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An Enhanced Islanding Microgrid Reactive Power,
Imbalance Power, and Harmonic Power
Sharing Scheme
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Abstract—To address inaccurate power sharing problems in au-
tonomous islanding microgrids, an enhanced droop control method
through online virtual impedance adjustment is proposed. First, a
term associated with DG reactive power, imbalance power, or har-
monic power is added to the conventional real power-frequency
droop control. The transient real power variations caused by this
term are captured to realize DG series virtual impedance tuning.
With the regulation of DG virtual impedance at fundamental pos-
itive sequence, fundamental negative sequence, and harmonic fre-
quencies, an accurate power sharing can be realized at the steady
state. In order to activate the compensation scheme in multiple DG
units in a synchronized manner, a low-bandwidth communication
bus is adopted to send the compensation command from a micro-
grid central controller to DG unit local controllers, without involv-
ing any information from DG unit local controllers. The feasibility
of the proposed method is verified by simulated and experimental
results from a low-power three-phase microgrid prototype.

Index Terms—Distributed generation, droop control, islanding
operation, load sharing, microgrid, power sharing, renewable en-
ergy system, virtual impedance, voltage control.

1. INTRODUCTION

ISTRIBUTED generation (DG) using renewable energy
D resource (RES) has been widely used in the recent years.
As a DG unit is normally connected to a distribution system
with power electronics-based interface, the control of power
electronics converter is the key for the robust integration of
DG units [1], [2]. When a number of DG units are clus-
tered together, they can also form a microgrid that provides
power to critical loads in a distribution network [3]-[7]. In con-
trast to a conventional distribution system, a microgrid can
switch to autonomous islanding operation during main grid
faults and a direct voltage support can be provided by DG inter-
facing converters.

In the case of islanding operation, the load demand must be
properly shared by parallel DG units. To facilitate the power
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sharing requirement without using any communications be-
tween DG units, the real power—frequency and reactive power—
voltage magnitude droop control method has been developed
[3]-[10], [13], and [24]. In this control category, real power and
reactive power in the power control loop are calculated using
low-pass filters (LPF). Accordingly, the major focus of droop
control is the sharing of averaged real and reactive power. It
has been pointed out that the real power sharing is always accu-
rate, while the reactive power sharing performance is dependent
on the impedance of DG feeders [3]. In addition, the droop
control method may cause some stability problems when DG
feeders are mainly resistive [16], [28]. To enhance the power
sharing performance in a microgrid, various types of modified
droop control methods have been developed. In [4], a DG unit is
equipped with dominate inductive virtual impedance. With this
method, the reactive power sharing errors can be reduced. How-
ever, in a weak islanding microgrid with higher existing feeder
impedance, the virtual impedance needs to be very large, and
therefore, the power sharing dynamics can be affected. To avoid
the using of virtual impedance, a few alternatively methods have
been developed. In [36], an interesting “Q-V dot droop” method
was proposed. However, it can be seen that the reactive power
sharing errors can hardly be completely eliminated using the
method in [36], especially in the case of a weak microgrid. Ad-
ditionally, an improved droop control method [19] was proposed
to realize the power sharing in proportion to DG power rating.
Compared to the standard droop control method, the power
sharing performance in [19] is improved via the measurement
of point of common coupling (PCC) voltage. Furthermore, vir-
tual, real, and reactive power concept was introduced in [37]
to improve the stability of droop control. Similarly, the concept
of virtual frequency and virtual voltage magnitude concept [38]
was also proposed to prevent instability operation of islanding
microgrids.

Note that for a microgrid with intensive nonlinear or imbal-
anced loads, the circulating imbalance and harmonic current
among DG units cannot be directly addressed by the conven-
tional droop control. To alleviate current circulation problem,
virtual impedance shaping method was also developed to adjust
DG equivalent impedance at fundamental negative sequence
[12] and harmonic frequencies [19], [23], [35]. Similar to the
situation of reactive power load sharing, mismatched feeder
impedance in a weak microgrid also affects imbalance power
and harmonic power sharing performance even when the virtual
impedance is used.
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Thanks to the emerging low-bandwidth communication-
aided microgrid concept [6], [14], [18], [29]-[34], there are
also opportunities to further reduce the microgrid load demand
sharing errors by actively compensating the impact of feeder
impedance. In [30] and [31], a central controller is implemented
at a microgrid to detect the PCC voltage or load/grid current.
These measured steady-state PCC signals are modulated to dc
quantities at their corresponding synchronous rotating frames.
At each DG unit local controller, dc signals are switched back to
ac signals by a few signal demodulators. An important advan-
tage of this method is that harmonic signals can be transmitted
to a DG unit local controller by using a low-bandwidth com-
munication system with around 1000 Hz sampling frequency.
In addition, with the help of low-bandwidth communication,
hierarchical control architecture is proposed in order to achieve
better control, management, and operation of microgrid [33],
34]. To identify the reactive power sharing error without mea-
suring PCC voltage, the real power and reactive power control
are coupled by using a modified droop control in [8]. When
the reactive power sharing errors are detected, it can be elim-
inated by using a simple intermittent integral term that adjusts
the DG voltage magnitude. However, only reactive power shar-
ing problem is addressed in [8]. For an islanding microgrid with
a large number of nonlinear or imbalanced loads, developing
a schematic compensation method to realize accurate reactive,
imbalance, and harmonic power sharing is very necessary.

In this paper, an adaptive virtual impedance control method
is applied to DG units in islanding microgrids. The virtual
impedance at fundamental positive sequence, fundamental neg-
ative sequence, and harmonic frequencies are determined ac-
cording to transient real power variations. To activate small
amount of transient power variations, a transient control term
is added to the conventional real power—frequency droop con-
trol. Through interactions between real power variations and
the virtual impedance regulation, a microgrid reactive power,
imbalance power, and harmonic power sharing errors can be
compensated at the steady state.

II. MICROGRID SYSTEM STRUCTURE

A. Principle of Microgrid Power Sharing

Fig. 1 shows a simplified diagram of an islanding microgrid,
where a few DG units are integrated into the microgrid with LC
filters. For each DG unit, the backstage power is provided by a
RES or an energy storage system. To simplify the discussion,
an infinite dc link with fixed dc voltage is assumed in this paper.
There are a few linear, imbalanced, and harmonic loads placed
at the PCC. A microgrid central controller is also placed at PCC.
To realize the proposed compensation scheme in DG units in
a synchronized manner, a central controller is adopted to send
synchronized compensation flag signals to DG local controllers.

At a DG unit local controller, the traditional real power—
frequency droop control and reactive power—voltage magnitude
droop control are adopted as

foc =f"—Dp - Prpr (D
Epg =FE"— Dy - Qupr (2
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where f* and fpg are the DG nominal and reference frequen-
cies. E* and Epg are the DG nominal and reference voltage
magnitudes. D), and D, are the droop coefficients for control-
ling DG real power P pr and reactive power Qp,pg, respec-
tively. With the frequency and the voltage magnitude reference,
instantaneous DG voltage references Viroop_o and Viroop_s in
the two-axis stationary reference frame can be obtained by using
a reference generator.

As mentioned earlier, the stability and dynamic performance
of the conventional droop control is a subject to the impact of
DG feeders. To alleviate the impact of feeder impedance, the
static virtual impedance [3], [16] was proposed by deducting a
voltage drop term from the voltage reference as

Viefa = Vdroop,a - (WOLVI{? + RVIa) (3)
‘/rof,/’i = Vvdroop,ﬂ - (_WULVIQ + RVI{?) (4)

where Vier_o and Vier_, are the voltage references considering
the control of virtual impedance. Ly and Ry are the static
virtual inductance and resistance, respectively. , and I3 are
the DG unit current in the stationary two-axis reference frame.
Note that the virtual impedance control in (3) and (4) mainly
focuses on the performance of the DG unit at the fundamental
frequency.

Afterward, a high-bandwidth voltage controller [21], [22] is
needed for tracking the voltage references in (3) and (4).

B. Analysis of Reactive, Imbalance, and Harmonic Power
Sharing Errors

The previous section reviewed how the conventional droop
control and the static virtual impedance regulation are applied to
a DG unit. In this section, the sharing of a microgrid load demand
is discussed by investigating on a simplified DG equivalent
circuit.

Fig. 2 illustrates an equivalent circuit of an islanding mi-
crogrid with two droop controlled DG units. It can be seen
from Fig. 2(a) that DG units are modeled by controlled voltage
sources and series virtual impedances at fundamental positive
sequence. Meanwhile, the PCC load is lumped as a passive RL
load. In order to realize accurate real and reactive power sharing,
DG units at the same power rating shall design the droop con-
trol slopes according to [13]. In addition, the same fundamental
positive sequence equivalent impedance shall be controlled in
both DG units. In the case of Fig. 2(a), the fundamental positive
sequence equivalent impedance is defined as the series com-
bination of existing physical feeder impedance and the virtual
impedance controlled by the DG unit

Lf = Lphy7f Jer_’f 5)
Rf = Rphy,y + Rv.f (6)

where Ly and R; are the DG equivalent inductance and resis-
tance at the fundamental positive sequence. Ly, ; and Rpyy f
are the physical feeder inductance and resistance at the funda-
mental positive sequence. Ly, and Ry, are the fundamental
positive sequence virtual impedance controlled by the DG unit.
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Fig. 1. Diagram of an islanding microgrid with one-way low-bandwidth communication.

In addition, the equivalent circuit at fundamental negative
sequence is presented in Fig. 2 (b), where the PCC imbalanced
load is described as a current source (Jx¢g) [12]. In this system,
the equivalent fundamental negative sequence DG impedance is

)
®)

where Ly Neg and I,y Neg are the inductance and resistance
of physical feeder at fundamental negative sequence. To share
the imbalance load current using multiple DG units, the equiva-
lent fundamental negative sequence impedance Ly¢, and Rxeg
are regulated by controlling DG virtual impedance Ly e, and
Ry Neg at the fundamental negative sequence.

Finally, the equivalent circuit at harmonic frequencies is given
in Fig. 2(c) as

LNeg = Lphy,Neg + Lv,Neg

RNcg = Rphy,Ncg + R?),Ncg

Ly =Lyny,g +Lv,g
RH = RphyA,H + RVA,H

)
(10)

where Ly and Ry are the DG equivalent inductance and resis-
tance at harmonic frequencies. The physical feeder impedance
is described as Lypyy, i and Ryny . Ly, g and Ry are the
harmonic virtual impedance controlled by DG units.

To simplify the discussion, this paper assumes that DG units
in an islanding microgrid are interfaced to PCC with inductive
physical feeders. This is because series coupling chokes are nor-
mally required in the droop controlled DG units, in order to en-
sure the stability of power sharing control. In addition, DG units
are often interconnected to a distribution system with isolation
transformers, which have highly inductive leakage impedance.
Finally, even for some directly coupled DG units with only
LC filters, the fixed value inductive virtual impedance can be

preactivated through DG unit virtual impedance control scheme.
As it will be discussed later, DG unit virtual impedance in this
case is the series combination of preactivated virtual impedance
and the adaptive virtual impedance that is adjusted by the pro-
posed compensation scheme. If the ranges of adaptive virtual
impedance and preactivated virtual inductance are both properly
designed, the DG equivalent impedance can be always inductive
at fundamental and selected harmonic frequencies.

Based on the assumption of inductive DG equivalent
impedance and slow microgrid load demand dynamics [8], 24],
the relationship between DG output power and DG equivalent
inductance can be summarized as

Ly T Querl
LNeg T QNeg l (1])
LH T QHar l

where Qr.pr, @Neg, and Quar are DG unit reactive power, im-
balance power, and harmonic power, respectively. Their detailed
definition is given in next section. Based on (11) and the afore-
mentioned discussion, it can be seen that the output power of
a DG unit decreases when the corresponding equivalent DG
inductance increases and vice versa.

III. PROPOSED POWER SHARING ENHANCEMENT METHOD

As discussed in the previous section, the control of DG equiv-
alent inductance can adjust the power sharing performance of
the microgrid. However, determining the desired DG equiva-
lent impedance requires the knowledge of equivalent impedance
of other DG units. In addition, the DG unit existing feeder
impedance also needs to be known by the DG unit local con-
troller. But the detection of DG physical feeder impedance can
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Fig. 2. Equivalent circuits of a microgrid at different frequencies and se-
quences. (a) Equivalent circuit at fundamental positive sequence. (b) Equivalent
circuit at fundamental negative sequence. (c) Equivalent circuit at harmonic
frequencies.

increase the computational load of DG local controllers. In this
section, the microgrid frequency is utilized as a link between
parallel DG units, and the transient real power variations are
used to adjust the DG unit equivalent impedance. With the pro-
posed method, the detection of DG existing feeder impedance
is unnecessary for the power sharing error compensation.

A. DG Unit Power Calculation

First, the fundamental positive sequence, fundamental neg-
ative sequence, and harmonic components of DG current are
separated by using the second-order generalized integrator [11]
and the delayed-signal cancellation [15] based sequence decom-
position method. A simplified detection diagram is sketched in
Fig. 3. With the detected current components, the output power
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of a three-phase DG unit can be calculated as

3
Ppp=— . I SIF 12
LPF = S 1) (Waa 1y s+ Voas 15 ;) (12)
3
QLpF s+ 1) -(Vba.p - —Wa,a 1s;) (13)
Quar =3/2- £ - \/(15,5)2 + (I55)% + (I 7)? + (I )
(14)
Qneg =3/2-E" /I, ;)* + (L5 ;) (15)

where P pr is the DG real power and Qppr is the DG reactive
power. The ripples in DG real and reactive power are attenuated
by using LPFs with time constant 7 [17]. Qnar and Qe are de-
fined as DG harmonic power and imbalance power, respectively.
E* is the rated DG phase voltage (peak value). Vpq o and Vpg s
are the measured DG voltages in the stationary reference frame.

J f and I ¥ ¢ are the DG fundamental positive sequence current,

I, f and [ 3, are the DG fundamental negative sequence cur-
rent. I, 5 and I 5

fifth harmonic current It 7 and [ , are the positive sequence
component of DG seventh harmonlc current. Note that in this
paper, only dominate low order harmonic currents are adopted
to calculate the harmonic power.

5 are the negatlve sequence component of DG

B. Couplings Between DG Unit Virtual Impedance
and Transient Droop Control

It has been demonstrated that the conventional frequency
droop control in (1) can realize zero steady-state real power
sharing errors [3]. Therefore, when a disturbance term asso-
ciated with reactive power (Jrpr, harmonic power Qp,;, Or
imbalance power ()x., is added to the frequency droop control
in (1), the real power sharing shall appear some variations when
QLrr, QHar, Of Qneg in multiple DG units are not the same. For
the same reason, if these load demands are properly shared by
DG units, adding the same amount of frequency disturbance to
(1) will not cause any obvious real power variations. Therefore,
one can find that the transient real power variations indirectly
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indicate the reactive, harmonic, and imbalance power sharing
errors in an islanding microgrid.

Based on the above discussions and the analysis of DG equiva-
lent circuit in Fig. 2, it is practical to eliminate the power sharing
errors by injecting couplings between the transient real power
variations and the DG virtual impedance.

The proposed power sharing error compensation scheme is
composed of the following three steps.

Step 1 (Conventional droop control): First, the conventional
droop control scheme as shown in (1) and (2) is applied to the
microgrid. In this step, the DG unit monitors the compensation
signals coming from the central controller. Once the DG unit
receives a compensation signal, its control mode switches to
steps 2 and 3. Note that in the first step, the ripple-free real
power P,.. is also measured by using an additional moving
average filter. And this value is recorded as a reference during
the compensation in steps 2 and 3.

Step 2 (Real power disturbance injection): When a compen-
sation flag from the microgrid central controller is received by
the DG unit local controller, the DG unit starts power sharing
compensation by activating steps 2 and 3 at the same time. Note
that the sending of one way compensation flag does not need any
information of DG unit local controllers. Therefore, the com-
munication from DG units to the microgrid central controller is
not necessary. In step 2, a transient disturbance term associated
with reactive power, imbalance power, or harmonic power is
slowly deducted from the frequency control. Accordingly, the
conventional droop control is modified as

fDG = f* — Dp - PLpr — Tiransient
Epg = E* — Dy - Qupr

(16)
a7
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where the transient disturbance term 73,y sient 1S determined by
the type of compensation flag signal from the microgrid central
controller. It has three options depending on how the flag signal
from central controller is

Tiransient
G- (Dcq - Qupr)
= { G- (Den - Qneg)
G- (Dcn - Quar)

Reactive power flag (Q flag)
Imbalance power flag (Neg flag)

Harmonic power flag (Har flag)
(18)

where G is a time-varying soft compensation factor [8]. It in-
creases slowly from O to 1 at the beginning of the compensation
and it reduces to zero at the end of the compensation. The co-
efficients Do, Dcn, and Doy are designed to ensure that
appropriate amount of disturbances is injected to the frequency
control. It is important to note that the reactive, harmonic, and
imbalance power sharing errors cannot be simultaneously com-
pensated by the proposed method. In each compensation tran-
sient (steps 2 and 3), only one type of compensation flag can be
generated by the microgrid central controller. Fig. 4 presents a
detailed diagram of injecting real power disturbance.

Step 3 (Virtual impedance adjustment): When the real power
variation is introduced by injecting frequency disturbances, it
should be captured to adjust the DG series virtual impedance.
This process is defined as step 3. The detailed virtual impedance
regulation diagram is shown in Fig. 5.

First, the measured ripple-free DG real power P,,. before
receiving the compensation flag is saved to identify the real
power variations.

As shown in Fig. 5, if the reactive power compensation flag
is received by the DG unit, the difference between the measured
real power Prpr and the DG real power P,,. saved in the end
of step 1 is employed to adjust the DG virtual impedance at the
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fundamental positive sequence as

B k
Lvy=1L;, - ?q - (PLpr — Pave) (19)

where Ly, ; is the static virtual inductance at the fundamental
positive sequence. As discussed earlier, this static virtual in-
ductance is used to ensure that the DG equivalent impedance
is always inductive at the fundamental positive sequence. Ly,
is adjusted by an integral control with the transient real power
variations (Pppr — P,ye) as the input.

To get a better understanding of the principle of the pro-
posed compensation scheme, it is assumed that DG1 shares less

negative sequence shall be adjusted in a similar manner as

N kNeg

L*

LV,NCg = Y Neg . (PLPF - Pavc) (20)
where Ly, ., is a static virtual inductance at the fundamental
negative sequence frequency. kne is an integral gain to adjust
the virtual inductance.

Finally, when the DG unit receives a flag signal to compensate
the system harmonic power sharing errors, the real power vari-
ation due to the injection of G - D¢y - Quay in (16) needs to be
captured to regulate the virtual impedance at selected harmonic
frequencies as

kHar

Ly g =— - (Prpr — Pave) (21
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TABLE I
PARAMETERS IN SIMULATION AND EXPERIMENT

System Parameter Value

LC filter Ly =3mHand C; = 25 uF

DC link voltage 650 V (Simulation), 350 V (Experiment)

Switching frequency 10 kHz

Main grid 380 V (line to line RMS) /50 Hz (Simulation),
115 V (line to line RMS) /50 Hz (Experiment)

DG feeder DG Feeder inductance Lpgi = 1.5 mH

DG Feeder resistance Rpc1 = 0.2 Q, DG2
Feeder inductance Lp o = 3.5 mH DG2
Feeder resistance Rp g2 = 0.2 Q

Double-loop voltage control Value

parameter

kpv 0.10

kin 20(h = 1),15(h = 5,7,9), 10 (h = 11)

kpr 20

Wh 8

Power control parameter Value

Real power control Dy, Simulation: 5.6 x 10~ Experiment:
5.0 x 1074

Reactive power control D, Simulation:1.2 x 10~* Experiment:
1.0 x 1073

Dcq Simulation: 4 x 10~° Experiment:
6.7 x 1071

Dcu Simulation:4 x 10" Experiment:
5.0 x 1074

Dcn Simulation: 4 x 10~° Experiment:
1.7x 1071

Real power dead-band in Fig. 5 Simulation: 20 W Experiment: 10 W

kq Simulation: 4 x 10~% Experiment:
1.7x107°

kiar Simulation: 4 x 1075 Experiment:
1.7 x107°

kNeg Simulation: 4 x 1075 Experiment:
1.0 x107°

R,y Ry Neg,and Ry, Simulation: 0.15 © Experiment: 0.15 ©

Load Parameters Value

Load in the simulation eThree-phase diode rectifier with series
inductor and resistor in dc side. eThree-phase
Y-connected load bank with phase-c

disconnected.

Experiment load type 1 eThree-phase Y-connected load bank with
phase-c disconnected.

Experiment load type II eThree-phase diode rectifier with shunt
capacitor and resistor in the dc side.

Experiment load typelll eThree-phase diode rectifier with shunt

capacitor and resistor in the dc
side.eThree-phase Y-connected load bank with
phase-c disconnected

where Ly, ; is the virtual inductance at the harmonic frequen-
cies.

Note that the proposed method is developed based on an
assumption that real power load in an islanding distribution sys-
tem is fixed during the compensation process. When there are
some real power load demand fluctuations during steps 2 and 3,
the proposed method may not be able to completely eliminate
reactive power, harmonic power, and imbalanced power shar-
ing errors. To address this concern, the proposed compensation
should be activated in very few minutes. With this arrangement,
the errors caused by real power fluctuations can be mitigated
by other compensations. Additionally, the compensation pe-
riod shall be properly designed to reduce the possibility of real
power variations during the compensation. This can be achieved
by tuning the integral gain in the virtual inductance adjustment
loop. In this paper, the period of steps 2 and 3 is selected to
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Fig.9. DG units power flow during the compensation. (From 2.0 to 6.0 s: Re-

active power compensation. From 8.0 to 12.0 s: Harmonic power compensation.
From 14.0 to 18.0 s: Imbalance power compensation)

be only a few seconds. Considering that the variations of load
demand in low voltage residential and commercial distribution
systems are normally very slow [25], [26], the proposed method
is especially suitable for compensating power sharing errors
in islanding commercial or residential microgrids. Finally, it is
important to note that only one type of power sharing errors
can be mitigated in a compensation transient. There are no pri-
orities between these three compensation flags if they are all
implemented in the microgrid. However, if only one type of
compensation can be implemented in the microgrid due to the
limitations on the communication system or the computational
capability of DG unit local controllers, the compensation flag
shall be chosen according to PCC load type, DG unit voltage
controller performance, and the requirement from islanding mi-
crogrid operators.

C. Implementation of Virtual Impedance

Once the virtual impedance is determined by the proposed
compensation method, its corresponding voltage drops in the
stationary reference frame can be calculated. In the implemen-
tation method in [3] and [16], the voltage drop on the fundamen-
tal positive sequence virtual impedance is calculated by using
control terms with cross-couplings between two-axis stationary
reference frame. This idea can be easily extended to implement
variable virtual impedances at fundamental negative sequence
and harmonic sequences in a similar manner.

A block diagram of the voltage drop calculation is shown
in Fig. 6, where R, ;, R, Neg, and R, p are small virtual re-
sistances at fundamental positive sequence, fundamental nega-
tive sequence, and harmonic frequencies, respectively. They are
adopted to provide some damping effects to a microgrid [20].
However, further discussion on microgrid damping is out of the
scope of this paper.

Similar to the characteristic of the virtual impedance in [3] and
[16], the proposed variable virtual impedances as shown in Fig. 6
are implemented without using any differential operations.
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Fig. 11. DG unit phase voltage and phase current after the power sharing errors are compensated by the proposed method.

Therefore, it will not bring additional noises to the DG unit
local control system.

D. Closed-Loop DG Voltage Control

To ensure excellent voltage tracking, a double-loop volt-
age control with harmonic voltage compensators [21], [22] is
adopted in this paper. The outer loop is an LC filter capacitor
voltage control loop (Gy (s)) and the inner loop is an inverter
output current control loop (G (s)) as

>

Qkihwbs
§2 4 2wps + (h2m f*)?

Gy (S) = Kpv +
he

(22)

Gr(s) =kpr (23)

where k;, is the gain of resonant controllers in the outer voltage
control loop. w;, is the bandwidth of the resonant controllers,
and £,y is the gain of proportional control. In the inner cur-
rent control loop, a simple proportional control with gain k,;

is adopted. It is important to note that an islanding microgrid
power sharing is regulated by controlling the capacitor voltage
of DG output LC filters. As a result, the primary aim of using
a proportional controller in the inner current control loop is to
provide sufficient damping to output LC filter rather than rapid
inverter output current tracking [21], [27].

The complete control diagram of a DG unit is shown in Fig. 7,
where the DG local controller receives the compensation com-
mands from the central controller to inject couplings between
DG real power and DG virtual impedance. As the proposed vir-
tual impedance adjustment normally takes a few seconds, a few
mini-second delay in the communication signals will not affect
the accuracy of the proposed compensation method.

IV. SIMULATION RESULTS

To test the effectiveness of the proposed power shar-
ing method, simulations have been conducted in the
MATLAB/Simulink. Two parallel DG units as shown in Fig. 8
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are used in the simulation. The PCC loads are a diode rectifier
and a balanced three-phase RL load with phase-c disconnected
from PCC. The detailed system parameters are provided in
Table I.

A. Power Sharing Investigation

First, the power flow of the system is investigated in Fig. 9.
From the time range O to 2 s, only the conventional droop
control using (1) and (2) is adopted. It is obvious that the real
power sharing is accurate, but the sharing of reactive power
load, imbalance power load, and harmonic power load has some
errors.

The performance of the power sharing error compensa-
tion can also be seen from Fig. 9. First, the reactive power
compensation flag is generated at 2.0 s, followed by the har-
monic power compensation flag at 8.0 s and the imbalance
power compensation flag at 14.0 s. To demonstrate the effec-
tiveness of the proposed compensation method, compensation
flag signals are transmitted to each DG unit local controller via
a zero-order hold. The sampling frequencies of zero-order hold
are set to 100 Hz for DG unit 1 and 50 Hz for DG unit 2. From 2.0
to0 6.0 s, it can be seen that the reactive power sharing errors are
effectively compensated. Afterward, the harmonic power shar-
ing errors are mitigated by controlling the DG virtual harmonic
impedance. Finally, the imbalance power sharing errors are also
compensated through the adjustment of corresponding DG vir-
tual impedance during the time range 14.0 to 18.0 s. Note that
during the compensation transient, real power in DG units has
some variations due to the injection of frequency disturbance by
using (16).

B. DG Voltage and Current Investigation

The corresponding DG phase voltage and phase current are
also obtained as shown in Figs. 10 and 11. Fig. 10 presents the
performance of DG units before the compensation. It clearly
shows that the current waveforms of DG1 and DG2 are not the
same. There are some circulating currents between two parallel
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DG units. This phenomenon is consistent with the DG unit
power flow analysis in Fig. 9, where the conventional droop
control brings some reactive, harmonic, and imbalance power
sharing errors.

When the power sharing errors are compensated using the
proposed method, the DG unit voltage and current waveforms
are given Fig. 11. Compared to the situation in Fig. 10, Fig. 11
demonstrates that the current sharing errors are effectively elim-
inated and DG unit 1 and DG unit 2 have similar current wave-
forms. Note that the proposed method compensates the power
sharing errors based on a fact that the total load demand is ba-
sically fixed during the compensation process. However, due to
the adjustment of virtual impedance in a weak islanding micro-
grid, it can be seen that the total reactive power demand has a
little bit variations during the compensation of imbalance power
sharing error and harmonic power sharing error.

V. EXPERIMENTAL RESULTS

Comprehensive experimental results have been obtained from
a voltage scaled three-phase microgrid prototype with two par-
allel DG units at the same power rating. To observe the details of
the proposed compensation method, loads as shown in Fig. 12
are connected to PCC. The key parameters of the system are
listed in Table I.

Case I (With imbalanced load): First, only a three-phase R
load with phase-c floating is connected to PCC. The sharing of
load current using conventional droop control method is shown
in Fig. 13.

In the case of conventional droop control, the virtual
impedance at harmonic frequencies and fundamental negative
sequences is not activated and only I-mH fixed virtual in-
ductance is preactivated at the fundamental positive sequence.
Fig. 13 shows that the imbalanced load is not equally shared,
and the DG1 phase-a and phase-b current magnitudes are ob-
viously higher than those of DG2. As the PCC load phase-c is
disconnected, the DG unit phase-c currents are supposed to be
zero under the ideal power sharing condition. However, it can
be seen that nontrivial circulating component appears between
the phase-c current of DG1 and DG2.

To demonstrate the effectiveness of the proposed method in
reducing imbalance power sharing errors, an imbalance power
compensation command is produced at the microgrid central
controller. After the compensation, an enhanced power sharing
performance is shown in Fig. 14, where it can be seen that DG1
current and DG2 current are almost the same.

Case Il (With harmonic loads): The sharing of harmonic loads
is also examined by an experiment. In this case, the PCC load
is a three-phase diode rectifier as shown in Fig. 12. Fig. 15
shows the performance of the microgrid when the control of the
harmonic virtual impedance is not activated. As illustrated, DG
unit 1 provides more harmonic current as it has smaller exist-
ing feeder inductance. When the adjustment of harmonic vir-
tual impedance using (16) and (21) is performed, the improved
sharing performance can be seen in Fig. 16. Note that in this
case, only the virtual harmonic impedance at the fifth and sev-
enth harmonic frequencies are controlled, as dominate harmonic
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Fig. 15.  Performance of the conventional droop control in a microgrid with harmonic load (load Type II).

current is at these two harmonic frequencies. However, the vir-
tual impedance can also be controlled at higher harmonic fre-
quencies if it is needed.

Case III (With generalized loads): To test the effectiveness
of the proposed method in a microgrid with generalized PCC
loads. An imbalanced RL load and a three-phase diode rec-
tifier are connected to PCC at the same time. The load
sharing performance using only conventional droop con-
trol method is presented in Fig. 17. It is obvious that

DG1 shares more load current as its feeder impedance is
smaller.

To reduce the microgrid power sharing errors, the compensa-
tion flags in the central controller are generated in the sequence
of reactive power compensation, imbalance power compensa-
tion, and harmonic power compensation. After the adjustment
of DG virtual impedance at the corresponding fundamental pos-
itive sequence, fundamental negative sequence, and harmonic
frequencies, the current sharing performance is illustrated in
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Fig. 18. Compared to the performance in Fig. 17, it can be
seen that the proposed method is effective to address the power
sharing errors in a microgrid with generalized loads.

VI. CONCLUSION

This paper discusses an enhanced power sharing scheme for
islanding microgrids. The proposed method utilizes the fre-
quency droop as the link to compensate reactive, imbalance,
and harmonic power sharing errors. Specifically, the frequency

le (2A/div)

la (2A/div)

Ib (2A/div)

DG2 performance after
compensation

Performance of the proposed compensation method in a microgrid with generalized load (load Type III in Fig. 12).

droop control with additional disturbance is used to produce
some real power sharing variations. These real power variations
are used to adjust the DG unit virtual impedances at fundamen-
tal positive sequence, fundamental negative sequence, and har-
monic frequencies. With the interactions between the transient
frequency droop control and the variable DG virtual impedance,
the impact of unknown feeder impedances can be properly com-
pensated and an accurate power sharing is achieved at the steady
state. Comprehensive simulated and experimental results from
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a low-voltage microgrid prototype verified the effectiveness of
the proposed scheme.

Note that the same virtual impedance is used at negative
sequence fifth and positive sequence seventhharmonics, as typ-
ically they are dominate harmonic components in an islanding
microgrid. To realize better compensation performance, inde-
pendent harmonic power-sharing error compensation at each
harmonic order and each sequence can be developed in a simi-
lar way.
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