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Abstract

Parallel operation of inverter modules is the solution to increase the reliability, efficiency, and redundancy of
inverters in microgrids. Load sharing among inverters in distributed generators (DGs) is a key issue. This study
investigates the feasibility of power-sharing among parallel DGs using a dual control strategy in islanded mode
of a microgrid. PQ control and droop control techniques are established to control the microgrid operation. P-f
and Q-E droop control is used to attain real and reactive power sharing. The frequency variation caused by load
change is an issue in droop control strategy whereas the tracking error of inverter power in PQ control is also a
challenge. To address these issues, two DGs are interfaced with two parallel inverters in an islanded AC microgrid. PQ
control is investigated for controlling the output real and reactive power of the DGs by assigning their references. The
inverter under enhanced droop control implements power reallocation to restore the frequency among the distributed
generators with predefined droop characteristics. A dual control strategy is proposed for the AC microgrid under islanded
operation without communication link. Simulation studies are carried out using MATLAB/SIMULINK and the results show
the validity and effective power-sharing performance of the system while maintaining a stable operation when
the microgrid is in islanding mode.

Keywords: Microgrid, Inverter parallel operation control strategy, Droop control strategy, Frequency restore,
Power sharing

1 Introduction
The key issues related to microgrids is the parallel oper-
ation of different generations in islanded mode [1]. Dis-
tributed generators (DGs) during islanding operation of
the microgrid are commonly coupled via inverters to an
AC distributed system. Various techniques have been in-
troduced for controlling the inverter parallel operation
or power-sharing [2]. A microgrid system requires the
operation, control structure, power and voltage regula-
tion and energy management [3]. The basic structure of
a microgrid contains one or several renewable energy
sources (RES), different types of load and energy backup
systems integrated together [4]. The actual performance
observed when the microgrid operates in islanded mode
was presented in [5]. Microgrid control and operation,
as well as switching among the different operation

modes are the main challenges. For increasing the reli-
ability and decreasing the transmission losses the whole
microgrid system need be designed to operate under
grid connected or islanded mode [6].
In grid connected operation, the microgrid supplies en-

ergy to the grid or desired load, charging backup, etc.
Hence, the inverter acts as voltage supporter and the dis-
tributed power is handled through real power reference
which is linked to the generated energy. However, the
power flow structure becomes an important aspect [7].
Moreover, in islanded mode, a decentralized droop

control method is commonly used with wireless control
operation. It is suitable when a number of distributed
generators are placed far from each other with no com-
munication connection among them [8]. However, droop
control has numerous limitations and challenges, such as
voltage drop during load change and frequency variation
resulting from the droop principles and is sensitive to dis-
tribution line impedance [9, 10].

* Correspondence: liguojie@sjtu.edu.cn
Department of Electrical Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China

Protection and Control of
Modern Power Systems

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Haider et al. Protection and Control of Modern Power Systems  (2018) 3:10 
https://doi.org/10.1186/s41601-018-0084-2

http://crossmark.crossref.org/dialog/?doi=10.1186/s41601-018-0084-2&domain=pdf
http://orcid.org/0000-0001-8157-6463
mailto:liguojie@sjtu.edu.cn
http://creativecommons.org/licenses/by/4.0/


Furthermore, as the inverters under PQ droop control
can operate independently without communication, sys-
tem redundancy is improved. In case of an inverter failure,
the others can continue operating under normal condi-
tions without being affected. The key purpose of this con-
trol methodology is to control the whole system in which
the DGs are responsible for power delivery [11].
This study considers that all the DGs work as the in-

verter interface. The losses of the inverters and harmonics
are negligible, and two different control strategies for the
islanded AC microgrid are presented. The PQ control goal
is to adjust the power tracking convergence and to achieve
a fast dynamic response. Moreover, the P-f/Q-E droop
controller delivers the real and reactive power and pro-
vides voltage regulation. A decentralized enhanced droop
control method is proposed with frequency restoration
scheme (FRS) to restore the frequency and provide the
exact real and reactive power.
The rest of the paper is organized as follows. Section

II describes the significance of the presented microgrid
system, and Section III analyzes PQ control of the in-
verter and its capability in grid connected operation.
Section IV presents the droop method with frequency
restoration scheme. In order to achieve power-sharing in
a fully decentralized way, Section V presents the com-
bined PQ and droop control strategies and its operation
for improving power-sharing in islanding operation of
the AC microgrid. Section VI discusses the simulation
results while Section VII draws the conclusion.

1.1 Significance of the presented system
The presented study combines power regulation between
two different control periods set by the supervisory control
of the microgrid system. Figure 1 shows the dual con-
trol strategies, in which the supervisory control system
takes decision according to the operation. It monitors
the flow of current into the grid. The absence of current
indicates “islanded mode” and the microgrid will assign
droop control to balance the voltage. While the presence

of current indicates “connected mode” and the microgrid
assigns PQ control. When both DGs work together. The
balance power at the PCC in islanding operation are
P=P1 + P2, Q =Q1 + Q2.
When the microgrid inverters reach the PWM satur-

ation limit and rated power, reactive power demand is
fulfilled by the grid-connected droop-controlled inverter.
In case of increment in active power, the frequency of
the microgrid will drop so the real power of DG1 will in-
crease according to its droop characteristic and at the
same time, the reactive power of the parallel DGs will be
rearranged.

2 Methods
2.1 PQ controlled inverter
In PQ control, the inverter is used to deliver the required
real and reactive power according to their set-points. The
controller consists of current and power control loops. The
inner current loop can rapidly respond to disturbances in-
cluding input voltage fluctuation, converter dead time and
inductance parameter variation. Therefore, the perform-
ance of the system is significantly improved [12]. A phase-
locked loop (PLL) is used to synchronize the inverter to
the microgrid. The RES provides constant real power and
reactive power to the grid by PQ control. The operation of
PQ control based on DQ reference frame which defines
the components of the d-axis and q-axis AC currents.
In Fig. 2, the d-axis of the reference frame is in-phase

with the grid voltage and thus, the d-axis current is
responsible for controlling the real power (P) and the q-
axis current controls the reactive power (Q) of the
inverter. The controller consists two loops, i.e. an outer
power control loop and an inner current control loop.
The main objective of PQ control in the grid-connected
inverter is to ensure the inverters to produce the real
and reactive power according to their references. Under
the dq coordinate system, the inverter output real and
reactive power can be described as shown in Fig. 3.
The real and reactive power are decoupled in the

power controller block and the current controller adopts

Fig. 1 Parallel structure of micro-grid Fig. 2 Grid-connected PQ control inverter
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the proportional integral (PI) control. The inverter active
and reactive power are controlled by tracking the current
references.

Pref ¼ Vgqigq þ Vgdigd ð1Þ

Qref ¼ Vgqigd−Vgdigq ð2Þ

idref ¼ Pref

V gd
; iqref ¼ −

Qref

V gd
ð3Þ

Similarly, the inverter current is coupled in terms of d-
and q-axis components as igd and igq are affected not
only by Vgd and Vgq, but also by the coupled voltages. To
independently control igd and igq, the coupled values
need to be canceled. The current control loop uses con-
ventional PI controller and its output is given to the in-
verter as demanded voltage for switching. The output of
the current controller is:

Vdref ¼ kdp þ kdI
s

� �
idref −igd
� �

−ωLigq þ Vgd ð4Þ

Vqref ¼ kqp þ kqI
s

� �
iqref −igq
� �þ ωLigd þ Vgq ð5Þ

When the microgrid is in grid-connected mode, the
inverter is in current control mode so the references of
the frequency and voltage are both measured by the PLL
which also provides the orientation of the synchronous
rotating coordinate system.

2.2 Droop controlled inverter
Droop control is a well-known method for controlling
microgrid in islanded mode. The distributed generation
unit is connected to a common bus with the transmis-
sion line impedance of Z = R + jXas shown in Fig. 4,

where the apparent power delivered to the AC bus from
the DG is:

Sinv ¼ Pinv þ jQinv ¼ V invI
�
inv ð6Þ

In (6), P and Q are the delivered active and reactive
power, and I*inv is the current flowing through the line
from the DG to the AC bus, which is represented as:

I�inv ¼
E∠ϕ−V∠0

Z
ð7Þ

Sinv ¼ V
E−V
Z

� �
≅
EV
Z

−
V 2

Z
ð8Þ

where E is the inverter voltage and V is the common AC
bus voltage. ϕ is the phase angle of the inverter side volt-
age. θ ¼ tan−1ðXRÞ is the line impedance angle and Z is
the magnitude of the line impedance.
The active power and reactive power are defined as:

P ¼ EV
Z

cos θ−ϕð Þ−V 2

Z
cosθ ð9Þ

Q ¼ EV
Z

sin θ−ϕð Þ−V 2

Z
sinθ ð10Þ

As seen, the output power depends on the line imped-
ance. For inductive line with θ = 90∘and Z≅X, the
inverter output power is.

P ¼ EV
X

sinϕ ð11Þ

Q ¼ V
X

E cosϕ−Vð Þ ð12Þ

If X > > R, R can be neglected, and if the power angle
ϕ is small, sinϕ ≅ ϕ and cosϕ = 1. Thus (11) and (12)
become:

ϕ≅
XP
EV

ð13Þ

E−V≅
XQ
E

ð14Þ

Equations (13) and (14) show that the power angle is
dependent on real power and the voltage difference de-
pends on reactive power. Thus, the angle can be con-
trolled by regulating the real power while the inverter
voltage is controlled by the reactive power.
The real power and power angle regulate the fre-

quency. By adjusting P and Q independently, the voltage
amplitude and frequency of the microgrid are regulated.
The frequency of the DG drops when the real power of
the load increases and the DG voltage amplitude is re-
duced when the reactive power of the load increases

Fig. 3 Power controller schematic

Fig. 4 Equivalent circuit of MG
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[13]. The frequency and the amplitude of the inverter
output voltage reference can be expressed as below.

ω ¼ ω�−m Pcal−P�ð Þ ð15Þ
E ¼ E�−n Qcal−Q

�ð Þ ð16Þ
Equations (15) and (16) determine the frequency and

voltage droop regulation relationship through real and re-
active power in droop controller. The frequency is deter-
mined by droop gain m and the deviation between the
calculated real power (Pcal) and the set-point P*. Similarly,
the voltage magnitude is determined by the droop gain n
and the difference between the calculated reactive power
(Qcal) and the set-point Q*. Thus, (15) shows that load
change will cause the frequency to deviate and similarly,
(16) shows that the voltage amplitude is reduced when the
reactive power of the load increases. Equations (15) and
(16) are graphically depicted in Fig. 5.
The real power control loop is closely linked with fre-

quency control and voltage angle. To improve the fre-
quency control accuracy, the frequency restoration scheme
(FRS) is applied to restore the frequency to its nominal
value ω∗. To realize this scheme Δω is added in (15) as:

ω ¼ ω� þ Δω−m Pcal−P�ð Þ ð17Þ
For steady-state operation, Δω =m(Pcal − P∗) and thus,

Δω is reformed as:

d
dt

Δωð Þ ¼ K � Δω ð18Þ

where Δω is the frequency error and the constant K
controls the overall system frequency restoration.
The frequency restoration scheme is based on La-

place transform of (17) and (18). As it is shown in
Fig. 6, the frequency restoration block is added in the
droop control diagram. The constant K shows the dif-
ference of the vertical moving of the DG. For redu-
cing this variation in the DG, the constant K should
be reduced though this does not eliminate the error
completely. The FRS will start after smoothing the
dynamic response [14].
The reactive power control loop is linked to voltage

amplitude and the reactive power-sharing is realized

with the Q-E droop control and is affected by voltage
drop and load condition. Thus, (16) becomes

E ¼ ΔE−n Qcal−Q
�ð Þ ð19Þ

The voltage amplitude drop is obtained by:

ΔE ¼ E�−VPcc ð20Þ
Equations (19) and (20) represent the relation between

the DG reactive power output and the voltage magni-
tude difference. The varying range is limited and small
for VPCC and thus it assumes the value of K to be a con-
stant slope. Reactive power provided by the DG which is
equal to the load side reactive power so ΔE is reformed
as

ΔE ¼ K E�−VPccð Þ ð21Þ
The voltage drop occurs at the connecting point be-

cause the generated reactive power of DG1 is higher
than that of DG2. Figure 6 shows the control diagram of
the enhanced droop control. The output voltage is fed to
the inverter through the synchronous reference frame.
The output power of the DG is measured and filtered
through the low pass filter [15]. The filtered power is
given to the droop controller to create voltage magni-
tude E and the frequency ω. The reference voltage Vref =
sinθ is produced in the synchronous reference frame by
ω and E. Finally,V

ref
is applied to the PWM modulator to

generate the PWM signal for the inverter.
In the droop control strategy, the change in load is

managed by the distributed generators in a prearranged
way and decentralized control of parallel inverters is de-
signed based on the use of the system frequency as a
communication link within the microgrid. This method
has two problems, i.e. power coupling and slop selection.Fig. 5 P-F and Q-E Droop characteristic

Fig. 6 Enhanced droop control diagram
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However, power coupling can be avoided through some
improve strategies such as virtual power frame transform-
ation or virtual output impedance, though the swapping
between the power-sharing and voltage, amplitude, and
frequency deviation depends on the selection of the droop
coefficient m and n.

3 Dual control performing criteria of MG
The study is conducted to observe the behavior of the
microgrid in islanded operation under different control
structures of the parallel inverters. The parallel inverters
under combined dual control strategy are unable to per-
form their task coordinately. To address this issue an en-
hanced droop controller is proposed to synchronize the
inverters at the time when they are connected. In the
islanding operation, both voltage and frequency depend
on the load. In droop control method the supervisory
droop ensures adequate load sharing. However, this re-
sults in voltage and frequency variation which may cause
undesirable operation of the microgrid. In this section,
real and reactive load-sharing issues are discussed for
three-phase parallel inverters in the islanded mode of
AC microgrid with combined PQ and droop control
strategy.
It is necessary to establish the AC bus voltage and pro-

vide the demanded power at the same time. The basic
architecture of a microgrid has been shown in Fig. 1,
where two distributed generators coordinate under dif-
ferent control scenarios and are able to deliver the
power to the desired load according to the correspond-
ing references. In Fig. 7 the flowchart of the control
strategy is presented, where the microgrid under com-
bined PQ and proposed enhanced droop control is in-
vestigated to verify the proposed Frequency Restoration
Scheme (FRS) and voltage control for islanded oper-
ation. To verify the dual control, initially, both inverters
operate separately and the droop controlled inverter
supplies power to the grid (P2 = PG) and the PQ con-
trolled inverter supplies power to the load (P1 = PL). The
droop controlled DG is used to regulate the voltage at
the PCC. In the islanded operation, initially DG1 con-
nects to the load to provide the desired power to the
load during 0 to 0.3 s. After the system is in stable oper-
ation, the switch is closed at 0.3 s so DG2 is connected
to the microgrid. DG1 and DG2 then operate together in
an islanded mode to deliver the desired power to the
load. When the DGs operate together, neglecting the
losses, the actual power delivers to the load having the
following rule Ptotal = P1 + P2 where Ptotal is the total
power consumed by the load.
Note that, when the load changes, DG1 will automatic-

ally assign power to the load by the defined droop char-
acteristics. During the whole simulation, the loads are
modelled as constant loads. The simulation is carried

out using Matlab/Simulink and the control parameters
of the microgrid are listed in Table 1. The proposed con-
trol strategy can be more suitable to achieve efficient
power sharing under complex line impedance and with
different DG filter parameters. Furthermore, the PQ
control goal is to adjust the power tracking convergence
and achieve a fast dynamic response. In case of different
line impedances, it results in disturbance in power shar-
ing and large current sharing error among the inverters.

4 Results and discussion
To verify the effectiveness of the proposed control strat-
egy, islanded operation of the microgrid under the dual
control strategy with RL load is investigated. In this
study, the microgrid is configured according to Fig. 1
with two interfaced DG units and the nominal AC volt-
age of 380 V. At the initial study of power regulation
performance, DG1 supplies the required real and reactive
power to the load under the enhanced droop control

Fig. 7 Flowchart diagram of control strategy
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strategy as shown in Fig. 6. During 0 to 0.3 s, the power
consumption of the load (L1) increases to its rated value
(PL1 = 8 kW, QL1 = 5kVar). At 0.3 s, DG2 connects to
the microgrid, which is operated under the PQ control
scheme. The responses of the load voltage and current
at the PCC are compared in Fig. 8 (a) with conventional
droop control and Fig. 8 (b) with enhanced droop
control.
It can be seen that at 0.3 s when the two DGs connect

together, a spike appears which is caused by the unex-
pected variation in reactive power. In Fig. 8 (b), it can be
observed that after applying the enhanced droop control,
the dynamic responses of voltage and current have been
improved. Figure 8 (c) shows the close-up waveforms of
the voltage and current with enhanced droop control. At
this connecting point, the microgrid starts to synchronize
and the increment of the real and reactive power of both
inverters can be observed during the synchronization.
It can be observed that the frequency at the PCC is in-
creased at the point of synchronization and at the same
time the load power is changed. The DG measured
power accurately tracks its reference power with fast
dynamic response as shown in Fig. 9 for the output
power of PQ controlled inverter.
The waveforms of the real and reactive power of the

load at the PCC are shown in Fig. 10 and Fig. 11. The
frequency increases at the point of synchronization at 0.
3 s. After synchronization both DGs work together to
supply power to the load. The frequency drops because
of the load demand, and within 0.2 s after connection
the frequency restores to stable value according to the
droop characteristics. The waveforms of the microgrid
frequency at the PCC is shown in Fig. 12 (a) and (b)
with and without FRS, respectively. The frequency devi-
ation happens because of dual control and droop charac-
teristics. When the load (L2) and (L3) connect to the

a

b

c

Fig. 8 Output voltage and current waveforms at PCC under
the proposed dual -control

Fig. 9 Tracking output power of PQ control inverter

Table 1 Control parameters

Contents DG1 DG2

DC Source 800 V

AC Bus Voltage 380 V

Carrier Frequency 10 kHz

P-f and Q-E Slope Droop m = 0.0015, n = 0.0001

Filter Inductance 2.5 mH 2.5 mH

Filter Capacitance 10uF 25uF

Resistance of LC Filter 0.01Ω 0.01Ω

DG output power 10 kW
10kVar

8 kW
5kVar

Inner current loop KP = 2 Ki = 0.1 KP = 0.3 Ki = 50

Nominal Frequency 50 Hz

Connecting Time T = 0.3 s
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microgrid (PL2 = 2 kW, QL2 = 1kVar), (PL3 = 2kw, QL3 =
1kVar), the frequency decreases due to the increased
load demand at 0.5 s and 0.7 s. Thus, the real and react-
ive power are reallocated through droop controller and
consequently DG1 power increases to supply the de-
mand power according to the supervisory droop control.
Throughout the load variations, the frequency is at a
stable level.

5 Conclusion
In this paper, the enhanced droop and PQ control
strategies for controlling parallel DGs in islanding
mode of AC micro-grids were investigated to achieve
flexible power regulation. The main advantage of this
dual control strategy is to enable operation without
any communication between the parallel DGs. The
power tracking error for PQ control based inverters
was investigated and the enhanced droop control im-
plemented with predefined droop characteristics for
power reallocation was proposed. To improve and
restore the frequency, a frequency restoration scheme
(FRS) implemented among the distributed generators
was developed. The proposed droop controller pro-
vides stable operating under different control strat-
egies in islanded operation and the DG voltage can
quickly respond to the required voltage demand. The
PQ controller can effectively track the active and re-
active power and the droop control provides voltage
control in islanded mode. The simulation results ob-
tained from MATLAB/SIMULINK verified the stabil-
ity of the load voltage and frequency.
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