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a b s t r a c t

In an ac microgrid, reactive power sharing accuracy is affected due to unequal values of interconnecting
cable impedances. To resolve this issue, secondary controllers are used to compensate the effect of
cable impedances. Various types of secondary controllers are suggested in the literature which includes
linear proportional plus integral (PI) controllers to minimize the difference in reactive power sharing
created by conventional E − Q droop law. The reference value of the PI controller is the average
value of reactive powers supplied by the sources. When the PI controller is used to minimize the
difference between the actual and reference value of reactive power, the difference between the
algebraic sum of reactive powers supplied by the sources and the reactive powers demanded by the
loads has a nonzero value. Therefore, the performance of these controllers becomes poor in the case
of ac microgrid having sources of unequal ratings. To resolve this issue, a proportional reactive power-
sharing (PRPS) controller-based distributed secondary controller is proposed in this paper. The PRPS
controller modifies the droop gain of the E − Q droop control loop of each source in such a way that
each source supplies reactive power equal to its proportional value of reactive power. The proportional
value of reactive power supplied by each source is the power when the equivalent output impedance
of all sources as seen by the loads are identical. The key advantage offered by the proposed controller
is the accurate reactive power-sharing in the case of ac microgrid having sources of unequal ratings.
The proposed controller ensures zero value of the difference between the algebraic sum of reactive
powers supplied by the sources and the reactive powers demanded by the loads. This ensures accurate
sharing of reactive power among the sources. The validation of the proposed controller is carried
out for islanded mode of operation of ac microgrid. Further, the proposed controller requires of low
bandwidth communication for its implementation. The effect of the proposed controller on the stability
of the system is demonstrated using reduced order small-signal model. The effect of communication
delay on the performance of the system is analyzed with the help of roots locus plots. To validate the
efficacy of the proposed controller, detailed simulation studies are carried out in Matlab/Simulink.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In ac microgrid, conventional ω − P and E − Q droop control
aws are widely used to ensure proportional sharing of active
nd reactive powers demanded by loads among the sources in
he islanded mode of operation (Guerrero et al., 2004; Loh et al.,
014). However, frequency is a universal parameter. Therefore,
he active power-sharing at a steady state is accurate. However,
he performance of E − Q droop control law deteriorates due to
nequal values of feeder or interconnecting cable impedances (He
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352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a
and Li, 2012). If the feeder impedances are highly mismatched, it
may result in flow of circulating reactive power of large magni-
tude and operation of microgrid may become unstable (Guerrero
et al., 2005; Han et al., 2015; Issa et al., 2019). The unequal
nominal voltages of sources due to the error in sensors may
also lead to the flow of circulating reactive power (Simpson-
Porco et al., 2017). Reactive power-sharing accuracy is further
deteriorated due to unequal local loads connected at the output
of sources (He and Li, 2012; Cheng et al., 2009). The reactive
power sharing inaccuracy may lead to overloading of sources and
may hamper their power handling capacity (Li and Kao, 2009).
Therefore, for the stable and efficient operation of ac microgrid, it
is necessary to ensure the proportional sharing of reactive power.

To compensate the mismatching in feeder impedances, virtual

impedance techniques are suggested in literature (Yao et al.,

rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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011; Mahmood et al., 2015a; Zhang et al., 2016). In Yao et al.
2011), the virtual impedance technique modifies the output
mpedance of each source in such a way that effective output
mpedances of all sources are equivalent. However, the suggested
echnique requires the manual adjustment of virtual impedance
arameters until the value of circulating reactive power flowing
mong the sources is minimized. To avoid manual adjustment of
arameters, the schemes reported in Mahmood et al. (2015a) uses
ommunication between the sources for adaptive adjustment
f the virtual impedance parameters. However, the problem of
ata congestion in Mahmood et al. (2015a) may deteriorate the
erformance of the suggested method. To reduce the impact of
ata congestion, consensus-based virtual impedance methods is
uggested in Zhang et al. (2016). However, in consensus-based
ethods, the rate of convergence of these systems to the final
teady-state value is slow during transient conditions as dis-
ussed in Olfati-Saber and Murray (2004). Further, poor design
nd inaccurate implementation of virtual impedance may affect
he dynamics and stability of the system and may introduce
istortions in active and reactive power (He and Li, 2011).
The droop controller may not able to minimize the difference

n reactive powers supplied by sources. To resolve this issue,
dditional controllers are used along with droop controllers. To
ompensate the effect of interconnecting cable impedances, sec-
ndary controllers are suggested in literature to minimize the
rror in reactive power sharing in ac microgrid (Rey et al., 2020).
arious types of secondary controllers are discussed in detail
n Khayat et al. (2020), Han et al. (2017). The secondary con-
rollers discussed in Guerrero et al. (2011), Micallef et al. (2014,
015), Han et al. (2016) are centralized one. In Guerrero et al.
2011), the linear PI controller is used to minimize the error
etween the nominal value of reactive power and actual value of
eactive to be supplied by each source. In Micallef et al. (2014),
he microgrid central controller (MGCC) is used to improve re-
ctive power sharing accuracy. The suggested controller includes
linear PI controller to minimize the error between the actual
nd proportional value of reactive power. The output of MGCC is
dded to the voltage droop controller. To ensure a seamless tran-
ition from grid-connected mode to islanded mode, an improved
GCC is suggested in Micallef et al. (2015). To improve the
erformance of ac microgrid against harmonic sharing and un-
alance voltage compensation in ac microgrid, a modified MGCC
s suggested in Han et al. (2016). The modified MGCC ensures
roportional sharing of reactive power. However, the reliability of
he centralized secondary controller suggested in Guerrero et al.
2011), Micallef et al. (2014, 2015), Han et al. (2016) is less and
ts scalability is low.

To enhance the modularity and reliability of ac microgrid, dis-
ributed secondary controllers are used (Han et al., 2015; Shafiee
t al., 2014; Mahmood et al., 2015b). In Han et al. (2015), the
uggested controller shifts E − Q droop characteristics verti-
ally to minimize the reactive power sharing error. However, the
onvergence of reactive power to its reference value requires
he accurate measurement of voltage drops across the feeder
mpedances. In Shafiee et al. (2014), conventional PI controllers
re used to shift the f −P and E−Q droop characteristics, to mini-
ize the error in active and reactive power-sharing. The reference
alues of PI controller used in the distributed secondary controller
s equal to the average value of reactive powers supplied by
ources. Therefore, the reactive sharing accuracy of the controller
ay become poor in the case of ac microgrid having sources of
nequal ratings. In Mahmood et al. (2015b), adaptive variation in
lope of E − Q droop characteristics is carried out. The output of
I controller adjusts the slope of E −Q droop characteristics. The
uggested method delivers a high degree of accuracy in reactive

ower-sharing. However, the centralized Energy Management
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System (EMS) is required to evaluate the value of reference power
to be shared by each source, which requires initial information
of source capacity and load on ac microgrid. The implementation
of the suggested technique may be difficult in the case of an
ac microgrid with multiple sources and loads. To overcome this
limitation, a centralized secondary controller along with modified
droop and virtual impedance controllers are discussed in Lin
et al. (2017). The modified droop controller along with the virtual
impedance loop ensures stable operation of the ac microgrid.
The secondary controller and virtual impedance loop collectively
minimize the difference in active and reactive powers supplied
by sources. However, inaccurate implementation and poor design
of virtual impedance technique may lead to power quality and
stability issues in ac microgrid. The reference value of the PI
controller used in above mentioned secondary controllers is equal
to the average value of reactive powers supplied by sources. The
reactive power sharing accuracy of the controller becomes poor
in the case of ac microgrid having sources of unequal ratings.
Further, the communication burden in the case of the above-
mentioned controllers may increase with increases in the number
of sources in the system.

To reduce the effect of communication congestion, a low band-
width sparse communication is used in Nasirian et al. (2016),
Espina et al. (2021), Shi et al. (2020) to shift the droop charac-
teristics. The E − Q droop characteristics of sources are shifted
parallel to voltage axis to ensure proportional sharing of active
and reactive power and to maintain voltage regulation at each bus
of ac microgrid within the specified limits. The cyber–physical
network with reduced communication is used to implement a
cooperative control framework within the system. Cooperative
decision-making increases the scalability and reliability of the
system against communication link failure. However, the system
with reduced communication takes more time to reach a steady-
state after a disturbance as compared to the system with all-to-all
communication (Olfati-Saber and Murray, 2004).

To enhance the power quality, efficiency and reliability of ac
microgrid, nonlinear secondary controllers are suggested in Hey-
dari et al. (2019), Navas-Fonseca et al. (2021) and Biglarahmadi
et al. (2021). The secondary controller based on finite control set
model predictive control (FCS-MPC) is suggested in Heydari et al.
(2019). The FCS-MPC controller enhances the stability margin of
ac microgrid against the parameters variation and ensures pro-
portional sharing of active and reactive powers. To enhance the
flexibility of control in ac microgrid, a distributed MPC (DMPC) is
suggested in Navas-Fonseca et al. (2021). To ensure very accurate
reactive power sharing in ac microgrid, an exponential secondary
controller is suggested in Biglarahmadi et al. (2021). The con-
trollers suggested in Heydari et al. (2019), Navas-Fonseca et al.
(2021) and Biglarahmadi et al. (2021) are nonlinear in nature. The
practical implementation becomes difficult due to the nonlinear
nature of these controllers.

The penetration of unbalanced and nonlinear loads in ac mi-
crogrid may lead to various power quality issues such as voltage
imbalance and harmonics in line current (Gao et al., 2017; Sav-
aghebi et al., 2013). However, the convention droop control laws
which are ω − P and E − Q are primarily used to ensure pro-
ortional sharing of the fundamental component of active and
eactive power. These controllers are used to share the average
alue of active and reactive power and the harmonic current
haring is not affected (De and Ramanarayanan, 2010). The value
f harmonic current to be supplied by the source inverter is
ominantly affected by its output impedance or impedance of the
ine. Virtual impedance methods are dominantly used to reduce
he impact of line impedance and to ensure accurate sharing of
armonic current (Lazzarin et al., 2013; Guan et al., 2016).
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To ensure proportional sharing of unbalance power and har-
onic currents in ac microgrid, the various techniques are sug-
ested in literature which are broadly classified into two
ategories which are named as the techniques requiring com-
unication and without communication. A Harmonic current

eed-forward technique is proposed in Sreekumar and Khadkikar
2017) in which harmonic components of inverter current are
sed to generate feedforward signals. These signals are used in
he inner current control loop of the inverter to ensure harmonic
urrent sharing. However, the performance of the proposed con-
roller becomes poor in case of large mismatching among line
arameters. To achieve good harmonic sharing accuracy and
mproved voltage profile, a virtual resistance–capacitance (R–C)
mpedance method is used in Micallef et al. (2017). To ensure
roportional harmonic current sharing among inverters, the vir-
ual resistance is emulated. The inductance of the transmission
ine is canceled out using the emulated virtual capacitance. Using
his technique, the voltage profile of the source is improved.
owever, the performance of the suggested method deteriorates
n the case low voltage microgrid due to the predominantly resis-
ive nature of transmission lines. To resolve this issue, negative
esistance emulation based method is suggested in Sreekumar
nd Khadkikar (2016). Using the power capacity of the inverter,
egative resistance is evaluated. However, it may lead to unstable
peration of ac microgrid if negative emulated resistance is more
han the line impedance. Communication-based techniques are
uggested in Han et al. (2016), He et al. (2013). In Han et al.
2016), a centralized controller is suggested in which harmonic
ompensation references are generated in the central controller
nd finally communicated to the local controller. However, the
uggested controller suffers from the limitation of a single point
f failure. To overcome this problem, the distributed controller is
uggested in He et al. (2013). In He et al. (2013), the adjustment
or inverter output impedance is carried out by measuring the
armonic component of load side voltage. Using a communication
hannel, the load voltage is communicated to each, and a har-
onic reference is generated. However, the technique suggested

n He et al. (2013) requires the prior information of load line
arameters.
In response to the above-mentioned issues, a distributed linear

econdary controller is proposed in this paper which is named
s Proportional Reactive Power Sharing (PRPS) controller. The
roposed controller is able to ensure accurate sharing of reactive
mong the sources. For this purpose, the controller evaluates
he proportional value of reactive power to be supplied by each
ource. The proportional value of reactive power supplied by each
ource is the power when the equivalent output impedance of all
ources as seen by the loads are identical. Depending upon the
ifference between the proportional and the actual value of reac-
ive power, the proposed controller modifies the droop gain of the
− Q droop control loop of each source in such a way that each
ource supplies reactive power equal to its proportional value of
eactive power. The performance of the linear PI controller-based
econdary controllers discussed in the literature becomes poor
n case ac microgrid has sources of unequal capacity. However,
he proposed controller ensures a high degree of accuracy in
eactive power-sharing. The validation of the proposed controller
s carried out for islanded mode of operation of ac microgrid.

The salient features of the proposed controller are as follows:

1. A distributed secondary controller named as Proportional
Reactive Power Sharing (PRPS) controller is proposed which
renders an ac microgrid into an ac microgrid in which
equivalent impedances of all sources are equivalent. Excel-
lent reactive power sharing performance is achieved in ac

microgrid.
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2. Proportional value of reactive power to be supplied by each
source is calculated by using summation of reactive powers
supplied by each converter and initial values of droop gains
of all sources. This information is supplied with the help of
a low bandwidth communication channel.

3. The proposed controller ensures accurate sharing of re-
active in case of ac microgrid having sources of unequal
ratings.

4. The performance of the controller is validated with various
linear loads like R−L, R−C and Unity Power Factor Rectifier
(UPFR).

urther, the effect of the proposed controller on the stability
f the system is demonstrated using reduced order small-signal
odel. The effect of communication delay on the performance of

he system is analyzed with the help of roots locus plots. To val-
date the efficacy of the proposed controller, detailed simulation
tudies are carried out in Matlab/Simulink.

. Proposed distributed secondary controller

In this section, the PRPS controller used to ensure proportional
haring of reactive power is discussed. Fig. 1 shows the control
cheme of three phase voltage source inverter (VSI) of jth source
ncluding the PRPS controller. The controller action requires the
alculation of proportional reactive power to be supplied by this
ource. Using the proportional value of reactive power, the con-
roller modifies the gain of E−Q droop characteristics to converge
he reactive power to its proportional value. The procedure for
valuation of the proportional value of reactive power to be
upplied by the source is discussed in the next subsection.

.1. Evaluation of proportional reactive power

The E − Q droop law is used to share reactive power in ac
icrogrid. For jth source, it is expressed as

j = Eoj − kqjqfj (1)

here, Ej is the reference voltage, Eoj is the nominal value of
oltage, kqj is the droop gain and qfj is the reactive power supplied
y jth source.
Corresponding to a given distribution of loads in ac microgrid,

he reactive powers supplied by sources are qf 1, qf 2 . . . qfj . . . qfn.
onsidering the case in which the equivalent output impedances
f all sources are identical as seen from load side, the proportional
alues of reactive powers supplied by the sources for this case are,
pro
f 1 , qprof 2 . . . qprofn which are related by the following relation,

q1q
pro
f 1 = kq2q

pro
f 2 · · · = kqnq

pro
fn (2)

ere, kq1, kq2 . . . kqn are initial values of droop gains of sources.
owever at steady state, the sum of reactive powers supplied by
he sources in actual and the case in which equivalent impedances
f sources are identical will remain same. Therefore, the expres-
ion for total reactive power qfs is given by,

fs = qf 1 + qf 2 · · · + qfn = qprof 1 + qprof 2 · · · + qprofn (3)

sing (2) and (3), the proportional value of reactive power to be
upplied by jth source is

pro
fj =

∑n
j=1 qfj

kqj
∑n

j=1
1
kqj

=
kqsqfs
kqj

(4)

The proportional value of reactive to be supplied by each source
to compensate the effect of unequal values of interconnecting
cable impedances can be calculated using (4). The evaluated value
of qpro is used to modify the instantaneous value of gain of E −Q
fj
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Fig. 1. Control scheme of three phase VSI with proposed PRPS controller.
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roop controller of jth source. Considering that the instantaneous
alue of E − Q droop gain of jth source represented as nqj, the
odified value of nqj is given by

qj[u] = nqj[u − 1] + hj(qfj − qprofj ) (5)

ere, nqj[u] and nqj[u− 1] are the updated and previous sampled
alues of nqj. The element, hj is a constant and its value depends
pon the rate of change of nqj. A tolerance band represented by ε

s set between qfj and qprofj within the controller. Depending upon
alue of ε, the output of secondary controller of jth source is given
y,

qj[u] =

{
nqj[u − 1] + hj(qfj − qprofj ) for (qprofj − qfj) > ε;
nqj[u − 1] for (qproqj − qfj) < ε;

(6)

he control law given by (6) is valid only for R−L loads. However,
n case of R− C and active loads like three phase UPFR, the value
f qfj < 0 and qfj = 0. For these types of loads, the variation in nqj
iven by (6) will no longer be able to converge qqj to qproqj . To over-
omes this issue, the modified output of secondary controller is

qj[u] =

{
nqj[u − 1] + hj(|qfj| − |qprofj |) for |qprofj − qfj| > ε;
nqj[u − 1] for |qproqj − qfj| < ε;

(7)

The control scheme of VSI with detailed diagram of PRPS
ontroller is shown in Fig. 2. The digital controller executes the
q. (6) after every time period of Ts. During steady state, the
ifference between qfj and qprofj is less than ε, the controller

takes not action. However, during step variation in load demand,
6782
controller modifies the value of nqj to converge the value of qfj
ear to qprofj . As soon as the value of (qproqj − qfj) becomes less than
, the controller action stops modifying the instantaneous value
f droop gain, nqj.
Fig. 3 shows the effect of PRPS controller on the E − Q droop

haracteristics of source-j connected in ac microgrid. The PRPS
ontroller modifies the slope of E − Q droop characteristics
o converge qfj near to qprofj . The output of proposed secondary
ontroller given by (7) ensures accurate reactive power sharing
or the loads like R−L, R−C and UPFR load as shown in Figs. 3(a),
(b) and 3(c). The flow chart for the PRPS controllers is shown in
ig. 4.

.2. Effect of line parameters on reactive power sharing

In ac microgrid, the droop controller modifies the operating
oltage frequency and voltage magnitude by emulating droop
haracteristics of synchronous generator. By modifying the fre-
uency of voltage and magnitude of voltage, the active and re-
ctive power to be dispatched by the source can be regulated
n such a way that each source supplies power in proportion to
ts rated capacity. To control the dispatch of active and reactive
ower using the droop control laws, the relations of active and re-
ctive powers supplied by two sources with frequency of voltage
nd magnitude of voltage are to be taken into consideration (De
rabandere et al., 2007).
Expressions for active and reactive power flow between two

ources: Fig. 5 shows the source-i and source-j interconnected by
he cable having impedance, Z = R + jX . The expression for the
ij ij ij
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i

Fig. 2. Time domain model of PRPS controller.
Fig. 3. Effect of PRPS controller on E − Q droop characteristics of jth source with R − L, R − C and UPFR load.
Fig. 4. Flow chart of IRPS controller.
current flowing between the source-i and source-j is given by

ij =
ei − ej

=
Ei ̸ δi − Ej ̸ δj (8)
Zij Rij + jXij
6783
where, δij = δi − δj, is the phase angle difference between
the source-i and source-j. The active power, pij and the reactive
power, q flowing between the source-i and source-j is expressed
ij
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Fig. 5. Parallel operation of two sources.

using expression for apparent power, sij given by,

sij = pij + jqij = 3Ei
(Ei ̸ δi − Ej ̸ δj

Rij + jXij

)∗ (9)

ere the symbol ‘*’ in above expression denotes complex conju-
ate. Equating the real and imaginary parts, the expressions for
ij and qij are,

ij =
3Ei(Ei − Ejcosδij)Rij

R2
ij + X2

ij
+

3EiEjXij

R2
ij + X2

ij
sinδij (10)

ij =
3Ei(Ei − Ejcosδij)Xij

R2
ij + X2

ij
−

3EiEjRij

R2
ij + X2

ij
sinδij (11)

n case of low voltage ac microgrid, from Table 1, the value of
R/X) ratio is 7.3. The inductance of cable can be neglected in
omparison to resistance of cable. The modified expressions for
ij and qij flowing between the source-i and source-j are,

ij =
3Ei(Ei − Ejcosδij)

Rij
(12)

ij = −
3EiEj
Rij

sinδij (13)

or this case, the value of δij is very small, therefore with this
ssumption, the modified expression for pij and qij are,

ij =
3Ei(Ei − Ej)

Rij
(14)

ij = −
3EiEj
Rij

δij (15)

or this case, the active power, pij is predominantly coupled
ith voltage difference, Ei − Ej between the source-i and source-

j, while the reactive power, qij is predominantly coupled with
phase difference, δij between the sources. The adjustment of
active power affects the voltage difference between the sources
and adjustment of reactive power affects the phase difference
between the sources.

2.3. Sharing of reactive power with sources of unequal ratings

The secondary controller discussed in Shafiee et al. (2014)
includes linear PI controller which uses average value of reactive
powers supplied by sources. However, the performance of the
suggested controller may deteriorate in case of ac microgrid
having unequal ratings. However, the proposed PRPS controller
ensures proportional sharing of reactive power even in case of ac
microgrid having sources of unequal ratings.

To simplify the analysis, an ac microgrid including two sources
is assumed. The rated values of reactive powers supplied by the
sources are Q1 and Q2 receptively. Source-1 and source-2 supplies
reactive power qf 1 p.u. and qf 2 p.u. with respect to their own
bases. So, the total reactive power load demand of the system
is qf 1p.u.Q1 + qf 2p.u.Q2 VAr. With average per-unit reactive power
based controller, the reference values of reactive powers for both
 (
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Table 1
Parameters of cable (Engler and Soultanis, 2005).
Voltage level R (�/km) X (�/km) R/X

High 0.06 0.191 0.31
Medium 0.161 0.19 0.85
Low 0.642 0.083 7.7

the sources are (qf 1p.u. + qf 2p.u.)/2 which in their own bases
become ((qf 1p.u.+qf 2p.u.)/2 Q1) VAr and ((qf 1p.u.+qf 2p.u.)/2 Q2) VAr.
However, the total load demand is qf 1p.u.Q1 + qf 2p.u.Q2 VAr. The
error between total load demand and total current commanded
to both sources is (qf 1p.u. − qf 2p.u.)((Q1 − Q2)/2) VAr. Therefore,
average per-unit reactive power can lead to excess/less reactive
power supplied by the sources. This is a major shortcoming of
using average per-unit current.

Now using PRPS controller, the current reference generated for
source-1 is given by,

Q1ref = Q pro
1 =

qf 1p.u.Q1 + qf 2p.u.Q2

kq1
(

1
1
kq1

+
1
kq2

) (16)

Now using (3) for two sources, kq1Q1 = kq2Q2 = k. Therefore,
kq1 = k/Q1 and kq2 = k/Q2. This helps us to simplify Q1ref and
Q2ref as,

Q1ref =
qf 1p.u.Q1 + qf 2p.u.Q2

Q1 + Q2
Q1 (17)

2ref =
qf 1p.u.Q1 + qf 2p.u.Q2

Q1 + Q2
Q2 (18)

ddition of references for the total proportional reactive power
s qf 1p.u.Q1 + qf 2p.u.Q2 VAr. Thus, total reactive power demanded
y the load is exactly same as total reactive power supplied
y the sources. This is true irrespective of the ratings and per-
nit reactive power being supplied by the sources. Hence, using
roportional per-unit reactive power sharing in place of average
er-unit reactive power for the system having sources of unequal
apacities will give good performance. The relation given by (16),
17) and (18) are also valid even for R − C and UPFR load.
Therefore, the proposed secondary controller ensures accurate
sharing of reactive power in case of R − C and UPFR loads.

Consider two sources, one has ratings as 500 kVAr, and the
ther one is rated 250 kVAr. These are supposed to supply a
oad of 650 kVAr. Initially, let the reactive power supplied by
hese sources be 400 kVAr and 250 kVAr due to transmission line
esistances. Using proportional reactive power, the reference re-
ctive powers set for the two sources as 443.33 kVAr and 216.67
VAr which match the total reactive power demand. However,
sing the average per-unit reactive power, the reference values
f reactive powers for the two sources are set as 450 kVAr and
25 kVAr. In this case, the total reactive power reference then will
e 675 kVAr, which is more than the reactive power demanded
y the load.
Similarly, if these two sources are supplying 450 kVAr and 200

VAr, average per-unit current sets references of source-1 and
ource-2 as 425 kVAr and 212.5 kVAr. The total reactive power
ommanded is 637.5 kVAr which is less than the actual load
emand. However, proportional reactive power reference, in this
ase, is the same as in the case above.
Further, as apparent from the above two examples, reference

or per-unit average is dependent on the distribution of load
hich is not the case for proportional reactive power sharing con-
roller. This is another drawback of the per-unit average. These
wo drawbacks make the Proportional Reactive Power Sharing

PRPS) controller more appealing than the per-unit average.
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Fig. 6. Configurations of ac microgrid. (a) Ring network of ac microgrid with multiple sources and local loads. (b) Ring network of ac microgrid with three sources
and local loads.
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2.4. Use of low bandwidth communication channel

From (4), it is observed that the proportional value of reactive
power, qprofj to be supplied by jth source depends upon the initial
values of droop gains, kq1, kq2 . . . kqn of sources and the sum of re-
ctive powers supplied by each source. The value of kq1, kq2 . . . kqn
emains fixed throughout the execution of control algorithm and
he value of qfs changes during step variation of load demand. The
alues of kq1, kq2 . . . kqn once stored can be used for evaluation of
roportional value of reactive power to supplied by each source
sing (4). This justifies the use of low bandwidth communication
hannel.

. Modeling of the proposed controller

In this section, the linearized reduced order model of ac micro-
rid using small signal relations is derived. The ring type network
f ac microgrid including various sources and loads as shown in
ig. 6(a) is considered.

.1. Source

In case of ac microgrid, the sources are interfaced to the ac
us of the microgrid using power electronic converters. A three-
hase Voltage Source Inverter (VSI) is used to connect the ac
ource to ac microgrid which includes three loops to control its
utput active and reactive powers supplied by it. These loops are
he inner voltage and current controllers and the outermost loop
s the droop controller. These controllers are used to generate
utput ac voltage of desired magnitude and frequency. The d–q
eference frame is widely used for the implementation of these
oops which rotates at a frequency generated by ω − P droop
control law when ac microgrid operates in the islanded mode of
operation. The detailed modeling of the ac microgrid is elaborated
taking into account the dynamics of sources, proposed controller,
interconnecting lines, and loads. However, deriving the linearized
model of ac microgrid, the dynamic of inner loop controllers like
voltage and current controllers are neglected. It is because the
dominant eigenvalues produced by these controllers are located
far away from the imaginary axis (Pogaku et al., 2007). These
eigenvalues have less impact on the dynamics of the ac micro-
grid. Therefore, a linearized reduced order model is used for the
analysis of the performance of the PRPS controller.

The output voltage produced by ith source is ei which is a
complex variable inclined at an angle δ with d-axis, therefore
i

6785
ei =

√
e2di + e2qi and tanδi = eqi/edi. The linearized relations for ei

and δi using small signal approximation are expressed in matrix
form as (Iyer et al., 2010),[
∆ed
∆eq

]
=

[
−Eqo Vdo
Edo Vqo

]
2n×2n

[
∆δ

∆e

]
= Ao

[
∆δ

∆e

]
(19)

where, n is the number of sources connected in the micro-
grid, Vdo = Edo/Vo, Vqo = Eqo/Vo and Vo =

√
E2
do + E2

do.
Here, Edo and Eqo represent the values of d-axis voltage, edi and
q-axis voltage, eqi about the equilibrium point. The values of
rest of elements of (19) are Edo = diag{Edo1, Edo2, . . . , Edon},
Eqo = diag{Eqo1, Eqo2, . . . , Eqon}, Vdo = diag{Edo1/

√
E2do1 + E2qo1,

do2/
√
E2do2 + E2qo2, . . ., Edon/

√
E2don + E2qon} and Vqo = diag{Eqo1/

E2do1 + E2qo1, Eqo2/
√
E2do2 + E2qo2, . . . , Eqon/

√
E2don + E2qon}.

The conventional ω − P droop control law for jth source is
iven by

j = ωoj − kpjpfj (20)

here, ωj is the reference frequency generated by ω − P droop
ontroller, ωoj is the nominal value of frequency of jth source, kpj
s the droop gain of jth source and pfj is the active power supplied
y jth source. Linearizing above and writing in matrix form,

ω = ∆δ̇ = −kp∆pf (21)

.2. Interconnecting cables, loads and interconnecting network

The resistance and inductance of the cable connecting the
th and jth sources are Rbij and Lbij, respectively. By Kirchhoff’s
oltage Law (KVL), the branch current ibij and branch voltage ebij
re related by following relation,

bij
dibij
dt

+ Rbijibij = ebij = ei − ej (22)

Linearizing (22), transferring to d–q reference frame and re-
lacing the values of [∆ed ∆eq]T from (19),

∆ ˙ibd
∆ ˙ibq

]
= Ab1

[
∆δ

∆e

]
− Ab2

[
∆ibd
∆ibq

]
+ Ibdq[∆ω] (23)

where,

Ab1 = Lb−1MAo, Ab2 =

[
Lb−1Rb −ω

ω Lb−1Rb

]
, Ibdq =

[
Ibqo

−Ibdo

]
Here, Matrix M is the incidence matrix of the network shown
in Fig. 6(a). The dimensions of M is m×n, with m as number
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f branches and n number of buses. The elements, Ibdo and Ibqo
epresent the values of d-axis branch current, ibdi and q-axis
ranch current, ibqi about the equilibrium point.
A R − L load is assumed to be connected at each source bus.

he power drawn by R − L load is

Lj
diLj
dt

+ RLjiLj = ej (24)

Linearized relation for R − L load is given by,[
∆ ˙ild
∆ ˙ilq

]
= AL1

[
∆δ

∆e

]
− AL2

[
∆ild
∆ilq

]
+ ILdq[∆ω] (25)

here,

L1 = L−1
L Ao, AL2 =

[
LL−1RL −ω

ω LL−1RL

]
, ILdq =

[
ILqo

−ILdo

]
he elements, ILdo and ILqo represent the values of d-axis load
urrent, iLdi and q-axis branch current, iLqi about the equilibrium
oint.
By applying Kirchhoff’s current law, in the circuit shown in

ig. 6(a), at any source bus, the source current vector is, load
urrent iL and branch current ib are related as,

s − iL = MT ib (26)

Transferring (26) to synchronously rotating reference frame,

∆isd
∆isq

]
=

[
∆ild
∆ilq

]
+

[
MT 0
0 MT

][
∆ibd
∆ibq

]
(27)

.3. Calculation for filtered power

Instantaneous values of real power pj and reactive power qj
upplied by jth source, are given by pj = edjisdj + eqjisqj and
j = edjisqj − eqjisdj. By linearizing above relations and substituting
∆ed ∆eq]T and [∆isd ∆isq]T from (19) and (27),

∆p
∆q

]
= IsdqoAo

[
∆δ

∆e

]
+ EdqoMT

[
∆ibd
∆ibq

]
+ Edqo

[
∆iLd
∆iLq

]
(28)

here,

sdqo =

[
Isdo Isqo
Isqo −Isdo

]
, Esdqo =

[
Edo Eqo

−Eqo Edo

]
The elements, Isdo and Isqo represent the values of d-axis source

urrent, isdi and q-axis branch current, isqi about the equilibrium
oint.
The average values of active, pfj and reactive powers, qfi are

xpressed as
pfj
dt

= −ωcpfj + ωcpj (29)

qfj
dt

= −ωcqfj + ωcqj (30)

where, ωc represents cut-off frequency of first order low pass
filter. Linearizing above relations and replacing the values of [∆p
∆q]T from (28),[
∆ṗf
∆q̇f

]
= ωc IsdqoAo

[
∆δ

∆e

]
− ωc

[
∆pf
∆qf

]
+ ωcEdqoMT

[
∆ibd
∆ibq

]
+ ωcEdqo

[
∆iLd
∆iLq

]
(31)
 t

6786
3.4. PRPS controller

The instantaneous value of nkj generated by secondary con-
troller is supplied to the Q − E droop controller. The dynamical
quation governing its behavior is given by,
dnqj

dt
=

hj

τ
(qfj − qprofj (t − τ )) (32)

here, qidealfj (t − τ ) is the communicated value of proportional
eactive power and τ is the time delay caused due to low band-
idth communication channel. Writing above in matrix form for
n microgrid having multiple sources,
dnq

dt
=

H
τ
qf −

HW
τ

qf (t − τ ) (33)

ere, W is a matrix used to calculate proportional reactive power
rom total reactive power. Linearizing (33) using small signal
pproximation,
d∆nqj

dt
=

hj

τ
(∆qfi − ∆qprofi (t − τ )) (34)

he linearized value of ∆qprofi (t − τ ) calculated from (4) is

qprofi (t − τ ) = wj∆qfs(t − τ ) (35)

here, wj = kqs/kqj. The linearized value of ∆qs(t − τ ) calculated
rom (3) is

qfs(t − τ ) = ∆qf 1(t − τ ) + ∆qf 2(t − τ ) · · · · · · + ∆qfn(t − τ )

=

n∑
i=1

∆qfi(t − τ )

(36)

rom (35) and (36), the communicated value of ∆qprofj (t − τ ) is

qprofi (t − τ ) = wj

n∑
i=1

∆qfi(t − τ ) (37)

ubstituting the value of ∆qprofj (t − τ ) in (26) and simplifying,

d∆nqj

dt
=

hi

τ
∆qfj − wj

n∑
i=1

∆qfj(t − τ ) (38)

riting above in matrix form,
dnqj

dt
=

H
τ

∆qf −
HW
τ

∆qf (t − τ ) (39)

here,M is the matrix to calculate ideal reactive power from total
eactive power qfs and is given by,

=

⎡⎢⎢⎣
w1 w1 . . . w1
w2 w2 . . . w2
...

...
...

...

wn wn . . . wn

⎤⎥⎥⎦
To derive the linearized model of ac microgrid, the state equa-

ions given by (21), (23), (25), (31), and (39) are converted into
he standard state variable form, ∆ẋ = A∆x + B∆u. The gener-
lized time delayed state space model of ac microgrid is written
s,

ẋmg = Amgo∆xmg (t) + Amgs∆xmg (t − τ ) (40)

here,

xmg =
[

∆δ ∆pf ∆qf ∆ibdq ∆iLdq ∆nq
]
,

ere, Amgo = R−1
s As, Amgs = R−1

s Asd, and ∆xmg (t−τ ) represents the
ime delayed states of the system and A is the system matrix
mgs
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As =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 −kp 0 0 0 0 0 0
ωcQo −ωc −ωc

Po
Vo

ωcEdoMT ωcEqoMT ωcEdo ωcEqo ωc
Po
Vo
Qo

−ωcPo 0 −ωc(I + Nqo
Qo
Vo
) −ωcEqoMT ωcEdoMT

−ωcEqo ωcEdo −ωc
Qo
Vo

0 0 L−1
b MNqo −L−1

b Rb L−1
b ω0 0 0 −L−1

b MQo

0 0 L−1
b MNqo −L−1

b ωo −L−1
b Rb 0 0 −L−1

b MQo

0 0 L−1Nqo 0 0 −L−1
L RL L−1

L ωo −L−1
L Qo

0 0 L−1
L Nqo 0 0 −L−1

L ω −L−1
L RL −L−1

L Qo
0 0 H

τ
0 0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (42)
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Table 2
Parameters of test system.
Parameter Symbol Value

Cable resistance and
inductance (per km)

Rb , Lb 0.386 �, 150 µH

Cable lengths 1000 m, 1250 m, 1500 m

Inverter Switching frequency fs 5 kHz

Nominal values of inverter
output voltages

E 230 V, 230 V, 230 V

RLC filter of inverter ESRL , L, C 0.02 �, 1.1 mH, 300 µF

Nominal line frequency fo 50 Hz

Cut off frequency of low pass
filter

fc 7 Hz

P-f droop gain Kp 0.0000625 rad/s-W

Q-E droop gain Kq 0.000115 V/VAr

Power rating of inverter S 100 kVA

Power rating of UPFR PL 90 kW

Input inductance of UPFR ESRL ,L 0.02 �, 1 mH

DC output capacitance of UPFR CO 5 mF

Load resistance of active
rectifier

RO 4.5 �

corresponding to delayed states. The values of matrices As, Asd
and Rs are given by,

Asd =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0
HW
τ

0 0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (41)

s given in Box I.

s =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
Ibqo 0 0 1 0 0 0 0

−Ibdo 0 0 0 1 0 0 0
ILqo 0 0 0 0 1 0 0

−ILdo 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (43)

. Simulation results and discussion

To verify the proposed technique, detailed simulation and
nalytically studies are carried out and results are included in

his section. A ring configuration of ac microgrid with local loads
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connected at each sources bus is considered as shown in Fig. 6(b).
The parameters of the microgrid considered for analysis are given
in Table 2.

4.1. Effect of delay on the stability of the system

In this paper, single and constant time delay is assumed among
all the communications links used by the PRPS based secondary
controller. In this section, the effect of time delay on the stability
of the system is explored. The analysis is carried out to evaluate
an upper bound on the delay, τd of the system beyond which
the operation of the system becomes unstable. For this purpose,
the eigenvalues of the system are determined by evaluating the
roots of the characteristic equation. From (40), the characteristic
equation for the time delayed system is given by,

φ(λ, τ ) = λIo − Amgo − Amgse−λt (44)

here, Io is an identity matrix of the order of n and λ represent
he roots of characteristic equations. The above characteristics
quation for time delayed system is transcendental in nature and
as infinite number of roots. However the effect of time delay on
ystem is studied by evaluating reduced set of roots. The effective
oots of system are approximated using finite element method
eported in Milano and Anghel (2012) and Liu et al. (2015). The
atrix which provides the reduced set of poles of the system is
iven by following expression,

=

[
Ĉ ⊗ Io

Amgs 0 Amgo

]
(45)

here, ⊗ represent Kronecker’s product. Matrix Ĉ consists of the
irst M rows of matrix C which is defined as

= −2DM/τ (46)

here, DM is a matrix of order (M + 1) × (M + 1) and called as
hebyshev’s differentiation matrix. The details of matrix, DM is
iscussed in detail in Milano and Anghel (2012).
The effect of time delay on the performance of proposed droop

ontrol technique is studied with the help of eigenvalues root loci
lot shown in Fig. 7. The value of time delay, τ is varied from
s to 200 ms. It is observed that for the communication delay
f 100 ms, the movement of eigenvalues takes place from left
alf plane (LHP) into the right half plane (RHP). The microgrid
ystem becomes unstable for value of time delay of 100 ms.
herefore, the value of delay margin, τd for the ac system with
RPS controller is 100 ms.
To validate the efficacy of the proposed controllers, the sim-

lation and analytical studies of ac microgrid are carried out in
atlab/Simulink and the captured results are included in this
ubsection. A three bus system with three sources and local loads
onnected across each source bus as shown in Fig. 6(b) is con-
idered. The parameters of the microgrid considered for analysis
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Fig. 7. Root loci plot of eigenvalues with variation in time delay, τ .

Fig. 8. Waveforms of active power supplied by sources for R − L load.

re given in Table 1. The power rating of source-1, source-2 and
ource-3 are 100 kVA each and the rated voltage is Vb = 400
. The active power droop gains, kp1, kp1 and kp3 of source-1,
ource-2 and source-3 are selected for frequency regulation of
% at full load while the reactive power droop gains kq1, kq1 and
q3 of source-1, source-2 and source-3 are selected for voltage
egulation of 5% at full load. The local loads, load-1, load-2 and
oad-3 are connected across each bus.

.2. Validation of PRPS controller in ac microgrid with sources of
qual capacities

In this subsection, the validation of the proposed PRPS con-
roller is carried out for ac microgrid having sources with identi-
al power ratings. The comparison between the conventional and
roposed PRPS controller is carried out to show the efficacy of
he proposed PRPS controller. The performance of the controller
s studied with the effect of unequal local loads connected across
ach source. Sources are connected in the ring network shown in
ig. 6(b) through interconnecting lines having unequal values of
ine impedances. The performance of PRPS controller is observed
or ac microgrid having R − L, R − C and UPFR loads connected
cross each bus.

.2.1. Validation for R − L load
In this subsection, the validation for the performance of the

RPS controller is carried out for the resistive+inductive (R − L)
oad. The Fig. 8 shows the waveform of active powers, P1, P2 and
3 supplied by the source-1, source-2 and source-3, respectively.
efore time instant, t = 0.4 s, the power demanded by the loads
6788
onnected at bus-1, bus-2 and bus-3 are 50 kW and 30 KVAr,
espectively. At time instant, t = 0.4 s, a step variation in load
emand from 50 kW, 30 KVAr to 60 kW, 40 KVAr at bus-2 and
0 kW, 30 KVAr to 70 kW, 50 KVAr at bus-3 is applied. Due to
ction of conventional ω − P droop control law given by (12),
ource-1, source-2 and source-3 supplies active power, P1, P2 and
3 in proportion to their ratings. The active power supplied by
ach source is 60 kW as shown in Fig. 8. This ensures that the
onventional ω − P droop control law given by (20) is able to
nsure the proportional sharing of active power demanded by
oads among the sources.

However, due to unequal loads connected across each source
us and unequal voltage drops taking place across interconnect-
ng lines, the performance of the conventional E − Q droop
aw given by Eq. (1) deteriorates and the sources do not supply
eactive powers in proportion to their ratings. In this case the
deal value of reactive power to be supplied by each source eval-
ated using (4) is 40 KAr. However, the reactive power supplied
y source-1, source-2 and source-3, Q1,Q2 and Q3 are 25 kVAr,
0 kVAr and 55 kVAr, respectively as shown in Fig. 9(a). To
nsure proportional sharing of reactive power, the proposed PRPS
ontroller given by (7) is switched on at time t = 1 s. The
alue of ε, in this case is 0.5%. The value of communication delay
aintained here is 1 ms. The control action of the PRPS controller
odifies the droop gains of nq of source-1, source-2 and source-3
nd forces them to share power in proportion to their ratings.
t time t = 1.4 s, the reactive power supplied by source-1,
ource-2 and source-3 is converged to its ideal value which is
0 KAr. Figs. 9(b) and 9(c) shows the waveforms of variation
n E − Q droop gains, nq1, nq2 and nq3 and voltages of source-
, source-2 and source-3. From these waveforms, it is observed
hat reactive power sharing accuracy due to conventional E −

droop law is 37.5% (source-1) while in case of distributed
RPS controller, the error in reactive power sharing accuracy is
educed to 0.25%. The proposed distributed secondary controller
nsures convergence of reactive power supplied by each source
o its proportional value of reactive power. The value of voltage
egulation maintained across each source converter is less than
%.

.2.2. Validation for R − C load
In this case, the performance of the proposed PRPS controller

s observed for R − C load connected across each source bus.
efore time instant, t = 0.4 s, the power demanded by the loads
onnected at bus-1, bus-2 and bus-3 are 50 kW and −30 KVAr,
espectively. At time instant, t = 0.4 s, a step variation in load
emand from 50 kW, −30 KVAr to 60 kW, −40 KVAr at bus-2
nd 50 kW, −30 KVAr to 70 kW, −50 KVAr at bus-3 is applied.
n this case, the value of ε is 0.5%. The value of communication
elay maintained here is 1 ms. Figs. 9(d), 9(e) and 9(f) show the
aveform of reactive powers, Q1,Q2 and Q3, E − Q , droop gains,
q1, nq2 and nq3 and voltages of source-1, source-2 and source-3.
n this case the ideal value of reactive power to be supplied by
ach source evaluated using (4) is −40 KAr. However, the reactive
ower supplied by source-1, source-2, and source-3, Q1,Q2, and
3 are −29 kVAr, −40 kVAr, and −51 kVAr, respectively as shown
n Fig. 9(d). To ensure proportional sharing of reactive power, the
roposed PRPS controller given by (7) is switched on at time t =

s. The control action of the PRPS controller modifies the droop
ains of nq of source-1, source-2, and source-3 and forces them
o share power in proportion to their ratings. At time t = 1.4 s,
he reactive power supplied by source-1, source-2, and source-
is converged to its ideal value which is −40 KAr. In this case,

he error in reactive power sharing] using conventional E − Q
roop law is −27.5% while in case of distributed PRPS controller,
he error in reactive power sharing accuracy is reduced to 0.75%.
he value of voltage regulation maintained across each source
onverter is less than 5%.
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Fig. 9. Response of ac microgrid for R − L load. (a) Waveforms of reactive power supplied by source-1, source-2 and source-3. (b) Waveform of E − Q droop gains,
nq1, nq2 and nq3 and (c) Waveforms of voltages of source-1, source-2 and source-3. Response of ac microgrid for R−C load. (d) Waveforms of reactive power supplied
by source-1, source-2 and source-3. (e) Waveform of E −Q droop gains, nq1, nq2 and nq3 and (f) Waveforms of voltages of source-1, source-2 and source-3. Response
of ac microgrid for UPFR load. (g) Waveforms of reactive power supplied by source-1, source-2 and source-3. (h) Waveform of E − Q droop gains, nq1, nq2 and nq3
and (i) Waveforms of voltages of source-1, source-2 and source-3.
4.2.3. Validation for UPFR load
In this case, the performance of the proposed PRPS controller

is observed for UPFR load connected across each source bus.
Before time instant, t = 0.4 s, the active and reactive power
demanded by each load connected at bus-1, bus-2, and bus-3
is 50 kW and 0 KVAr, respectively. At time instant, t = 0.4 s,
a step variation in load demand from 50 kW to 60 kW at bus-
2 and 50 kW to 65 kW at bus-3 is applied. In this case, the
value of ε is 0.5%. The value of communication delay maintained
here is 1 ms. In this case the ideal value of reactive power to be
supplied by each source evaluated using (4) is 0 KAr. However,
from Fig. 9(g), it is observed that due to action of E−Q droop law,
the reactive power supplied by source-1, source-2 and source-
3 are 5 KVAr, 3 KVAr and −8 KVAr, respectively. These are the
circulating reactive powers, Q1,Q2 and Q3 which start flowing
among sources. Source-1 is supplying reactive power of 8 KVAr
and source-2 and source-3 are consuming the reactive powers
of 3 KVAr and 5 KVAr. To minimize these circulating reactive
powers, the PRPS controller is switched on at time t = 1 s which
minimizes the values of circulating reactive powers, Q1,Q2, and
Q3. Since the value of circulating reactive power consumed by
source-2 and source-3 is small as compared to source-1. There-
fore, the change in the value of droop gain, nq of source-1 will be
larger as compared to source-2 and source-3. Figs. 9(h) and (9)(i)
show the waveform of E − Q droop gains, nq1, nq2 and nq3 and
voltages of source-1, source-2 and source-3. In this case, the error
in reactive power sharing using conventional E − Q droop law is
−8% while in the case of distributed PRPS controller, the error in
reactive power sharing accuracy is reduced to −0.5%. The value
of voltage regulation is maintained across each source converter
is less than 5%.
6789
4.3. Performance of the PRPS controller with nonlinear loads con-
nected in ac microgrid

To validate the performance of the PRPS controller with non-
linear loads, the R − L load connected at bus-1 is replaced by a
three-phase bridge rectifier. At time t = 0 s, the initial demand
of the rectifier is 10 kW. At time instant, t = 0.4 s, the load
demand of the bridge rectifier is increased to 20 kW. Before time
instant, t = 0.4 s, the power demanded by the loads connected
at bus-2 and bus-3 are 50 kW and 30 KVAr, respectively. At time
instant, t = 0.4 s, a step variation in load demand from 50 kW,
30 KVAr to 60 kW, 40 KVAr at bus-2 and 50 kW, 30 KVAr to
70 kW, 50 KVAr at bus-3 is applied. Figs. 10(a) and 10(b) show
the waveform of active and reactive powers supplied by source-
1, source-2, and source-3. The conventional E − Q droop control
law is used to ensure proportional sharing of average values of
active and reactive powers. Therefore, the performance of the
PRPS controller remains unaffected even in presence of nonlinear
loads. A drop in the value of active power is observed which
occurs due to a decrease in the value of source voltage caused by
the PRPS controller. Fig. 10(c) shows the waveform of line current
drawn by the three-phase bridge rectifier connected at bus-1.
Fig. 10(d) shows the waveforms of output voltage, current, and
power demanded by the rectifier. Fig. 10(d) shows the waveform
of line current.

The harmonic current will be shared by the all the sources
connected the ac microgrid. However, the convention droop con-
trol laws which are ω − P and E − Q are primarily used to
ensure proportional sharing of the fundamental component of
active and reactive power. These controllers are used to share
the average value of active and reactive power and the harmonic



S. Islam, A. Iqbal, S. De et al. Energy Reports 8 (2022) 6779–6793

t
p
p
t
i
e
s
v
o
e

c
s
k
a
r
s
s
1

Fig. 10. Response of ac microgrid for sources with rectifier load. (a) Waveforms of active power supplied by the source-1, source-2, source-3. (b) Waveforms of
reactive power supplied by the source-1, source-2, source-3. (c) Waveform of line current. (d) Waveform of output voltage, current and power demanded by the
rectifier load.
a

u
d
i
s

v
t
b
c
w
P
b
c
p
s
p
i

current sharing is not ensured. Therefore, more harmonics will
be observed in the three-phase currents supplied by the source-
1 as compared to the three-phase currents supplied by source-2
and source-3. To validate this, three-phase currents supplied by
the source-1, 2 and 3 are shown in Fig. 11. From the waveforms
shown in Figs. 11(a), 11(b) and 11(c), it is observed that the
harmonic contents in three-phase currents of source-1 are more
as compared to source-2 and source-3 currents.

4.4. Validation of PRPS controller in ac microgrid with sources of
unequal capacities

In this subsection, the validation of the proposed PRPS con-
roller is carried out for ac microgrid having sources with unequal
ower ratings. The comparison between the conventional and
roposed PRPS controller is carried out to show the efficacy of
he proposed PRPS controller. The performance of the controller
s studied with the effect of unequal local loads connected across
ach source. The sources are connected in the ring network
hown in Fig. 6(b) through interconnecting lines having unequal
alues of line impedances. The performance of PRPS controller is
bserved for ac microgrid having R − L loads connected across
ach bus.
In this case, the value of ε in this case is 0.5%. The value of

ommunication delay maintained here is 1 ms. The ratings of
ources connected at bus-1, bus-2 and bus-3 are 100 kVA, 75
VA and 50 kVA. The load connected at bus-1, bus-2 and bus-3
re [50 kW, 40 kVAr], [30 kVAr, 20 kVAr] and [20 kW, 10 KVAr],
espectively. Fig. 12(a) shows the waveforms of reactive powers
upplied by source-1, source-2 and source-3. The reactive powers
upplied by the source-1, source-2, and source-3 are 40 KVAr,
5 KVAr, and 15 KVAr, respectively. However, in this case, the
 l
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ideal values of reactive powers to be supplied by the source-
1, source-2, and source-3 evaluated using (4) are 31.1 KAr, 23.4
KVAr, and 15.5 KVAr, respectively. To ensure proportional sharing
of reactive power, the proposed PRPS controller given by (7), the
proposed PRPS controller is switched on at time instant t = 1
s. The control action of the PRPS controller modifies the droop
gains of nq of source-1, source-2, and source-3 and forces them
to share power in proportion to their ratings. At time t = 1.4 s,
the reactive power supplied by source-1, source-2, and source-3
is converged to their ideal values which are 31.1 KAr, 23.4 KVAr,
and 15.5 KVAr, respectively. Figs. 12(b) and (12)(c) show the
waveform of nq1, nq2 and nq3 and voltages of source-1, source-2
nd source-3.
In this case, the error in reactive power sharing accuracy

sing conventional E − Q droop law is 8% while in the case of
istributed PRPS controller, the reactive power sharing accuracy
s 0.5%. The value of voltage regulation is maintained across each
ource converter is less than 5%.
Table 3 shows the error in reactive power-sharing with con-

entional E − Q droop law and distributed secondary PRPS con-
roller for R-L, R-C, and UPFR types of local loads connected at the
us-1, bus-2, and bus-3 of ac microgrid having sources of equal
apacities. Table 4 shows the error in reactive power-sharing
ith conventional E − Q droop law and distributed secondary
RPS controller for R-L types of local loads connected at the
us-1, bus-2, and bus-3 when sources of unequal capacities are
onnected in ac microgrid. The low values of errors in reactive
ower sharing validate the efficacy of the proposed distributed
econdary controller to ensure proportional sharing of reactive
ower in case of ac microgrid having sources of unequal capac-
ties, mismatching in interconnecting line impedances, and local

oads having unequal active and reactive power demands.
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Fig. 11. Performance of the proportional reactive power sharing (IRPS) controller
in ac microgrid with nonlinear load. (a) Current supplied by source-1. (b) Current
supplied by source-2. (c) Current supplied by source-3.

4.5. Effect of variation in time delay

In this subsection, the effect of variation of time delay in
ommunication on the response of ac microgrid including PRPS
ontroller is observed. In this case, loads demands maintained
t sources buses are the same as that of the R − L load case

considered in the previous subsection. Figs. 12(d), (12)(e), and
(12)(f) show the response of the ac microgrid for time delays of
10 ms, 100 ms and 500 ms. From these figures, it is observed
that the response of the system becomes oscillatory for increasing
values of time delays in communication. For a delay time of τ =

00 ms, bounded oscillations are observed in the response of ac
icrogrid with PRPS controller. For the value of time delay, τ =

00 ms, the response of the ac microgrid becomes unstable. The
elay margin of the ac microgrid evaluated in subsection-A of this
ection is evaluated to be 100 ms. The operation of ac microgrid
or these values of time delays is in close agreement.

.6. Comparison of PRPS controller with the controller suggested
n Shafiee et al. (2014)

In this section, the performance of the proposed PRPS con-
roller is compared with the controller suggested in Shafiee et al.
2014). Fig. 13(a) shows the waveforms of the total reactive
6791
Table 3
Comparison of reactive power sharing accuracy and voltage regulation using
conventional E − Q droop and proposed PRPS controllers.
Source Load Reactive power

Sharing accuracy
Voltage regulation

Conventional Proposed Conventional Proposed

1 R-L 37.5% 0.25% 1.1% 1.30%
2 0.5% 0.30% 1.95% 1.73%
3 −40% 0.50% 2.82% 3.04%

1 R-C −27.5% 0.75% −2.82% −3.04%
2 2.5% −1.25% −2.17% −2.25%
3 27.5% 0.50% −1.74% −1.52%

1 UPFR −8.0% −0.5% 0.8% 0.85%
2 3.0% 0.25% 0.2% 0.15%
3 5.0% 0.25% 0.2% 0.15%

Table 4
Comparison of reactive power sharing accuracy and voltage regulation for ac
microgrid having sources of unequal capacities.
Source Load Reactive power

Sharing accuracy
Voltage regulation

Conventional Proposed Conventional Proposed

1 R-L 51% 0.96% 0.8% 0.4%
2 −66% −1.1% 3.2% 3.15%
3 0.2% 0.25% 1.30% 1.10%

power supplied by the source-1, source-2, and source-3 and the
total reactive power demanded by the load-1, load-2 and load-
3 using the PRPS controller. Fig. 13(b) shows the waveforms of
the total reactive powers supplied by the source-1, source-2,
and source-3 and the reactive power demanded by the load-1,
load-2 and load-3 using the controller suggested in Shafiee et al.
(2014). From the waveforms shown in Fig. 13(a), it is observed
that in the case of the proposed controller, the reactive power
supplied by the sources and that demanded by the loads are in
close agreement. However, in the case of the controller suggested
in Shafiee et al. (2014), there exists a significant difference be-
tween the reactive power supplied by sources and the reactive
power demanded by the loads. This is shown in Fig. 13(b).

5. Conclusion

In this paper, to ensure proportional sharing of reactive power,
a distributed PRPS controller is proposed. The validation of the
proposed controller is carried out for islanded mode of operation
of ac microgrid. The salient feature of the proposed controller
is that it ensures an accurate degree in reactive power sharing
in case of ac microgrid having sources of unequal capacities. For
this purpose, the controller compares the actual reactive power
with its proportional value of reactive power to be supplied by
each source in the ac microgrid. Depending upon the difference
between the two values, the proposed controller modifies the
slope of Q − E droop characteristics in such a way that each
source supplies power in proportion to its rated capacity. To
validation for the efficacy of the PRPS controller, the simulation
studies in Matlab/Simulink are carried out for an ac microgrid.
The ac microgrid includes sources of unequal values of rated
capacities with unequal local loads connected at their ends and
connected with each other through interconnecting lines having
mismatching in impedances values. The controller compares the
reactive power with its proportional value and ensures conver-
gence to it. Depending upon the value of ε, the desired degree
of accuracy in reactive power-sharing is ensured. In the case of
ac microgrid having R − L, the error in reactive power sharing
accuracy is 37.5%. However, the proposed controller reduces the
error in reactive power-sharing from 37.5% to 0.25%. Similarly,
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Fig. 12. Response of ac microgrid for sources with unequal capacities. (a) Waveforms of reactive power supplied by source-1, source-2 and source-3. (b) Waveform
of E −Q droop gains, nq1, nq2 and nq3 and (c) Waveforms of voltages of source-1, source-2 and source-3. Response of ac microgrid for different values of time delays.

aveforms of reactive power supplied by source-1, source-2 and source-3 for a time delay of (d) 10 ms (e) 100 ms and (f) 500 ms.
Fig. 13. Response of ac microgrid for sources with unequal capacities. (a) Waveforms of total reactive power supplied by the source-1, source-2, source-3 and total
reactive power demanded by the loads using PRPS controller. (b) Waveforms of total reactive power supplied by the source-1, source-2, source-3 and total reactive
power demanded by the loads using the controller suggested in Shafiee et al. (2014).
the in case of R − C load, the error in reactive power-sharing is
educed from 27.5% to 0.75%. This validates the efficacy of the
roposed controller. The effect of communication delay on the
roportional controller is studied using the root loci plot. The
elay margin of the proposed controller is observed to be 100 ms.
he proposed controller requires only information of the reactive
owers supplied by the sources for its implementation. This leads
o the requirement of a low bandwidth communication channel
hich reduces the cost of the system. The low value of reactive
ower sharing errors and voltage regulation validates the viability
f the proposed distributed secondary controller.
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