impedances are added to improve the stability of the system.

A. Reactive Power Sharing Performance With the Proposed
Method

The power-sharing performance of the simulated system is
shown in Fig. 11. The dashed lines in the small figure illustrate
the ideal power curves of DG units.
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Fig. 11.  Simulated power sharing performance of the 38-bus system. (a) Real

power. (b) Reactive power.

In the simulation, each DG unit adopts the conventional droop
control method. In the beginning, fixed virtual impedances are
added; otherwise, the reactive power sharing performance could
be even worse. As the figure shows, the real power sharing per-
formance is satisfactory, but there are significant reactive power
sharing errors. Before ¢ = 2s, DG 2 has the largest capacity
but outputs the least reactive power. Instead, DG 3 outputs the
most reactive power. This operation state deviates far from the
expected state, which is harmful to the microgrid system. It will
not only increase the transmission loss but also lead to the irra-
tional utilization of DG units. At t = 2 s, the optimized virtual
impedance controller in each DG unit is enabled. As can be seen
from the figure, the real power sharing state keeps unchanged,
while the reactive power sharing performance is greatly im-
proved.

Fig. 12 shows the associated DG currents before and after the
application of the optimized controllers. In an ideal state, DG
units should output currents according to their capacities. How-
ever, this objective can hardly be achieved with the conventional
method. As can be seen from Fig. 12(a), DG 1, 3, and 5 have
different current phases and magnitudes, although they have the
same capacity. The current sharing performance is greatly im-
proved after the virtual impedance controllers start to work. As
Fig. 12(b) shows, each DG unit can output current as expected.
Although there are still some reactive power sharing errors in
the system, their impact on the current sharing performance is
small.

The simulation results of the reactive power can be used to
verify the effectiveness of the improved estimation method. By
establishing matrices M, T, and T, the reactive power of
each DG unit can be estimated. The estimation and simulation
results are compared in Table IV. As the original estimation
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Fig. 12.  Simulated current sharing performance of the 38-bus system. (a) With

the conventional method. (b) With the proposed method.

TABLE IV
SIMULATION AND ESTIMATION RESULTS

Parameters Simulation Estimation
results (p.u.) results (p.u.)
System with the Q1 0.5722 0.5776
conventional method
Q2 0.2658 0.2658
Q3 0.7875 0.8087
Q4 0.5193 0.5138
Qs 0.2606 0.2549
Onet; 0.5623 0.5698
System with the proposed Q1 0.4811 0.442
method
Q2 0.8672 0.8730
Q3 0.3724 0.4092
Q4 0.2594 0.2555
Qs 0.4778 0.4756
Onet; 0.1339 0.1192

method cannot estimate the system containing DG units with
different capacities, it will not be shown here.

As Table IV shows, the improved estimation method can well
reflect the reactive power sharing state of the network, and the
estimation errors are acceptable. Compared with the simulation
results, the calculation time of estimation results is much shorter.
So it is feasible to use the estimation method in the calculation
of Jave, Which serves the parameter optimization of the virtual
impedance controller. It can also be used to test the reactive
power sharing performance of different reactive power sharing
strategies.

B. Reactive Power Sharing Performance Under Different
Microgrid Operation Points

Above-mentioned simulation results have proved that the op-
timization method can work well under a certain network, which
only corresponds to one microgrid operation point. However,
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Fig. 13.  dpe; calculation results of the generated 103 operation points: red

points for the fixed virtual impedance method and blue for the improved virtual
impedance optimization method.

more operation points are required to demonstrate the effec-
tiveness of the optimization method. As mentioned before, the
38-bus system totally has 63> operation points. It is impracti-
cal to calculate the ,.; value of each operation point. Thus,
10° operation points are generated randomly for the reactive
power sharing performance comparison between the fixed vir-
tual impedance method and the virtual impedance optimization
method. The d,¢; values of the generated operation points are
shown in Fig. 13.

From the comparison shown in Fig. 13, it can be seen that the
system with the optimization method has a much better reactive
power sharing performance. The d,; values with the conven-
tional method are always higher than those with the optimization
method, and most of them have exceeded 40%. While with the
optimization method, the é,e; values are limited under 30%.
That means more than half of the reactive power sharing er-
rors are eliminated through the virtual impedance optimization.
Overall, the reactive power sharing errors become acceptable
after the optimization. It is worth noting that the optimized
controller parameters are obtained from the simplified system.
However, they are equally valid in the 38-bus system as the
result shows.

C. Reactive Power Sharing Performance in Mismatched
Systems

To test the fault-tolerant capability of the proposed method,
the optimized virtual impedance controllers designed for the
original target system will be applied to several new microgrid
systems. These new systems are created from the original system
by changing the feeder impedances. The reactive power sharing
performances of these different microgrids that apply the same
virtual impedance controllers are compared in Fig. 14.

In Fig. 14, MG O represents the original 38-bus microgrid
system. The line impedances in MG 1 are increased by 15%, and
the line impedances in MG 2 are decreased by 15%. In MG 3, the
line impedances are changed randomly between 85% and 115%.
As can be seen from the figure, the virtual impedance controllers
designed for the original target system are also suitable for the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

1

L 04 MG 0]

0.8t Operation points from 50000 to 50100 MG 1 |

: | o W, N ) MG 2 |

03 \/1\]\' V{\A\ /V\j’w \\/\N\/JA“’WW\/\/\ ‘N ,\/k//
s 0.6 | :

=
LS

L I t‘\r‘u‘r\y\“fh‘yn“\w" L O i

0 | | Il
0 2 4 6 8 10

Operation point k (10*)

Fig. 14. Reactive power sharing performances of different microgrids with
the same virtual impedance controllers.

newly created systems. Most dpei; values are still limited under
30%, which is acceptable compared with the performance of the
conventional method. This result well proves that the proposed
method has some fault-tolerant capability to the line impedance
eITors.

VI. CONCLUSION

The virtual impedance optimization method enables the wire-
less reactive power sharing control of the microgrid. Compared
with the communication based reactive power sharing strat-
egy, the optimization method based control strategy is fully
distributed and independent of communication network. It can
conveniently help the existing microgrid improving the reactive
power sharing performance. However, the original optimization
method has not considered the capacity differences of DG units
as well as the microgrid with more nodes. Thus, an enhanced
virtual impedance optimization method is hereby proposed to
solve the above-mentioned issues. First, the reactive power
estimation method, as the key technique of the optimization
method, is modified by introducing reactive power droop slopes.
Second, a network simplification step is added before the op-
timization, which reduces the microgrid operation points but
without affecting the optimization effect. Through the above-
mentioned improvements, the application scope of the opti-
mization method is largely extended. Through MATLAB sim-
ulation results, the effectiveness and feasibility of the improved
optimization method have been well proved. For an actual mi-
crogrid, if loads operate regularly, the operation points can be
designed more specifically; thus, the virtual impedance opti-
mization method can be more effective.

APPENDIX
A. Network Parameters

The network parameters of the 38-bus system reference to
[29]. The rated capacity S* set in this paper is 25 kVA, and the
rated voltage is set to 380 V.



TABLE V
NETWORK PARAMETERS OF THE 38-BUS SYSTEM AND LOAD OPERATION
POINTS SET IN THE SIMULATION

Line impedance Load on TN in the simulation

FN TN  R(p.u) X(pu)  P(pu) 0 (p.u)
1 2 0.000574  0.000293 0.06 0.12
2 3 0.00307  0.001564 0.12 0.06
3 4 0.002279  0.001161 0.18 0.18
4 5 0.002373  0.001209 0.18 0.18
5 6 0.0051  0.004402 0.18 0.06
6 7 0.001166  0.003853 0.06 0.12
7 8 0.00443  0.001464 0.18 0.06
8 9  0.006413  0.004608 0.18 0.06
9 10 0.006501  0.004608 0.18 0.06
10 11 0.001224  0.000405 0.18 0.06
11 12 0.002331  0.000771 0.18 0.06
12 13 0.009141  0.007192 0.18 0.06
13 14 0.003372  0.004439 0.18 0.06
14 15 0.00368  0.003275 0.18 0.06
15 16 0.004647  0.003394 0.18 0.06
16 17  0.008026 0.010716 0.18 0.06
17 18  0.004558  0.003574 0.18 0.06
2 19 0.001021  0.000974 0.06 0.12
19 20 0.009366  0.00844 0.06 0.12
20 21 0.00255  0.002979 0.06 0.12
21 22 0.004414  0.005836 0.06 0.12
3 23 0.004414  0.005836 0.12 0.06
23 24 0.005592  0.004415 0.12 0.06
24 25  0.005579  0.004366 0.12 0.06
6 26 0.001264  0.000644 0.18 0.06
26 27 0.00177  0.000901 0.18 0.06
27 28  0.006594  0.005814 0.18 0.06
28 29 0.005007 0.004362 0.18 0.06
20 30  0.00316  0.00161 0.18 0.06
30 31 0.006067  0.005996 0.18 0.06
31 32 0.001933  0.002253 0.18 0.06
32 33 0.002123  0.003301 0.18 0.06
8 34 0.012453  0.012453 0 0
20 35  0.012453  0.012453 0 0
12 36 0.012453  0.012453 0 0
22 37 0.012453  0.012453 0 0
25 38 0.012453  0.012453 0 0

B. Operation Point Setting for Each SBH

In this paper, each load and each SBH are set with three real
power operation points and two reactive power operation points.
The load range of an SBH is associated with the load number
before the simplification.

TABLE VI
OPERATION POINT SETTING FOR THE 38-BUS SYSTEM

Real and reactive power operation points

Original system Load 1-32 P =1[0.060.120.18]
0 =1[0.060.12]

Simplified system SBH 1 P =10.12 0.24 0.36]
0 =1[0.120.24]

SBH2 P =10.540.98 1.62]
0 =1[0.540.98]

SBH 3 P =1[0.66 1.32 1.98]
0 =[0.66 1.32]

SBH 4 P =[0.300.60 0.90]
0 =[0.300.60]

SBH 5 P =10.240.48 0.72]
0 =1[0.24 048]

ZHU et al.: ENHANCED VIRTUAL IMPEDANCE OPTIMIZATION METHOD FOR REACTIVE POWER SHARING IN MICROGRIDS

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

10401

REFERENCES

M. A. Zamani, T. Sidhu, and A. Yazdani, “Investigations into the control
and protection of an existing distribution network to operate as a microgrid:
A case study,” IEEE Trans. Ind. Electron., vol. 61, no. 4, pp. 1904-1915,
Apr. 2014.

I. U. Nutkani, P. C. Loh, and F. Blaabjerg, “Droop scheme with considering
of operating cost,” IEEE Trans. Power Electron., vol. 29, no. 3, pp. 1047—
1052, Mar. 2014.

C. N. Rowe, T. J. Summers, R. E. Betz, D. J. Cornforth, and T. G. Moore,
“Arctan power-frequency droop for improved microgrid stability,” IEEE
Trans. Power Electron., vol. 28, no. 8, pp. 3747-3759, Aug. 2013.

Y. Han, H. Li, P. Shen, E. A. A. Coelho, and J. M. Guerrero, “Review
of active and reactive power sharing strategies in hierarchical controlled
microgrids,” IEEE Trans. Power Electron., vol. 32, no. 3, pp. 2427-2451,
Mar. 2017.

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

J. M. Guerrero, L. G. Vicuna, J. Matas, M. Castilla, and J. Miret, “A
wireless controller to enhance dynamic performance of parallel inverters
in distributed generation systems,” IEEE Trans. Power Electron., vol. 19,
no. 4, pp. 1205-1213, Sep. 2004.

J. Kim, J. M. Guerrero, P. Rodriguez, R. Teodorescu, and K. Nam, “Mode
adaptive droop control with virtual output impedances for an inverter
based flexible ac microgrid,” IEEE Trans. Power Electron., vol. 26, no. 3,
pp- 689-701, Mar. 2011.

W. Yao, M. Chen, J. Matas, J. M. Guerrero, and Z. M. Qian, “Design and
analysis of the droop control method for parallel inverters considering the
impact of the complex impedance on the power sharing,” IEEE Trans. Ind.
Electron., vol. 58, no. 2, pp. 576-588, Feb. 2011.

J. M. Guerrero, J. Matas, L. G. De Vicuna, M. Castilla, and J. Miret,
“Decentralized control for parallel operation of distributed generation
inverters using resistive impedance,” IEEE Trans. Power Electron.,
vol. 54, no. 2, pp. 994-1004, Apr. 2007.

Y. W. Li and C. N. Kao, “An accurate power control strategy for power
electronics-interfaced distributed generation units operation in a low volt-
age multibus microgrid,” IEEE Trans. Power Electron., vol. 24, no. 12,
pp. 2977-2988, Dec. 2009.

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

Y. X. Zhu, F. Zhuo, F. Wang, B. Q. Liu, and Y. J. Zhao, “A wireless load
sharing strategy for islanded microgrid based on feeder current sensing,”
IEEE Trans. Power Electron., vol. 30, no. 12, pp. 67066719, Dec. 2015.
J. W. He and Y. W. Li, “An enhanced microgrid load demand sharing
strategy,” IEEE Trans. Power Electron., vol. 27, no. 9, pp. 3984-3995,
Sep. 2012.

H. Han, Y. Liu, Y. Sun, M. Su, and J. M. Guerrero, “An improved droop
control strategy for reactive power sharing in islanded microgrid,” IEEE
Trans. Power Electron., vol. 30, no. 6, pp. 3133-3141, Jun. 2015.

Y. X. Zhu, F. Zhuo, B. Q. Liu, and H. Yi, “An enhanced load power
sharing strategy for low-voltage microgrids based on inverse-droop control
method,” in Proc. Int. Power Electron. Conf., Hiroshima, Japan, 2014, pp.
3546-3552.

T. L. Vandoorn, J. D. M. De Kooning, B. Meersman, and L. Vande-
velde, “Communication-based secondary control in microgrids with volt-
age based droop control,” in Proc. IEEE Transm. Distrib. Conf. Expo.,
2012, pp. 1-6.

M. Savaghebi, A. Jalilian, J. C. Vasquez, and J. M. Guerrero, “‘Secondary
control scheme for voltage unbalanced compensation in an islanded droop
controlled microgrid,” IEEE Trans. Smart Grid, vol. 3, no. 2, pp. 797-807,
Jun. 2012.

H. Mahmood, D. Michaelson, and J. Jiang, “Accurate reactive power
sharing in an islanded microgrid using adaptive virtual impedances,” IEEE
Trans. Power Electron., vol. 30, no. 3, pp. 1605-1617, Mar. 2015.

Y. Zhang and H. Ma, “Analysis of networked control schemes and data
processing method for parallel inverters,” IEEE Trans. Ind. Electron.,
vol. 61, no. 4, pp. 1834-1844, Apr. 2014.

Y. X. Zhu, B. Q. Liu, F. Wang, F. Zhuo, and Y. J. Zhao, “A virtual
resistance based reactive power sharing strategy for networked microgrid,”
in Proc. IEEE 9th Int. Conf. Power Electron. ECCE Asia, Jul. 2015,
pp. 1564-1572.



10402

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

H. G. Zhang, S. Kim, Q. Y. Sun, and J. G. Zhou, “Distributed adaptive
virtual impedance control for accurate reactive power sharing based on
consensus control in microgrids,” IEEE Trans. Smart Grid, vol. 6, no. 6,
pp- 3006-3019, Nov. 2015.

F. Guo, C. Wen, J. Mao, and Y. D. Song, “Distributed secondary voltage
and frequency restoration control of droop-controlled inverter based mi-
crogrids,” IEEE Trans. Ind. Electron., vol. 62, no. 7, pp. 4355-4364, Jul.
2015.

Q. Shafiee, J. M. Guerrero, and J. C. Vasquez, “Distributed secondary
control for islanded microgrids-A novel approach,” IEEE Trans. Power
Electron., vol. 29, no. 2, pp. 1018-1031, Feb. 2014.

J. Zhou, S. Kim, H. Zhang, Q. Sun, and R. Han, “Consensus-based dis-
tributed control for accurate reactive, harmonic and imbalance power
sharing in microgrids,” IEEE Trans. Smart Grid, to be published, doi:
10.1109/TSG.2016.2613143.

J. W. Simpson-Porco, Q. Shafiee, F. Dorfler, J. C. Vasquez, J. M.
Guerrero, and F. Bullo, “Secondary frequency and voltage control of is-
landed microgrids via distributed averaging,” IEEE Trans. Ind. Electron.,
vol. 58, no. 1, pp. 7025-7038, Nov. 2016.

R.Han, L. Meng, G. Ferrari-Trecate, E. A. A. Coelho, J. C. Vasquez, and J.
M. Guerrero, “Containment and consensus-based distributed coordination
control to achieve bounded voltage and precise reactive power sharing in
islanded ac microgrids,” IEEE Trans. Ind. Appl., vol. 53, no. 6, pp. 5187—
5199, Nov./Dec. 2017.

V. Nasirian, Q. Shafiee, J. M. Guerrero, F. L. Lewis, and A. Davoudi,
“Droop-free distributed control for ac microgrid,” IEEE Trans. Power
Electron., vol. 31, no. 2, pp. 1600-1617, Feb. 2016.

Y. X. Zhu, F. Zhuo, F. Wang, B. Q. Liu, R. F. Gou, and Y. J. Zhao, “A virtual
impedance optimization method for reactive power sharing in networked
microgrid,” IEEE Trans. Power Electron., vol. 31, no. 4, pp. 2890-2904,
Apr. 2016.

C.D.Li,S. K. Chaudhary, M. Savaghebi, J. C. Vasquez, and J. M. Guerrero,
“Power flow analysis for low-voltage ac and dc microgrids considering
droop control and virtual impedance,” IEEE Trans. Smart Grid, vol. 8, no.
6, pp. 2754-2764, Nov. 2017.

Yixin Zhu (S’ 11-M’17) received the B.S., M.S., and
Ph.D. degrees in electrical engineering from Xi’an
Jiaotong University, Xi’an, China, in 2009, 2011, and
2015, respectively.

In 2016, he joined Jiangnan University, Wuxi,
China, as a Lecturer. He is currently with the School
of Internet of Things, Jiangnan University. His re-
search interests include the design, control, and ap-
plication of the high-power active power filter, the
photovoltaic grid-connected inverter, and also the
modeling, analysis, and power management of the
microgrid.

Qigao Fan (M’18) received the B.S. and M.S. de-
grees in control and instrumentation and the Ph.D.
degree in mechatronic engineering from the China
University of Mining Technology, Xuzhou, China, in
2008, 2010, and 2013, respectively.

In 2013, he joined Jiangnan University, Wuxi,
China, as a Lecturer. He is currently an Associate
Professor of electrical engineering with the School of
Internet of Things (IoT), Jiangnan University. His re-
search interests include indoor localization, robotics,
intelligent casting, wireless microelectromechanical

system based technologies, and IoT sensor technology.

Baoquan Liu (M’17) was born in Hebei, China, in
1987. He received the B.S. degree in electrical en-
gineering from the Harbin Institute of Technology,
Harbin, China, in 2009, and the M.S. and Ph.D. de-
grees from Xi’an Jiaotong University, Xi’an, China,
in 2012 and 2015, respectively.

He is currently an Associate Professor with
the School of Electrical and Information Engineer-
ing, Shaanxi University of Science and Technology,
Xi’an, China. His research interests include system
design and power flow control of dc and ac micro-

grids using hybrid energy storage.

Tao Wang received the B.S. degree in automa-
tion from Yangzhou University, Yangzhou, China,
in 2016. He is currently working toward the M.S. de-
gree in electrical engineering at Jiangnan University,
‘Wauxi, China.

His research interests include energy manage-
ment of the microgrid and electric vehicle charging
technology.


http://dx.doi.org/10.1109/TSG.2016.2613143


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


