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In this  paper,  a new  droop-based  reactive  power  control  strategy  is  proposed  that  is  suitable  for  imple-
mentation  in  autonomous  low  voltage  microgrids.  The  proposed  method  exploits  the  potentials  of
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adding  a  dynamic  virtual  inductance  loop  to compensate  for  the  voltage  drop  differences  caused  by
line  impedances.  In addition,  it provides  a large  virtual  inductance  at the  output  terminals  of  a dis-
tributed  generation  (DG)  source  to  eliminate  the  coupling  between  the  active  and  reactive  powers.  Finally,
the efficiency  of  the  proposed  method  to  cope  with  the  aforedescribed  challenges  is examined  using
comprehensive  simulation  studies.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

In the last decade, incremental public concerns about environ-
ental issues, persistent growth in the power demands and the

eed for more efficient and reliable power grids have led to funda-
ental changes in the power industry. This is done to move towards

ccommodating higher levels of renewable energy sources (RESs)
n the form of distributed generations (DGs) [1]. Relentless increase
n the penetration of distributed generations in power distribution
etworks has initiated the concept of microgrid.  As described in Ref.
2], a region with enough energy supplies to operate autonomously
hen it becomes disconnected from the rest of grid could be con-

idered as a microgrid. The microgrids are able to operate in both
rid-connected and autonomous (also known as islanded) modes.
n autonomous mode, a DG inverter operates like a voltage source
nd the microgrid dynamics is highly dependent on the connected
Gs and the power regulation controls.

A wide variety of methods have been proposed in the litera-
ure in order to offer a plug and play capability for DERs. Although
ommunication-based approaches such as master and slave and
istributed control (see, e.g.,[3] and the references therein), can
rovide accurate power sharing control, any failure in master unit

r data exchange communication links could bring about whole or
artial shut down in the microgrid. Therefore, the decentralized
ontrol designs are preferred [4]. However, communication could
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E-mail address: javadm@uga.edu (J. Mohammadpour).
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378-7796/© 2015 Elsevier B.V. All rights reserved.
still be used in higher levels of hierarchical structure of micro-
grids to control slower dynamics and optimize the operation of
autonomous microgrids. Losing communication links, in this archi-
tecture, would compromise optimality of the operation; however,
the microgrid would still continue to provide power service [5].
Therefore, among the proposed control approaches, a decentralized
control, known as droop control, has attracted a lot of attention due
to its simplicity and redundancy [6].

Very early droop control techniques were proposed assuming
decoupled active and reactive powers in predominantly inductive
lines [7]. However, this assumption is not valid for medium or low
voltage microgrids, in which the feeders have mixed or even resis-
tive impedances, respectively. To avoid the coupling between active
and reactive powers, virtual impedance methods have been pro-
posed to make inverters output impedance highly inductive [8].
The main problem in using virtual impedance method is that the
reactive power sharing may  exacerbate because of an increase in
impedance voltage drops.

As an objective of a plug and play configuration, the active
and reactive powers should be shared accurately and proportion-
ally among the DGs. The active power-frequency droop can realize
accurate active power sharing [9]. On the other hand, the reactive
power sharing accuracy is affected by voltage differences at the
inverters’ output terminals. To share linear or nonlinear reactive
loads in a distributed AC power system, a new approach was pro-

posed in [10] by introducing additional control inputs. However, by
applying this method, the line currents may  be distorted because of
an increase in controller complexity. In Ref. [11], a modified version
of voltage and reactive power droop was introduced to compensate

dx.doi.org/10.1016/j.epsr.2015.08.001
http://www.sciencedirect.com/science/journal/03787796
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or the effect of voltage drops caused by feeder impedances through
odifying the droop slopes. Although the suggested method could

chieve a more accurate reactive power sharing, it would need an
nline slope estimation, which makes this strategy quite compli-
ated.

In microgrids with several DG inverters operating in parallel,
he difference between inverters’ output voltages causes circulat-
ng current among inverters. The circulating current may  lead to
nverters overcurrent and also a degradation in droop control effi-
iency. A modified virtual impedance approach was  presented in
12] to mitigate the circulating current among inverters, but the
roposed approach could be used only for DGs with the same rating.
urthermore, the method proposed in Ref. [12] could not cope with
eactive power sharing problem because of the voltage differences
t the outputs of inverters.

In this paper, a new variable virtual inductance control loop,
long with a modified energy management system (EMS), is
roposed to enhance the performance of the traditional droop con-
rollers to simultaneously cope with the following problems: (1)
liminating active and reactive power coupling in low and medium
oltage microgrids; (2) achieving an accurate proportional reactive
ower sharing; (3) mitigating the circulating current among inver-
ers, without the need for communication between DG units in the
rimary level.

The remainder of this paper is organized as follows. In Section
, the principle of conventional droop method is explained and its
rawbacks are reviewed. In Section 3, the proposed modified virtual

mpedance control loop is elaborated to address the conventional
roop control issues. In Section 4, simulation results will be pre-
ented and the efficiency of the proposed droop control will be
valuated, and finally Section 5 concludes the paper.

. Traditional droop control technique

The ability to control the inverter output voltage is one of the
est ways to realize DG plug and play feature in autonomous micro-
rids. The droop control method has been devised based on the
ower flow equations between voltage sources separated by a line

mpedance given as [7]

12 = E1

R2 + X2
[R(E1 − E2 cos ı) + XE2 sin ı] (1)

12 = E1

R2 + X2
[X(E1 − E2 cos ı) − RE2 sin ı] (2)

here E1 is the voltage magnitude of the inverter output, E2 is
he bus voltage magnitude, X and R are line inductance and resis-
ance, respectively, and ı is the angle difference between E1 and
2. Also, P12 and Q12 represent active and reactive powers injected
y the inverter to the transmission line. Neglecting the line resis-
ance and assuming the phase angle to be sufficiently small, the
bove equations could be simplified, where the active and reac-
ive powers would be proportional to the phase angle difference ı
nd the voltage magnitude difference (E1 − E2), respectively. Based
n these relationships, in autonomous mode, the DG active power
an be controlled with changing output voltage frequency and the
eactive power can be regulated by modifying DG output voltage
agnitude difference. Therefore, the conventional droop control

or the microgrids with highly inductive lines takes the following
orm

i = ω∗ − MPi
(P∗

i − Pi) (3)
i = E∗ − MQi
(Q ∗

i − Qi), (4)

here Pi and Qi are active and reactive power outputs of ith DG,
espectively, P∗

i
and Q ∗

i
are the ith DG dispatched powers in the
 Systems Research 129 (2015) 142–149 143

grid-connected mode, ω* and E* are frequency and voltage magni-
tude at the grid-connected mode and MPi

, MQi
are frequency and

voltage droop slopes, respectively. Since it is preferred to make each
DG generate active and reactive powers in proportion to its power
capacity, the droop slopes are defined as

MPi
= ω∗ − ωmin

P∗
i

− Pmax
i

and MQi
= E∗

i
− Emin

Q ∗
i

− Q max
i

, (5)

where Pmax
i

and Q max
i

are the maximum active and reactive power
outputs, and ωmin and Emin are minimum allowable operating
frequency and voltage, respectively. Although the droop control
strategy is easy to implement due to its simplicity and is also reli-
able due to its decentralized structure, the conventional droop
controllers suffer from several drawbacks reviewed in following
section.

2.1. Drawbacks of the conventional droop control methods

As mentioned earlier, the P − ω and Q − E droops are derived
based on the assumption that the lines are highly inductive. This is
indeed a valid assumption for conventional power systems with
long distance transmission lines; however, in the medium and
low voltage (LV) microgrids, the lines and distribution feeders are
mixed impedance or even dominantly resistive that introduces a
significant coupling between the active and reactive power flows
especially during transients. Therefore, the transient response of
the conventional droop methods becomes poor [13], especially
in LV microgrids. To address this problem in LV microgrids, a
large inductance could be added to the output impedance of DGs.
The traditional virtual impedance techniques realize this solution
by adding a large virtual inductance at the DG output; however,
employing virtual impedance could increase the reactive power
sharing inaccuracy because of the voltage drops due to the added
virtual inductance.

An accurate active power sharing could be easily realized,
whereas obtaining an accurate reactive power sharing among
inverters is a challenging task due to the difference in voltage mag-
nitude at the DGs output voltages. Fig. 1a shows the schematic of
a small microgrid with two  DGs that supply active and reactive
power to a sensitive load. The Q − E droop works based on the volt-
age difference between the point of common coupling (PCC) and
the DG output to allow an appropriate reactive power flow. For a
highly inductive line, the voltage drop on line impedance, i.e., volt-
age magnitude difference between the DG output voltage and PCC
voltage, could be approximated as a linear function of the DG output
reactive power by

�Ei = Ei − EPCC � Xi × Qi

Ei
. (6)

Therefore, due to the difference in line impedances or in currents
flowing from DGs to the load, the voltage drops on the line
impedances will be different. As a result, the DGs output volta-
ges would be different that leads to reactive power sharing errors.
Fig. 1b shows an inaccuracy in the reactive power when con-
ventional droop methods are applied for voltage regulation. By
considering (6), when the microgrid is fully loaded (voltage at PCC
is at minimum acceptable value Emin

PCC ), DG1 and DG2 operate at
points (E1,Q1) and (E2,Q2), respectively, as seen in Fig. 1b. There-
fore, the first unit operates below the minimum acceptable voltage
(Emin

1 ) and generates a reactive power higher than its maximum
power output (Q max

1 ), while second DG provides lower than its

maximum reactive power (Q max

2 ), hence violating reactive power
sharing requirements. This could lead the DG system to exceed cur-
rent ratings and hence unacceptable voltage drops (less than Emin)
at sensitive load buses [11].
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ig. 1. (a) Two voltage source inverters (VSIs) operate in parallel to supply a critical
oad, (b) the effect of line inductance in reactive power sharing accuracy for two
nverters operating in parallel.

In addition to reactive power sharing inaccuracy, different
utput voltages of DGs can result in circulating currents among
nverters that reduce the efficiency of droop controller and also
ause inverters overcurrent in the microgrids. The circulating cur-
ent for two inverters that supply a common load can be obtained
y doing simple circuit analysis and applying some simplifications
s [12]

Ī  = Ī1 − Ī2
2

= Īp1 − Īp2

2
+  j

Īq1 − Īq2

2
= �Īp + j�Īq (7)

here �Ī  is the circulating current and �Īp and �Īq are the active
nd reactive components of the circulating current, respectively.
o simplify the calculation of the active and reactive components,
t is assumed that both lines have the same impedances. It is then
traightforward to obtain

Īp = 1
2

× R1(E1 − E2)

R2
1 + (ωL1)2

and �Īq = 1
2

× ωL1(E1 − E2)

R2
1 + (ωL1)2

(8)
here ω is the operating frequency, R1 and L1 are resistance and
eactance of the transmission lines and E1 and E2 are the DGs’ out-
ut voltages, respectively. As (8) illustrates, the circulating current
 Systems Research 129 (2015) 142–149

is generated because of the voltage differences between inverters’
output voltages caused by parameters mismatch. Although design-
ing an appropriate traditional virtual impedance could reduce
circulating current among DGs to some extent [12], the most
effective way  to eliminate it is by minimizing the output voltage
differences between the inverters.

3. Improved droop control using virtual impedance

Virtual impedance methods were originally introduced in
microgrid applications in order to eliminate P − Q coupling in LV
microgrids, where the grid interactive uninterruptible power sup-
plies (UPS) are connected directly to PCC with resistive feeders
[14]. If designed properly, the virtual inductance could also improve
power sharing by reducing the sensitivity of power sharing to the
output impedance. In addition, the virtual impedance could be used
in order to improve the transient response of microgrids that is
highly oscillatory due to the poor inertia of autonomous microgrids.
To maximize the benefits of virtual impedance, the impedance
value should be chosen appropriately and the virtual impedance
scheme should be modified to achieve desired design specifications
[15]. In most virtual impedance applications, the added impedance
is a pure inductance to make the output impedance highly induc-
tive; however, this concept could be extended to mix  impedance
in order to satisfy some specific requirements. In conventional vir-
tual impedance control loops, in order to mimic  the behavior of an
impedance, the line current is fed back. Then, the feedback signal
is differentiated and multiplied by desired inductance value as

�V  = Lvir × diinv

dt
(9)

where �V  is the voltage magnitude drop caused by the virtual
impedance, Lvir is the desired virtual inductance and iinv is the
inverter output current. Then, the obtained voltage drop is sub-
tracted from the voltage reference generated by primary controller
(here, droop controller) to imitate the behavior of real inductance
located exactly at the output of inverter. The differentiation of line
current makes the virtual impedance control loop very sensitive to
high frequency harmonics of the line current. To prevent amplifi-
cation of noise existing in the line current, the authors in Ref. [16]
implemented a high-pass filter to bound the high frequency noise
on the virtual impedance output.

3.1. Proposed adaptive virtual impedance

The proposed virtual impedance architectures in the literature
have addressed specific problems to some extent, but their appli-
cations have been restricted to a single control requirement, e.g.,
eliminating active and reactive power coupling. Also, the conven-
tional virtual impedance methods proposed for reactive power
sharing can only be applied to microgrids with identical DGs, and
the efficiency of these approaches is highly dependent on the
detailed knowledge of the system parameters and the accuracy of
the design.

Although it is desired to achieve a fast dynamic response
by employing decentralized controllers, the design of a central-
ized controller should still be considered. Centralized controller
can be utilized at a higher level with slower dynamics for real-
time optimization and frequent adjustment of microgrids and DG
parameters to minimize costs or meet other targets [17]. Therefore,
energy management systems (EMS) have been proposed in modern
microgrids as a centralized controller with a larger time constant

compared to droop controllers to allow these functionalities [18].
EMS updates the droop controller parameters at every time inter-
vals (several minutes) based on the optimal power flow results,
security measures and other considerations. The method presented
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dynamic voltage drop due to applying the proposed virtual induct-
Fig. 2. Proposed adaptive virtual impedance with a

n this paper exploits the potential of existing EMS  structure to send
ome critical information to all DGs and update this information at
ach EMS  time interval. It should be noted that the communica-
ion links used for EMS  are low band, cheap and already existing in

odern grids.
The main idea behind the proposed method is to implement

 time-varying virtual impedance to enable all DGs to coordinate
heir output voltage with the estimated output voltage of a ref-
rence DG through changing their output virtual impedances. To
larify this point, consider for the microgrid with two  parallel DGs
hat supply power to a critical load at PCC (Fig. 1a) that one of the
Gs is selected as the reference unit. It is desired to eliminate the
oltage differences between the output of inverters, i.e.,

i = Eref ⇒ Ei − EPCC = Eref − EPCC ⇒ �Ei = �Eref

here Eref is the output voltage of the reference unit and EPCC is the
oltage at the PCC. Considering the above condition, Eqs. (4), (6),
ig. 1b and assuming that lines are highly inductive, because of the
irtual impedance loop, the value of the DG output inductance can
e obtained as

i = Xref × Qref

Qi
(10)

here Qref is the output reactive power of the reference unit, Qi
s the reactive power of the ith DG, Xref = X line

ref + Xvir
ref and Xi =

line
i

+ Xvir
i

, where X line
i

is the DG line inductance and Xvir
i

is the
G virtual inductance value. Also, it is important to note that lines’

mpedances could be estimated accurately by employing standard
stimation methods either offline or in real time [19].

The nature of the droop control method requires that the
ontroller relies only on the local measurements. Therefore, the
roposed method, instead of using real time measurements of ref-
rence unit output, only estimates the value of reactive power
enerated at the reference unit to adjust its virtual impedance.

he droop parameters of the reference DG updated by EMS  unit
t each update interval (and sent to all DGs) are utilized to esti-
ate the desired virtual inductance between the ith DG (Xvir

i
) that

ould compensate for the voltage differences at the output of ith
ge control scheme for the DG interfacing inverter.

DG and the reference one. Using (10) and comparing the reactive
power droop equations (4) for the units leads to

Xvir
i = Xref × ENL

ref − Ei

ENL
i

− Ei

× MQi

MQref

− X line
i (11)

where ENL
i

and ENL
ref are the ith and reference no-load output vol-

tages, respectively. All the parameters in the above equation are
available for the inverters’ local controllers and updated at each
interval by the modified EMS. Using the above equations, the struc-
ture to realize the proposed method is as follows:

Highest level: In this level the reference DG unit is selected. All
other inverters will have to track the output voltage of this unit. Dif-
ferent criteria could be used to select the reference unit. Because
of the reliability concerns, the DG with minimum changes in the
droop parameters is selected as the reference DG. It is noted that
at each grid, there are some units that operate with almost con-
stant operating points (Q ∗

i
, MQi

) because of economical or security
considerations. Also, it is worth noting that the proposed method
is very flexible and the reference unit could be changed at any EMS
update interval to ensure prescribed specifications.

EMS level: The EMS  updates the droop parameters and operating
points of all DGs based on the economical and security require-
ments. It then calculates the value of virtual impedance at the
reference bus by applying (4) and (6) such that when the voltage
at PCC (EPCC) is at its minimum, the DG generates its maximum
reactive power (Q max

ref ) at the minimum acceptable output voltage
(Emin

i
). Therefore, all units provide their maximum reactive powers

when the PCC is at lowest acceptable point. Then, the updated droop
parameters of each DG, updated values of reference DG  parameters
and its virtual impedance are sent to all DGs. As a result, after each
update interval, all units would have received their updated droop
values, as well as the reference DG droop parameters and its virtual
impedance value.

Primary level: To imitate the behavior of a variable inductor,
the line current and voltage are fed back to calculate the desired
ance loop. Both current and voltage signals pass through low pass
filters to suppress the high frequency noise at the output cur-
rent and also to make the adaptive virtual impedance loop slower
than the Q − E loop. Then, the voltage feedback signal is used to
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Fig. 3. A microgrid with a loc

etermine the value of desired virtual inductance (Xvir
i

) by apply-
ng (11). In the next step, the obtained Xvir

i
and the derivative of

nverter output current are used to generate the reference signal
nd voltage drop on the virtual inductor. This voltage drop is sub-
racted from the voltage reference generated by the reactive power
roop control loop to calculate final voltage reference that should
e tracked by the voltage controller.

Fig. 2 shows the structure of the proposed adaptive virtual
mpedance and its interface with the reactive power droop and
oltage control loop. The average feedback linearization control
ethod is employed here instead of cascade voltage and current

ontrollers for each phase of inverter. This is to linearize, in a large-
ignal sense, and attain accurate voltage tracking of the output
oltage. The details about average feedback linearization controller
an be found in [8]. It is worth noting that the saturation has
lso been applied in the virtual impedance loop to keep the vir-
ual inductance within an acceptable range from the stability and
peration points of view.

.2. Compensation of local load impact using an enhanced
daptive virtual impedance

The approach presented in the previous section can achieve
lmost zero voltage drop differences when several DGs operate in
arallel to supply one critical load. But in actual multi-bus micro-
rids, usually some of the DGs supply power to local loads directly
onnected to them. Location and the amount of local loads can cause
hanges in the power flows and as the result affect the reactive
ower sharing accuracy [11]. In this section, we describe the mod-

fication made to the proposed virtual impedance method to cope
ith the local load effects on DGs, output voltages and reactive
ower sharing accuracy.

Fig. 3 shows a microgrid with two DGs, in which the first unit
as a local load located directly at the DG output and the sec-
nd DG is considered as the reference unit. The DGs have been
odeled as voltage sources connected to the inductors at their out-

uts. The inductors model the virtual impedance loops; hence, the
G1 inductance (Xvir

1 ) is considered to be varying (adaptive vir-
ual impedance loop), while the second DG inductance is constant.
ur enhanced adaptive virtual impedance loop is utilized here to
chieve equal voltage magnitudes at the output of DGs droop con-
roller, i.e., voltage sources outputs in equivalent model E1 and Eref.
his could be realized if

Evir
1 + �Eline

1 = �Evir
ref + �Eline

ref (12)
here �Evir
1 , �Evir

ref are voltage drops across the virtual impedances
f DG1 and the reference DG, respectively, and �Eline

1 and �Eline
ref

epresent the voltage drops caused by DG1 and the reference DG
ines’ inductances, respectively. Neglecting the voltage drop caused
d and two parallel inverters.

by the line resistances and using (6), Eq. (12) can be rewritten
as

Q1 × Xvir
1

E1
+ (Q1 − Qlocal) × X line

1

(Q1 × Xvir
1 )/E1

= Qref × (Xvir
ref + X line

ref )

Eref
(13)

where Q1 and Qref are reactive powers generated by DG1 and the
reference DG, respectively, and Qlocal is the reactive local load con-
nected to DG1. Also, E1 and Eref denote the voltage references
created by the droop controllers of DG1 and the reference DG,
respectively. Using droop Eq. (4) and considering E1 = Eref, the reac-
tive power generated by the reference unit can be estimated as

Qref = ENL
ref − E1

ENL
1 − E1

× MQ1

MQref

× Q1 (14)

Substituting (14) into (13) and solving the obtained equation,
which is quadratic in Xvir

1 , results in

Xvir
1 = E2

1

2Q1
× [1 + ˇXt

ref

Q1

E2
1

±
√

(1 + ˇXt
ref

Q1

E2
1

)
2

− 4Q1

E2
1

((  ̨ − 1)X1 + ˇXt
ref

)] (15)

where Xt
ref = Xvir

ref + Xline
ref ,  ̨ = Qlocal/Q1 and  ̌ = Qref/Q1. The Xvir

1
obtained from (15) guarantees an accurate reactive power shar-
ing among inverters. As indicated by (15), the proposed approach
modifies the value of virtual inductance only based on the local
measurements and the reference droop parameters sent to the
DGs at every EMS  update interval. The proposed approach could
be readily extended to microgrids with more than two  DGs and
local loads. It is worth noting that both values obtained for Xvir

1 in
(15) satisfy the equal voltage magnitude requirement, but to pre-
vent abnormal voltage drop at the DGs’ output, the value closer
to the reference unit inductance (Xvir

ref ) may  be selected. Also, the
proposed method will reduce the circulating current among inver-
ters as well because the voltage magnitudes at the output of droop
controllers are almost the same, i.e., E1 = E2 = . . . = Eref (voltage drop
caused by active powers and line resistances is neglected).

4. Simulation results and discussion

To validate the efficacy of the proposed approaches in coping
with the aforementioned droop control challenges, a microgrid
with two DGs operating in parallel(parameters are presented in
Table 1), has been simulated in MATLAB/Simulinkˆ®. The DGs’ reac-
tive power droop parameters have been selected to be unequal
intentionally to highlight the flexibility of the proposed virtual
impedance loop. The second DG has been selected as the refer-
ence unit while the first one adjusts its operating point based on
the reference DG droop parameters.

In the first simulation, it is assumed that there is no local load and

both DGs supply active and reactive powers to a critical load located
at PCC. Firstly, both DGs are assumed to use conventional virtual
impedance. The values of virtual reactances for both DGs are con-
sidered to be 2 mH  to introduce high inductance at the outputs of
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ig. 4. The reference voltages generated by droop controllers and the ratio Q r
i
, usin

onventional droop controller combined with our proposed adaptive virtual induct

he DGs. Fig. 4a shows the voltage reference generated by the droop
ontrollers, which are voltages of the sources in the equivalent cir-
uit (E1, Eref). As observed from the figure, the voltage references
reated by droop controllers are different, which implies reactive
ower sharing mismatch among inverters. In this case, an increase

n the reactive power demand leads to an increase in the voltage
ifference of about 1 V as shown in Fig. 4a, where the critical load

s doubled at t = 1 s.
To show the reactive power sharing deviation caused by voltage

ifferences, we define the following ratio

r
i = Qi − Q ∗

i

Q max
i

− Q ∗
i

(16)

Fig. 4b depicts the ratio Q r
i

for the two DGs. An accurate power
haring requires the same value for the two  DGs but as shown

n Fig. 4b there is a significant reactive power difference among
Gs especially when the load increases. As observed from the fig-
re, when the microgrid is highly loaded (after t = 1 s), first DG
perates very close to its maximum reactive power point while the

able 1
he microgrid simulation parameters

Parameter DG1 Reference DG

Nominal line to line voltage (rms) 104 V 104 V
DG minimum line to line voltage (rms) 98 V 98 V
DG maximum active and reactive power 500 W,  500 Var 500 W,  650 Var
Inverter switching frequency 4500 Hz 4500 Hz
Line resistance and reactance 0.4�,  0.3 mH 0.4�, 0.6 mH
DC  link voltage 230 V 230 V
Output filter inductance and capacitance 5 mH,  40 �F 5 mH,  40 �F
Dispatched powers in grid-connected mode 175 W,  75 Var 175 W,  150 Var
Virtual inductance Variable 2 mH
entional droop controller and a virtual inductance shown in (a) and (b), and using
ethod shown in (c) and (d).

reference DG is far from its maximum operating point. Hence, a
higher increase in load demand causes the first DG to violate it
maximum operating point which may  lead to its outage.

To cope with the reactive power sharing inaccuracy, the con-
ventional virtual inductance loop is replaced with the proposed
method shown in Fig. 2. The reference voltage magnitudes pro-
vided by the droop controllers using the proposed adaptive virtual
inductance loop are depicted in Fig. 4c. The EMS  sends the refer-
ence unit parameters given in Table 1 to first DG which changes its
inductance value to track the estimated voltage of reference unit’s
droop control output. As shown in Fig. 4c, the voltage difference
between two  units is less than 0.15 V for all operating conditions.
This difference could be the result of the voltage drops caused by
active power and virtual impedance loop inaccuracy introduced by
its low pass filter. Comparing the results obtained from the pro-
posed method (Fig. 4c) with those from the conventional virtual
inductance approach (Fig. 4a) demonstrates the efficiency of the
proposed method to compensate for the voltage drop differences
in the microgrids. To observe this, the ratio Q r

i
for the proposed

approach is plotted in Fig. 4d. Comparison between the obtained
results and those from the conventional method (see Fig. 4b) shows
that employing the proposed modified virtual inductance loop
improves the reactive power sharing significantly especially under
high loads.

As discussed earlier, the proposed adaptive virtual inductance
loop can be employed in microgrids with even a large number of dif-
ferent DGs operating in parallel. To illustrate this, two  more DGs are
added to the simulated microgrid of the previous example. The two

new DGs are assumed to have the same parameters as the first DG;
however, line reactance of DG3 is considered to be 0.27 mH,  and the
maximum reactive power and dispatched reactive power in grid-
connected mode for DG4 are set to 550 and 75 Var, respectively.
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current, it is considered that both inverters have the same ratings
as the reference DG in Table 1 with the only difference between
the two DGs being their line inductances. The circulating currents
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ig. 5. (a) The reference voltages generated by droop controllers for all four DGs; (
MS  update and the communication loss on reference voltages generated by droop

his is to show the ability of the proposed method to achieve reac-
ive power sharing for DGs with even different ratings. As shown
n Fig. 5a, all four voltage droops operate at almost same voltage
evel for all operating conditions, which implies a highly accurate
eactive power sharing. Also, the variations of virtual inductances
hown in 5b illustrate how our proposed method adapts the induct-
nce value to achieve reactive power sharing among DGs. As shown
n this figure, the adaptive virtual inductance loop responds quickly
n order to correct the reactive power sharing mismatch after a load
hange.

Next, we examine the roles of EMS  and communication link
hile the load is considered to be constant. We  assume that the
pdate interval for the EMS  is 5 s. Fig. 5c shows the reference volt-
ge for all four DGs. At t = 5 s, Q ∗

ref is changed from 150 to 100 Var.
MS sends the change in parameter of reference DG to all DGs via
ommunication link. As observed from Fig. 5c, all the DGs adapt
heir virtual inductance to generate the same reference voltage,
hich guarantees an accurate reactive power sharing. At t = 10 s,
∗
2 is changed back to 150 Var, but it is assumed that due to the loss
f communication, other DGs do not receive the updated values
f reference parameters. Communication loss results in the DGs to
stimate the voltage drop of reference DG with error. As illustrated
n Fig. 5c, there are now differences between Eref (E2) and E1, E3, E4.
owever, all other droops operate at the same voltage level, and so
he proposed control strategy is able to continue its operation with
nly a small reactive power sharing inaccuracy even in the case of

 communication loss.
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ollers.

To investigate the effect of the proposed method on circulating
Fig. 6. The circulating current among DGs, with no virtual inductance loop (top plot),
with conventional virtual inductance loop (middle plot), and with our proposed
approach (bottom plot).
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mong the inverters for microgrid without virtual inductance, with
onventional and proposed virtual inductances are shown in Fig. 6.
he first plot shows that there is a high circulating current among
he inverters because of voltage differences among two  DGs caused
y inductance mismatch. Also, small line inductance has intensi-
ed the circulating current. The second plot shows the result using
raditional virtual inductance loop (Lvir

1 = Lvir
2 = 2 mH)  as applied

n Ref. [12]. The virtual inductance reduces the circulating current
ecause of an increase in the inductance of both inverters but there

s still a considerable circulating current due to the voltage mis-
atch between two voltage sources. Finally, the circulating current

fter applying the proposed adaptive virtual inductance is shown
n the last plot, which illustrates a very small circulating current
mong DGs because of almost equal voltages at the output of DGs
nd also large inductance introduced by the virtual inductance loop.

In order to validate the accuracy of the proposed approach to
ope with reactive power sharing deviation caused by a local load,
e assume that a local load is connected directly to the output

f the first DG (see Fig. 3). The voltages E1 and Eref generated by
eactive power droop controller, when the conventional virtual
nductance of [7] is used, are illustrated in Fig. 7a. The results show
hat connecting the local load at t = 1 s increases the voltage dif-
erences to more than 2 V which results in a poor power sharing
mong inverters. In addition, the critical load increment (t = 2 s)
ignificantly intensifies the reactive power sharing deviation. As
hown in Fig. 7a, after t = 2 s, the first DG operates below the min-
mum acceptable voltage, which means that it provides a reactive
ower higher than its limit, while the second DG is far from its
aximum reactive power margin. To address this issue, the mod-

fied version of the proposed adaptive virtual inductance loop is
mployed and the voltage profiles are shown in Fig. 7b. The figure
llustrates that the proposed method enables the DGs to track the
ref with very small error for different operating conditions in the
resence of local loads only by using local measurement and EMS
easurements.

. Concluding remarks

This paper presents a new droop-based power control strategy
o achieve proportional reactive power sharing among DGs. The
roposed approach employs an adaptive virtual inductance loop
hich enables the DGs to track the reference unit voltage magni-

ude while adding high virtual inductances at the outputs of the

Gs to help the low- and medium-voltage microgrids enhance the
roop controller transient behavior. The proposed method relies
nly on the local measurements and the data transmitted by EMS at
very update interval through low band communication links that

[
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exist in modern microgrids. In addition, because of an almost iden-
tical voltage references generated by droop controllers and high
virtual inductance at the DGs outputs, the proposed method is able
to eliminate circulating current among inverters effectively.
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