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Abstract—To solve the reactive power sharing issue in droop
control application, many solutions have been developed based on
the basic wireless manner. However, existing wireless methods can-
not eliminate reactive power sharing errors effectively, especially
in load change situations. In this paper, a wireless reactive power
sharing method that employs feeder current sensing and adap-
tive virtual impedance control is proposed for islanded microgrid.
To improve reactive power sharing accuracy of virtual impedance
method, an equivalent feeder concept is introduced, which can
reflect the mismatch in connecting circuits equivalently. Through
fast feeder current sensing, distributed generation units can cal-
culate their respective equivalent feeders in real time. With the
cooperation between real-time calculation and virtual impedance
control, the proposed method achieves both accurate and
fast performance in reactive power sharing. Compared with
communication-based methods, the proposed wireless control pro-
vides the same high accuracy in reactive power sharing; meanwhile,
its response speed to load change is much faster than that of other
methods. Moreover, the proposed method can work as normal even
though load changes during the transient process. Matlab simula-
tion and real-time digital simulator test are used to validate the
feasibility of this method.

Index Terms—Feeder current sensing, microgrid, reactive power
sharing, virtual impedance, wireless control.

I. INTRODUCTION

W ITH the increased concerns on environment, more and
more renewable energy sources such as photovoltaic

cells, small wind turbines, and microturbines are integrated into
the power grid in the form of distributed generation (DG) units.
These DG units are normally interfaced to the grid with power
electronics converters. Meanwhile, the high penetration of DG
units also introduces a few issues, such as system resonance,
protection interference, etc. To overcome these problems, the
microgrid concept is proposed, which can realize a flexible co-
ordinated control among DG units. As an important part of the
future smart grid [1], [2], the microgrid can operate in either
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grid-connected mode or islanded mode. High-quality electri-
cal power will be supplied to customers when a microgrid is
well managed. However, microgrid always suffers challenging
problems, such as control stability, power control, and energy
management [3].

In islanded microgrid, load demand must be properly shared
among multiple DG units. That means each DG unit should
output power in proportion to its power rating. Conventionally,
the frequency and voltage magnitude droop control method is
adopted, which aims to achieve microgrid power sharing in a de-
centralized manner [4]–[12]. Due to its wireless control manner,
“plug-and-play” interfacing of DG units is enabled. Although
the frequency droop control can achieve accurate real-power
sharing, the voltage droop control typically results in poor re-
active power sharing due to the mismatch in feeder impedances
and, also due to the different offset of local loads.

To improve the reactive power sharing accuracy of droop con-
trol, many techniques have been developed based on the wire-
less manner. In [13], reactive power sharing errors are reduced
through the injection of harmonic current. But this approach may
reduce the quality of output voltages and line currents. As an im-
portant role in droop control, the well-known virtual impedance
method can improve power control stability and power shar-
ing accuracy at the same time. A comprehensive treatment of
the virtual impedance concept is presented in [14]–[16]. The
focus has been on the mismatched output characteristics of
DG units, while the mismatch in external circuits has not been
considered. In [17], reactive power sharing errors are reduced
through the modification of droop control parameters. However,
the method needs a two-step estimation process before it works.
In [18], virtual impedances are utilized to compensate the mis-
match in feeder impedances, but the local load condition is not
considered.

Although the wireless manner enhances the flexibility and
reliability of system, it cannot provide satisfactory accuracy in
reactive power sharing, especially when load changes. In fact,
without external information, it is difficult for DG units to share
the reactive power accurately. Therefore, many communication
aided droop control methods have been developed. It should be
noted that the introduction of communication does not affect the
peer-to-peer concept of droop control method [19]–[25]. Inter-
communication manner is utilized in [26] and [27] for accurate
reactive power sharing; however, this manner is subject to the
install locations of DG units. Reactive power sharing strategies
in [28]–[30] adopt one-way communication manner, but with
high requirement in synchronization. Also, due to the periodic
regulation feature, reactive power sharing errors that appear after
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TABLE I
PERFORMANCE COMPARISON AMONG DIFFERENT METHODS

Reactive power sharing techniques based on droop control method sharing accuracy response speed extension capability

Communication methods One way communication high slow medium
Two way communication high medium weak

Wireless methods Virtual impedance method medium fast strong
Estimation based method depend on estimation slow strong

Proposed enhanced method high fast strong

load change cannot be eliminated immediately. With the com-
munication between microgrid central controller and DG units,
different versions of secondary control technique have been de-
veloped [31]–[35]. However, this control manner cannot track
load variation rapidly, and load change during the transient pro-
cess will affect its performances. Communication is also utilized
in [36] and [37] to facilitate the estimation of feeder impedances,
which are then used to set virtual impedances. But the estima-
tion is not suitable for long feeders. In summary, aforesaid droop
control-based reactive power sharing methods have their own
advantages and defects, which are compared here in Table I.

In the table, response speed is an important indicator, which
reflects the rapidity of reactive power sharing after load change.
With slow respond speed, reactive power sharing performance
is easy to be influenced due to the frequent load change. From
the comparison, it can be seen that although communication-
based methods can achieve accurate reactive power sharing,
their extension capability is limited. In fact, communication
is only necessary in several special situations, such as looped
microgrid or networked microgrid [28], [29]. For traditional
bus-typed microgrid, communication is not essential. However,
without external information, existing wireless methods cannot
provide satisfied performance in reactive power sharing.

In this paper, a wireless reactive power sharing strategy that
employs feeder current sensing and adaptive virtual impedance
control is proposed for islanded microgrid. With the extra in-
formation obtained from feeder current sensing, the proposed
method can achieve not only accurate but also fast performance
in reactive power sharing. Compared with communication-
based methods, the proposed wireless method realizes the same
high accuracy; meanwhile, its response speed to load change is
much faster than that of other accurate methods. Moreover, as
the feeder current sensing will not affect the wireless manner of
droop control, it is convenient to be applied. In the proposal, to
enhance reactive power sharing accuracy of virtual impedance
control, an equivalent feeder concept is proposed, which can
reflect the mismatch in external circuits equivalently. Through
fast feeder current sensing, equivalent feeder can be calculated
in real time. With the cooperation between real-time measure
and virtual impedance control, the proposed method realizes
enhanced performance in reactive power sharing. In Section II,
power sharing analysis of droop controlled microgrid is pre-
sented, as well as the introduction of equivalent feeder con-
cept. The proposed control strategy is introduced in Section III,
with related small-signal analysis for parameter selection. In
Section IV, Matlab/Simulink is used to verify the equivalent
feeder concept. And real-time test results based on the proposed
strategy are presented in Section V.

Fig. 1. Illustration of the microgrid configuration.

II. POWER SHARING ANALYSIS OF DROOP

CONTROLLED MICROGRID

A. Conventional Droop Control in Microgrid

Fig. 1 illustrates the configuration of a microgrid composed
of a number of DG units and several loads. Each DG unit is
interfaced to the microgrid with an inverter, and the inverters
are connected to the common ac bus through their respective
feeders. As the focus of this paper is the fundamental real and
reactive power control, only linear load condition is considered.
According to the operation requirements, the microgrid can be
connected or disconnected from the main grid by controlling
the static transfer switch at point of common coupling (PCC).

During the grid-connected mode, as the microgrid voltage is
supported by the main grid, power sharing issue can be easily
solved by using power tracking techniques. When microgrid
turns to islanded mode, power sharing relies on the cooperation
among DG units. Conventionally, DG units can adopt the real
power–frequency (P–ω) and reactive power–voltage magnitude
(Q–V) droop control as

ω = ω0 − Dp · P (1)

E = E0 − Dq · Q (2)

where ω0 and E0 are the initial values of DG unit angular
frequency and voltage magnitude; P and Q are the measured
real and reactive powers after the first-order low-pass filtering
(LPF); Dp and Dq are the real and reactive power droop slopes
that can be theoretically defined as

Dp =
ωmax − ωmin

Pmax
(3)

Dq =
Emax − Emin

Qmax
(4)

where {ωmax ; ωmin} and {Emax ; Emin} are the bounds of mi-
crogrid angular frequency and voltage magnitude; Pmax and
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Fig. 2. Conceptual model of microgrid.

Qmax are the real and reactive power capacity of DG unit. With
the derived angular frequency and voltage, the instantaneous
voltage reference can be obtained accordingly. It can be found
that with the same ω and E, larger capacity DG unit would output
more power due to its smaller droop slopes. With the consis-
tent frequency among DG units, the P–ω droop control can
achieve accurate real power sharing easily. However, the Q–V
droop control always has reactive power sharing errors due to
the mismatched output voltages of DG units.

B. Power Sharing Analysis Based on Equivalent Model

Normally, the mismatched voltages are mainly related to two
factors: physical feeders and local loads. To further investigate
the reactive power sharing issue, a conceptual microgrid model
is built as shown in Fig. 2.

For the sake of simplicity, DG units are set to the same power
rating. The dashed part in Fig. 2 indicates an individual operating
model of DG unit, which is defined as a basic unit of microgrid
in this paper. The DG operation model contains two parts: DG
unit and the related connecting circuit composed of local load
and physical feeder.

At present, many reactive power sharing researches have fo-
cused on the characteristics of DG units, while the impact of
external circuits is ignored. Thus, reactive power sharing errors
cannot be eliminated completely. To solve this issue, this paper
takes the connecting circuits as the object of research. For a sin-
gle DG unit, its output power is mainly composed of two parts:
the power consumed by local load and the power transmitted to
public load through physical feeder. Detailed power description
of the two parts are shown below.

1) Power for Local Load: The DG output powers consumed
by local load can be expressed as

Pli = U 2
i Gli (5)

Qli = −U 2
i Bli (6)

where Gli and Bli are the conductance and susceptance of local
load i; and Ui is the voltage magnitude of DG unit i.

Fig. 3. Equivalent operation model of DG unit.

2) Power for Public Load: The transmission powers from
DG unit i to public load can be expressed as

Pf i = U 2
i Gf i − UiU0Gf i cos δi 0 − UiU0Bf i sin δi 0 (7)

Qf i = UiU0Bf i cos δi 0 − U 2
i Bf i − UiU0Gf i sin δi 0 (8)

where Gf i and Bf i are the conductance and susceptance of
physical feeder i; U0 is the magnitude of PCC voltage; and δi 0
is the phase angle difference between PCC and DG output. To
simplify the expression forms, above power expressions are all
based on admittance parameters (Ý = G + jB). Then the total
power output of a DG unit can be obtained

Pi = Pli + Pf i (9)

Qi = Qli + Qf i. (10)

As the DG unit output power contains two components, it is
not straightforward to identify the mismatch among each DG
operation model. If the power for local load and public load can
be combined together, this issue will be well solved. To achieve
this object, an equivalent feeder concept is introduced, which is
used to describe the operation of DG unit equivalently

Pi = U 2
i Gef i − UiU0Gef i cos δi 0 − UiU0Bef i sin δi 0 (11)

Qi = UiU0Bef i cos δi 0 − U 2
i Bef i − UiU0Gef i sin δi 0 (12)

where Gef i and Bef i are the conductance and susceptance of
equivalent feeder. With the values of power (Pi and Qi) and
voltage (U0 , Ui , and δi 0), equivalent feeder admittance can be
uniquely determined. The operation model based on equivalent
feeder concept is shown in Fig. 3. When virtual impedance is
contained, the DG unit can be regarded as a droop-controlled
voltage source (DVS) in series with a virtual feeder.

The parameters of the equivalent feeder are achieved from
the equivalent transformation of original operation model. So
the operation states (output powers and voltages) of DG unit
will remain unchanged after transformation. Moreover, the in-
troduction of equivalent feeder simplifies the operation analysis
of single DG unit. From the perspective of system structure, the
mismatch in connecting circuits has been quantitatively reflected
into the equivalent feeder parameters. Based on the concept of
equivalent feeder, the mismatch factor is parameterized, which
can be used to realize accurate reactive power sharing.

In this section, an equivalent feeder concept is proposed to
quantitatively describe the mismatch in connecting circuits.
With the derived equivalent operation model, reactive power
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sharing analysis becomes easier. Detailed calculation process of
equivalent feeder will be discussed in next section.

III. REACTIVE POWER SHARING STRATEGY BASED

ON EQUIVALENT FEEDER CONCEPT

A. Virtual Impedance Setting

As previously stated, reactive power sharing issue is related
to the mismatched parameters among connecting circuits. With
equivalent feeder concept, this mismatch can be parameterized.
By compensating the mismatch reflected in equivalent feeders,
reactive power sharing errors can be well eliminated. In this
paper, virtual impedances are utilized to match the discrepant
equivalent feeders of DG units, and the control equation can be
designed as follows:

Żvi = Żref − Żef i (13)

where Żvi and Żef i are the impedance values of virtual feeder
and equivalent feeder, respectively; Żref is the reference value
of compensation (hereafter referred to as reference impedance).
According to Fig. 3, once this virtual impedance control takes
effect, the operation models of DG units will become identical.
Due to the consistent operation, DG units can share the reactive
power accurately. However, before the control works, the value
of equivalent feeder impedance (Żef i) is required.

B. Calculation of Equivalent Feeder

In (11) and (12), when the power and voltage parameters are
known, equivalent feeder impedance value can be determined
uniquely. Generally, the phase and magnitude information of
PCC voltage is unknown for a DG unit. So in this paper, the
feeder transmission power (Pf and Qf ) is utilized to indirectly
calculate the equivalent feeder impedance. Detailed calculation
process is shown in follows. First, by a simple manipulation on
(7) and (8), following equations can be obtained:

UiU0 sin δi 0 =Pf i
−Bf i

G2
f i + B2

f i

− Qf i
Gf i

G2
f i + B2

f i

=Ai

(14)

Ui (Ui − U0 cos δi 0) =Pf i
Gf i

G2
f i + B2

f i

− Qf i
Bf i

G2
f i + B2

f i

=Bi.

(15)

Due to the relationship between impedance and admittance
(Ý = Ż−1), aforesaid equations can be simplified as

Ai = Pf iXf i − Qf iRf i (16)

Bi = Pf iRf i + Qf iXf i (17)

where Rf i and Xf i are the resistance and reactance values of
physical feeder i. By plugging aforesaid equations into (11) and
(12), following equations can be derived:

Pi = BiGef i − AiBef i (18)

Qi = −AiGef i − BiBef i. (19)

It can be seen that, with the transmission power on feeder,
element U0 in (11) and (12) is well eliminated. By solving (18)

Fig. 4. Equivalent feeder calculation based on feeder current sensing.

and (19), equivalent feeder admittance can be calculated as

Gef i =
PiBi − QiAi

A2
i + B2

i

(20)

Bef i =
−PiAi − QiBi

A2
i + B2

i

. (21)

With this result, corresponding impedance value can be de-
rived accordingly as

Ref i =
PiBi + QiAi

P 2
i + Q2

i

(22)

Xef i =
PiAi − QiBi

P 2
i + Q2

i

. (23)

Among the related calculation parameters, the total output
powers (Pi and Qi) and feeder transmission powers (Pf i and
Qf i) can both be obtained from the local measurements of DG
unit; the physical feeder impedance (Rf i and Xf i) is constant
after DG unit installation, and its value is measurable. So by
adding feeder current sensing, equivalent feeder impedance can
be calculated in real time as shown in Fig. 4.

The LPFs are used to obtain the fundamental components
of the calculated powers. They can also smooth the calculation
process. When no local load exists, according to (22) and (23),
the equivalent feeder impedance is just equal to the physical
feeder impedance.

C. Adaptive Virtual Impedance Control

The local control scheme with equivalent feeder calculation
and virtual impedance control is shown in Fig. 5.

Compared with the conventional droop control method, an
adaptive control for virtual impedance is introduced. Related
calculation process of equivalent feeder can refer to Fig. 4, and
the virtual voltage can be calculated as follows:

Udvi = IodiRvi − IoqiXvi (24)

Uqvi = IoqiRvi + IodiXvi (25)

where Rvi and Xvi are the resistance and reactance of vir-
tual impedance Żvi . During the steady state, DG units utilize
feeder current information for their equivalent feeder calcula-
tions, which can reflect the mismatch in external connecting
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Fig. 5. Proposed wireless control scheme based on adaptive virtual impedance
control.

Fig. 6. Equivalent model of microgrid.

circuits. Meanwhile, virtual impedances are regulated accord-
ingly to compensate the reflected mismatch. In this way, reactive
power sharing errors can be well eliminated. When load varies
in microgrid, the feeder current sensing-based adaptive control
can quickly respond to the change action. Due to the real-time
calculation of equivalent feeder, the mismatch in connecting cir-
cuits can be identified and compensated in real time, making the
reactive power sharing performance not only accurate but also
fast.

D. Small-Signal Modeling and Analysis

To investigate the stability and transient performances of the
system with the proposed control strategy, small-signal analysis
is carried out based on the equivalent model of microgrid as
shown in Fig. 6.

In the equivalent model, loads in microgrid are all connected
to the common ac bus. When the proposed control takes effect,
virtual impedances will be adjusted adaptively to match the
different equivalent feeders. Thus, each DVS feeder will have
the same impedance value. With the proposed adaptive control,
these DVS feeder impedances will remain constant, even if the
system is disturbed. By analyzing the voltage disturbances at
PCC and DVSs, corresponding small-signal model can be built.
Detailed modeling process is shown in the appendix, with a
system matrix A derived. According to the requirements of sta-
bility, all of the eigenvalues (termed modes) of matrix A should
be in the left half complex plane. These eigenvalues are de-
termined by the time constant of LPFs (τ ), droop coefficients

Fig. 7. Family of root locus diagram with the proposed adaptive control
method (a) Xref value is fixed while Rref increases from 0.002 to 0.05 Ω.
(b) Rref value is fixed while Xref increases from 0.002 to 0.05 Ω.

TABLE II
SIMULATION PARAMETERS OF DG UNITS AND MICROGRID

Parameters Value

Low Voltage Microgrid Rated voltage (line-line) UR M S = 380 V
Total Loads 150 kW; 90 kVar

Line impedance (1 km) Xl = 0.082 Ω ; Rl = 0.64 Ω
DG unit Frequency droop slope Dp = 3e-5 Rad/(Sec · W)

Voltage droop slope Dq = 1.25e-4 V/Var
LPF time constant 0.016 s

LC filter Lf = 1.5 mH ; Cf = 300 μF
Power capacity 50 kW; 30 kVar

(Dp and Dq ), reference impedance value (Żref ) and total load
admittance (Ýload ). By investigate these modes, the stability and
transient performances of the system with adaptive control can
be obtained.

With a proper parameter design for the reference impedance,
the system stability will be enhanced. Meanwhile, the power
control coupling effect caused by resistive physical feeder will
be reduced. The system performances with different Żref values
are shown in Fig. 7. The model parameters are selected to be
the same as in the simulation, and are listed in Table II.
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Fig. 8. Test microgrid system in simulation.

1) Analysis of Resistance Varying: From the viewpoint of
root-locus, the performances of a droop controlled system with
different fixed reactance values are shown in Fig. 7(a). In this
case, the reference reactance (Xref ) is fixed to different values,
while the reference resistance value (Rref ) increases from 0 to
0.05 Ω. As three DG units are contained in the microgrid, there
are totally nine modes in the system. The system performance
is mainly determined by the low-frequency modes λ1 and λ2 . It
can be seen that when Xref is very small (0.002 Ω), the system
becomes unstable. This result consists with the actual situation:
when no additional coupling inductor placed between DG unit
and PCC, the DG system will have poor stability and transient
performances. It also can be seen that as Rref value increases,
the system oscillations will be reduced. However, large feeder
impedance also leads to the low voltage at PCC. In addition,
to restrain the power control coupling, the reference reactance
value should be designed larger than resistance value.

2) Analysis of Reactance Varying: In this case, the reference
resistance value is fixed to different values, while the reference
reactance value increases from 0 to 0.05 Ω. Corresponding sys-
tem performances are shown in Fig. 7(b). The results are consis-
tent with aforesaid analysis that small Xref value always results
in poor system stability. To obtain satisfied system damping
and stability performances for the simulation system, the refer-
ence resistance and reactance are designed as 0.01 and 0.04 Ω,
respectively.

IV. SIMULATION VERIFICATION

A microgrid model has been established in Matlab/Simulink
to validate the proposal. As shown in Fig. 8, the simulated
microgrid is composed of three identical DG units and several
linear loads. With the same power rating, the three DG units
shall share the load equally. The circuit and control parameters
of the DG unit are listed in Table II.

A. Performance of the Conventional Droop Control

The performance of the system using the conventional droop
control method is illustrated in Fig. 9. At t = 6 s, local load
1 increases to 45 kW and 20 kVar; meanwhile, local load 3
increases to 15 kW and 25 kVar, 4 s later, the varied loads are
recovered. Simulation results are consistent with the previous
power sharing analysis. As shown in Fig. 9(a), the real power

Fig. 9. Simulated performance of the conventional method. (a) Real power.
(b) Reactive power.

sharing is always accurate. However, due to the mismatch in
connecting circuits, there are significant errors in reactive power
sharing as shown in Fig. 9(b).

In the simulation process, DG units calculate their respective
equivalent feeder impedances at the same time. The calculation
results are shown in Fig. 10, and will be used in the verifi-
cation of equivalent feeder concept. It can be seen that when
load changes in microgrid, equivalent feeder values can be soon
updated with the help of feeder current sensing. The updated
speed is determined by the time constant of LPFs. As DG unit
2 outputs more power due to its local load, accordingly, it has
a smaller equivalent feeder impedance, whose value may even
be negative. This is consistent with the reality that when no lo-
cal load exists, DG unit with smaller feeder impedance always
outputs more reactive power due to its lower output voltage.
With the calculated equivalent feeder values, the mismatched
operations among DG units can be well reflected.

B. Verification of Equivalent Feeder Concept

The microgrid model based on equivalent feeder concept is
shown in Fig. 11. In this equivalent model, all the microgrid
loads are connected to the common ac bus. The impedance
value of each equivalent feeder is obtained from the simulation
results as marked in Fig. 10. To establish the equivalent model
in Matlab/Simulink, there are two points worth noting:

1) As the Ref value can be negative, a controlled voltage
source module is introduced to simulate the negative re-
sistance feature as shown in Fig. 12(a).

2) As the impedance value of equivalent feeder varies af-
ter load change. By switching between two feeders as
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Fig. 10. Equivalent feeder calculation results in DG units with conventional
droop control. (a) Resistances. (b) Reactance.

Fig. 11. Equivalent model in simulation.

Fig. 12. Supplements for the equivalent microgrid model. (a) Negative resis-
tance mimic. (b) Equivalent feeder change.

Fig. 13. Simulation results of the equivalent feeder based model. (a) Real
power. (b) Reactive power.

shown in Fig. 12(b), the feeder impedance change can be
simulated.

Corresponding results are shown in Fig. 13. Compared with
the reactive sharing performance shown in Fig. 9, it can be
seen that the two simulation results are consistent. It is well
proved that the mismatch in connecting circuits has been equiv-
alently translated to the mismatch in equivalent feeders. Thus,
it is feasible to reflect the mismatched operation of DG units
using the equivalent feeder concept.

C. Performance of the Proposed Control

The system performances with the proposed control method
are demonstrated from Figs. 14 to 16. At the beginning, the
conventional droop control method is adopted. At t = 2 s, the
adaptive virtual impedance control is enabled. From Fig. 14(a),
it can be seen that the reactive power sharing errors are reduced
to zero in 2 s. Also, Fig. 14(a) shows that the controller action
has only a small transient effect on the real power sharing among
DG units. The associated DG currents are shown in Fig. 15(a)
and (b).

At the beginning, the magnitude and phase of these currents
are not the same. However, they are almost identical after the
application of the proposed method.

When load changes, reactive power sharing can still keep ac-
curate due to the adaptive control of virtual impedances. Fig. 16
shows the calculation result of each equivalent feeder. By us-
ing (13), corresponding virtual impedances can be obtained. At
first, DG unit 2 outputs more reactive power and has smaller
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Fig. 14. Simulated performance of the proposed method. (a) Real power.
(b) Reactive power.

equivalent feeder impedance accordingly. With the proposed
method, larger virtual impedance is added to DG unit 2, which
can reduce the reactive power output effectively. Finally, each
DVS feeder will have the same impedance value (Żref ), and the
operation of each inner DVS can well keep consistent. In this
way, power sharing can be realized naturally.

From the aforesaid results, it can be seen that the calculation
of equivalent feeder can accurately reflect the mismatch that
causes reactive power sharing errors. With the proposed virtual
impedance control, the mismatch in equivalent feeders is well
compensated. And accurate reactive power sharing is achieved
in the meanwhile. It is worth noting that the proposed control
for each DG unit is not required to be started at the same time.
This feature will be tested in the following experiments.

D. Load Change During the Transient State

To verify that the proposed method is immune to the load
change in transient state, local load 1 varies again during the
adaptive process. The simulation results are demonstrated in
Fig. 17. It shows that the reactive power sharing performance
of the adaptive control has not been influenced by the extra
load change. Corresponding calculation result of each equivalent
feeder is shown in Fig. 18. Due the feeder current sensing,
load variation can be quickly reflected into the value change of
equivalent feeder, even during the adaptive transient process.
As can be seen in Fig. 18, after local load 1 recovers at t = 7 s,
Żef 1 returns to previous level immediately. By compensating
the mismatch obtained in real time, reactive power sharing can
keep accurate all the time.

Fig. 15. Simulated performance of the proposed method. (a) Output currents
before adaptive control. (b) Output currents after adaptive control.

V. REAL-TIME DIGITAL SIMULATOR (RTDS)
EXPERIMENT RESULTS

The RTDS experiment is a kind of hardware-in-the-loop test
[38]–[40], which is often used to verify control strategies. The
application of RTDS has a long history, and its test results have
been widely verified and recognized. On the hardware, RTDS
utilizes high-speed digital signal processor (DSP) chips with
parallel structure to process fast calculation for the continuous
and real-time simulation; on the software, RTDS has its own
simulation platform, the real-time simulator computer-aided
design (RSCAD). Due to the high performances of hardware
and software, users can easily establish simulation models, de-
bug test circuits, and analyze experimental results.

In this paper, through the direct code generation method us-
ing Matlab and CCS, the proposed droop control algorithm is
compiled and downloaded to DSP (TMS28335). The structure
of the RTDS experiment is shown in Fig. 19.

First of all, the microgrid depicted in Fig. 8 is established in
RSCAD. Unlike Matlab simulation, the control loop in RTDS
experiment is realized by external DSP chips, and only the main
circuits are built in software. In addition, to connect the small
time-step inverter models to microgrid network, specific trans-
formers are used. The transformer is placed at the output of
each inverter model as shown in Fig. 19. So the experimental
results will be a little different from the simulation results. How-
ever, this will not affect the verification of the proposed control
strategy. With the real-time calculation in RTDS and DSP, the
experiment is carried out on a flexible digital-physical closed
loop.
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Fig. 16. Equivalent feeder calculation results in DG units with the proposed
control. (a) Resistances. (b) Reactance.

Fig. 17. Simulated performance of the proposed method when load changes
in adaptive process. (a) Real power. (b) Reactive power.

A. Startup Process of the Proposed Method

In this test, the adaptive virtual impedance control on each
DG unit is enabled at different times. At the beginning, fixed
virtual impedance method is applied on DG units 2 and 3, with
Rv = 0.01 Ω and Xv = 0.04 Ω; and only DG unit 1 adopts the

Fig. 18. Equivalent feeder calculation results when load changes in adaptive
process. (a) Resistances. (b) Reactance.

Fig. 19. Flow diagram of the RTDS experiment in this paper.

adaptive virtual impedance control. When the adaptive method
is enabled on DG unit 2, the reactive power outputs of DG units
1 and 2 become identical as shown in Fig. 20.

However, reactive power sharing is not accurate until all the
DG units utilize the adaptive virtual impedances. As shown in
Fig. 21, reactive power sharing errors are eliminated after the
proposed control enabled on DG unit 3. It also can be seen that
the output real and reactive powers of DG units 1 and 2 can keep
consistent well due to the adaptive control. The corresponding
current of each DG unit before and after the startup process is
shown in Fig. 22. It clearly shows that accurate current sharing
is finally achieved.
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Fig. 20. RTDS test performance of the system with the proposed method
enabled at different times (step I). (a) Real power. (b) Reactive power.

Fig. 21. RTDS test performance of the system with the proposed method
enabled at different times (step II). (a) Real power. (b) Reactive power.

B. Performance Comparisons Among Different Methods

The reactive power sharing performances of the system with
different improved droop control methods are compared in this
part. In the comparison experiments, load change situation is

Fig. 22. RTDS test performance of the proposed method. (a) Output currents
before regulation. (b) Output currents after regulation.

designed to be the same as in the simulation, and the results are
shown in Fig. 23.

1) Conventional Droop Control Method: Fig. 23(a) displays
the reactive power outputs of DG units with the conventional
droop control. Due to the mismatch in connecting circuits, the
reactive power sharing errors are significant. This operation state
is improper and also harmful to DG units.

2) Fixed Virtual Impedance Method: As previously stated,
the mismatch in DG unit voltages are related to two factors: the
physical feeders (Żf ) and local loads (Pl and Ql). To deal with
the first factor, fixed virtual impedances can be added to DG
unit outputs as

Żvi = Żref − Żf i . (26)

Corresponding experiment results are shown in Fig. 23(b).
As can be seen, reactive power sharing performance is greatly
improved compared with Fig. 23(a). However, the residual re-
active power sharing errors are still obvious as the local load
factor has not been treated.

3) Fixed Virtual Impedance Method With Local Load Offset:
When local load is known for DG unit, the offset of local load
reactive power can be added to the Q–V droop control to further
reduce the reactive power sharing errors as

E = E0 − Dq · (Q + Ql) . (27)

With this control scheme, the mismatch caused by local re-
active power can be compensated. However, as the impact of
local real power (Pl) has not been addressed, its improvement
is not so obvious compared with Fig. 23(b). Although control
schemes (26) and (27) are both applied, due to the neglect of Pl ,
reactive power sharing errors still exist.



6716 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 12, DECEMBER 2015

Fig. 23. Reactive power sharing performances of different control methods.
(a) Conventional droop control method. (b) Fixed virtual impedance method.
(c) Fixed virtual impedance method with local load offset. (d) Proposed adaptive
virtual impedance method.

4) Proposed Virtual Impedance Method: In the proposed
method, the factors of local real power and reactive power are
both considered. Their impacts as well as the impact of physical
feeder are all contained in the calculation of equivalent feeder.
By synthetically reflecting these factors, reactive power shar-
ing errors can be eliminated completely as shown in Fig. 23(d).
The dynamic performance of reactive power sharing after load
change is also compared among aforesaid methods. It shows that

Fig. 24. RTDS test performance of the proposed method when load changes
in the adaptive process. (a) Real power. (b) Reactive power.

the regulation (transient) time of the proposed adaptive virtual
impedance method is almost the same as that of the fixed virtual
impedance method (around 1 s in the experiments).

Based on aforesaid analysis, it can be concluded that without
the full consideration of those mismatch factors (Żf , Pl , and
Ql), reactive power sharing issue cannot be well solved.

C. Load Changes in the Adaptive Process

When load changes during the adaptive (transient) process,
the performance of the proposed control will not be affected
as shown in Fig. 24. Due to the real-time calculation of equiv-
alent feeder, load variation can be quickly detected, even dur-
ing the adaptive process. It can be seen that the recovery of
reactive power sharing is always fast no matter when load
changes.

VI. CONCLUSION

In this paper, a wireless reactive power sharing strategy that
employs feeder current sensing and adaptive virtual impedance
control is proposed for islanded microgrid. In the proposal:

1) An equivalent feeder concept is proposed to facilitate the
control of virtual impedance, which ensures the accuracy
of reactive power sharing.

2) Feeder current sensing is introduced to droop control for
the real-time calculation, which ensures the rapidity of
reactive power sharing.

Due to the cooperation between real-time calculation and
virtual impedance control, the proposed strategy achieves both
accurate and fast performances in reactive power sharing. Due
to its rapidity, the proposed control method is immune to the
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frequent change of load. Even load change in transient process,
the adaptive control can still work as normal.

APPENDIX A
SMALL-SIGNAL MODELING BASED ON EQUIVALENT

FEEDER MODEL

In a microgrid as depicted in Fig. 6, the common ac bus
voltage can be calculated as

U̇0 =
Ẏref

(
n∑

i=1
Ėi

)

nẎref + Ẏload
(28)

where

U̇0 = U0 cos δ0 + jU0 sin δ0

Ėi = Ei cos δi + jEi sin δi

Ẏref = Gref + jBref

Ẏload = Gload + jBload

The dot on quantities is the sign of vector, for instance,
Ú0 and Éi are the voltage vectors of a common ac bus and
DVS i, respectively; Ýload is the admittance of total load;
and Ýref is the admittance value corresponding to reference
impedance Żref . Then, the real and imaginary parts of Ú0 can be
given

U0 real =

n∑
i=1

(BrefBsum + GrefGsum)Ei cos δi

G2
sum + B2

sum

+

n∑
i=1

(GrefBsum − BrefGsum) Ei sin δi

G2
sum + B2

sum
(29)

U0 imag =

n∑
i=1

(BrefGsum − GrefBsum)Ei cos δi

G2
sum + B2

sum

+

n∑
i=1

(BrefBsum − GrefGsum) Ei sin δi

G2
sum + B2

sum
(30)

where

Gsum = nGref + Gload

Bsum = nBref + Bload

Then, the magnitude and phase of Ú0 can be calculated using
the following equations:

U0 =
√

U 2
0 real + U 2

0 imag (31)

δ0 = arctan(U0 imag/U0 real). (32)

With aforesaid equations, the magnitude and phase variations
of Ú0 according to Éi disturbances can be derived as

ΔU0 =
n∑

i=1

(ku0eiΔEi + ku0δiΔδi) (33)

Δδ0 =
n∑

i=1

(kδ0eiΔEi + kδ0δiΔδi) (34)

where the operator Δ means small-signal disturbance around the
microgrid system equilibrium point; ku0ei , ku0δi , kδ0ei , kδ0δi are
the partial derivatives of U0 and δ0 with respect to Ei and δi .
Refer to the power transmission (7) and (8), the real and reactive
power variations according to each DVS voltage disturbance can
be given as

ΔPi = kpieiΔEi + kpiδiΔδi 0 + kpie0ΔE0 + kpiδ0Δδi 0
(35)

ΔQi = kqieiΔEi + kqiδiΔδi 0 + kqie0ΔE0 + kqiδ0Δδi 0
(36)

where kpiei , kpiδi , kpiu0 , kpiδ0 , kqiei , kqiδi , kqiu0 , and kqiδ0
are the partial derivatives of Pi and Qi with respect to U0 ,
Ei , δ0 , and δi . They represent the power flow sensitivity to the
corresponding voltage angle and magnitude variations. When
there are some power fluctuations during the adaptive regulation
process, the small-signal response of a DVS voltage can be
expressed as

Δωi = −Dp

(
1

τs + 1

)
ΔPi (37)

ΔUi = −Dq

(
1

τs + 1

)
ΔQi (38)

where τ is the time constant of LPFs used in the power calcula-
tion. Considering that Δδi 0 is the integration of ωi , by a simple
manipulation on (26)–(36), the dynamic performance of the mi-
crogrid system with the proposed control yields the following
matrix equation as follows:⎡

⎢⎣
Δδ

Δω

ΔE

⎤
⎥⎦ s = A

⎡
⎢⎣

Δδ

Δω

ΔE

⎤
⎥⎦ (39)

where

[Δδ] =
[
Δδ1 0 Δδ2 0 · · · Δδn 0

]T

[Δω] =
[
Δω1 Δω2 · · · Δωn

]T

[ΔE] =
[
ΔE1 ΔE2 · · · ΔEn

]T
.

APPENDIX B
ELEMENTS OF STATE MATRIX A

The detailed elements of matrix A are listed as follows:

A =

⎡
⎢⎢⎣

0 I 0

A21
−1
τ

I A23

A31 0 A33

⎤
⎥⎥⎦ (40)

where I is the identity matrix and
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A21 =
−Dp

τ

⎡
⎢⎢⎢⎢⎢⎣

kp1δ1 kp1δ2 · · · kp1δn

kp2δ1 kp2δ2 · · · kp2δn

...
...

. . .
...

kpnδ1 kpnδ2 · · · kpnδn

⎤
⎥⎥⎥⎥⎥⎦

A23 =
−Dp

τ

⎡
⎢⎢⎢⎢⎢⎣

kp1e1 kp1e2 · · · kp1en

kp2e1 kp2e2 · · · kp2en

...
...

. . .
...

kpne1 kpne2 · · · kpnen

⎤
⎥⎥⎥⎥⎥⎦

A31 =
−Dq

τ

⎡
⎢⎢⎢⎢⎢⎣

kq1δ1 kq1δ2 · · · kq1δn

kq2δ1 kq2δ2 · · · kq2δn

...
...

. . .
...

kqnδn kqnδ2 · · · kqnδn

⎤
⎥⎥⎥⎥⎥⎦

A33 =
−Dq

τ

⎡
⎢⎢⎢⎢⎢⎣

kq1e1 kq1e2 · · · kq1en

kq2e1 kq2e2 · · · kq2en

...
...

. . .
...

kqne1 kqne2 · · · kqnen

⎤
⎥⎥⎥⎥⎥⎦
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