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Abstract: This paper presents a piecewise linear-elliptic (PLE) droop control scheme to improve the
dynamic behavior of islanded microgrids. Islanded microgrids are typically vulnerable to voltage
and frequency fluctuations, particularly if a combination of high- and low-inertia power generation
units are used in a microgrid. The intermittent nature of renewable energy sources can cause sudden
power mismatches, and thus, voltage and frequency fluctuations. The proposed PLE droop control
scheme can be employed in a battery energy storage system (BESS) to effectively mitigate voltage and
frequency fluctuations in an islanded microgrid. Though the PLE shape can be implemented for any
droop control scheme, it has been applied for active power-frequency (P-f ) and reactive power-voltage
(Q-v) droops in this paper. In addition, the dynamic response of a battery-fed smart inverter equipped
with the proposed PLE droops has been compared with the results obtained from a linear droop
control scheme in an islanded microgrid containing high- and low-inertia power-generation units.
In this paper, the results of several case studies are presented to confirm the capability of the PLE
droop control in mitigating voltage and frequency fluctuations in islanded microgrids.

Keywords: BESS; dynamic response; frequency fluctuations; voltage fluctuations; islanded
mixed-inertia microgrids; PLE droop control

1. Introduction

Islanded microgrids, which typically fall in the category of weak grids [1], can suffer from voltage
and frequency fluctuations caused by sudden changes in load demand, loss of power generation,
and transitions between a grid-connected to an islanded mode of operation. The frequency oscillation
is mainly due to the inherent low-inertia nature of inverter-based distributed generation (DG) units.
The voltage oscillation can be due to the high impedance that inverters see from their terminals,
circulating currents, and the interaction of phase-locked-loop (PLL) with current control loops [2,3].
Nevertheless, in grid-connected microgrids, since both voltage and frequency are tightly regulated by
the main grid, the dynamic performance of the system is not as challenging as in islanded microgrids.
Thus, the frequency and voltage stability in islanded microgrids is a technical challenge that needs to
be addressed.

The generation side of islanded microgrids can be a mixture of synchronous-based and inverter-
based DG units, forming islanded mixed-inertia microgrids. Diesel generators are one of the most
common synchronous-based DGs which have been extensively utilized in islanded microgrids,
particularly in rural areas [4–6]. The use of diesel generators is because of their low cost and relatively
high reliability [7,8]. In the presence of diesel generators, inverter-based DGs fed by renewable
energy resources, e.g., photovoltaic (PV) panels and BESSs, can be employed to reduce the fuel
consumption [9–12]. In such mixed-inertia microgrids, the diesel generator typically operates in
grid-forming mode by taking responsibility for controlling the voltage and frequency using an automatic
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voltage regulator (AVR) and governor, when other DGs can work in PQ-controlled or grid-following
mode. The grid-following inverters can either operate in grid-feeding mode or grid-supporting mode
when also offering ancillary services [13–16]. If the diesel generator is out of service for any reason,
battery-fed inverters can operate as the grid-forming units.

Many studies have been reported on the voltage and/or frequency support in islanded microgrids.
In [17–19], an enhanced frequency response is achieved by coordinating the operation of DG
units. However, coordinating different DG units requires a centralized algorithm with additional
communication links. In [20], a piecewise droop curve for inverter-based DG units in islanded
microgrids is presented, in which the droop coefficients are adjusted based on an optimal power
flow with the aim of minimizing the power losses, while satisfying the power balance, frequency and
current constraints. References [21,22] utilize BESS for frequency regulation and stability improvement
of islanded microgrids by optimizing the size of BESS and employing virtual inertia, respectively.
Furthermore, comprehensive analyses on the impact of the droop characteristics of BESS on the
frequency response of the system are presented in [23,24]. On the other hand, different approaches
are presented in [25,26] to use PV units instead of BESS for decreasing the system cost and frequency
variations at the same time. However, the impacts of control strategies developed in [25,26] are limited
to the availability of solar power. Moreover, an approach is presented in [27] which reduces the
dependency of islanded microgrids on BESS by controlling the frequency through voltage regulation.

Nevertheless, the aforementioned methods in [17–27] focus only on the frequency regulation
of the system. However, maintaining the AC-bus voltage within acceptable limits is essential for
improving the stability, reliability, and power quality of the system, especially in the presence of
critical loads [28,29]. In [30], an enhanced voltage profile is achieved by synchronizing the response
times of different voltage regulation devices employed in an islanded microgrid. The network theory
concepts are utilized in [31] to develop a control scheme for mitigating the voltage fluctuations of
an AC-bus in islanded microgrids. In [32,33], the voltage and frequency of the system are controlled
by BESS instead of a diesel generator. However, due to the low inertia of BESS, this might lead
to the stability deterioration of the system. In order to enhance the voltage and frequency profiles
during abnormalities, an approach is presented in [34] which coordinates the DG units of an islanded
microgrid. However, according to the provided results, the proposed method is not applicable during
the transition from islanded to grid-connected mode.

This paper presents an approach to enhance the dynamic behavior of islanded microgrids by
suppressing the voltage and frequency fluctuations. To attain this, BESS is used to inject and absorb
the active and reactive power during power transients. A PLE P-f droop is suggested for BESS,
which enhances the frequency profile of the system. Similarly, in order to improve the voltage profile
of the system, a PLE Q-v droop is introduced. Furthermore, it is demonstrated that for any linear
droop characteristic with a specified droop coefficient, there is also a PLE characteristic which can be
formulated using the proposed method in this paper. Compared with conventional linear droops,
the proposed PLE droop results in injecting and absorbing more active and reactive power by BESS,
which compensates for the instantaneous power mismatches between the generation and consumption
during transients.

The proposed PLE droop can quickly react to frequency and voltage fluctuations in comparison
with the conventional nonlinear and linear P-f and Q-v droop controls. A nonlinear droop results
in injecting and absorbing less amount of active and reactive power during transients. This means
that the system will need more time to restore the voltage and frequency after severe transients.
The nonlinear droop method is typically utilized in DC and AC microgrids for achieving an enhanced
power sharing between different DGs during the steady-state condition [35–37]. The proposed PLE
side by side to the conventional nonlinear and linear P-f droops are shown in Figure 1. In this figure,
the frequency in an islanded microgrid, fM, is regulated at its desired value, f ∗M, while a similar set
of curves can be imagined for the main AC-bus voltage in the microgrid, vM. The linear trajectories
can also be implemented with a dead band around the desired voltage and frequency, see Figure 1d,
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in which the system performance is very dependent on the length of the dead band, and larger dead
bands might cause abrupt changes in the active and reactive power of BESS while the voltage and
frequency of the AC-bus are going inside and outside of the dead band. In contrast, the presence of the
narrow linear regions in the proposed PLE droops helps the BESS-based DG smoothly operate in a
transient condition.
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The rest of this paper is organized as follows. Section 2 introduces the islanded mixed-inertia
microgrid under study equipped with both linear and PLE droops. The frequency and voltage
dynamics of the system during transients are studied in Sections 3 and 4, respectively, along with the
detailed explanation of the proposed PLE droops for an increase in the mitigation of frequency and
voltage variations. Different case studies are provided in Section 5 to compare the efficacy of linear and
PLE droops in a dynamic-response enhancement of islanded microgrids. Finally, Section 6 concludes
this paper.

2. System Description

The schematic of an islanded mixed-inertia microgrid under study is depicted in Figure 2.
Due to the investigation of the cooperative role of BESS-based DG in improving the dynamics of the
system, the controller of BESS is represented with more detail. The primary voltage and frequency
regulation of the AC-bus is the main responsibility of a diesel generator using a governor and AVR,
i.e., in grid-forming mode. In order to provide the desired active and reactive power for the system,
the PV unit is operating in PQ-control mode or grid-following mode. However, due to the considerable
difference between the inertia of a diesel generator and a PV unit, the power mismatch between the
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supply and demand can easily happen. This leads to voltage and frequency deviations which might
have severe consequences on critical loads.
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In order to resolve the short-term voltage and frequency variation issues, a BESS-based DG is
employed to balance the power generation and consumption by injecting and absorbing the active
and reactive power. To this end, two different PLE droop characteristics, i.e., P-f and Q-v, are defined
for BESS to cooperate in voltage and frequency regulation in the case of abnormalities. During the
steady-state condition, the voltage and frequency of the AC-bus, i.e., vM and fM, are regulated at
their desired values, i.e., v∗M and f ∗M, and thus, based on the implemented droop characteristics,
the BESS-based DG is not designed to cooperate in the steady-state voltage and frequency regulation.
However, since v∗M and f ∗M are not fixed at their desired values during transients, this DG can participate
in voltage and frequency restoration. Under such conditions, this DG injects and absorbs the active
and reactive power based on the proposed approach, resulting in an improved dynamic response
compared with linear characteristics, as shown in Section 5.

3. Frequency Dynamic-Response Improvement

This section investigates the solutions to achieve an enhanced frequency response for islanded
microgrids during transients. First, a brief overview of the frequency dynamic-response of the system
along with implemented P-f droops, i.e., linear and PLE, is presented, and then a further explanation
of the proposed PLE characteristic is provided.

3.1. Frequency Dynamic-Response of the System

The frequency variations of the AC-bus during the settling time of ts are depicted in Figure 3a.
These frequency oscillations can be a result of abnormal conditions such as the step change in load
demand, variations of solar irradiance, and transitions from grid-connected to islanded modes. At point
A, the system operates at its desired frequency, f ∗M. Nevertheless, during the transients, the AC-bus
frequency oscillates. As an example, at point B, the frequency of an AC-bus is lower than its desired
value, while at point C, the system suffers from high frequency. Consequently, as shown in Figure 3b,
in order to reduce these short-term variations, linear and PLE P-f characteristics can be employed
in BESS to compensate for the active power imbalance between supply and demand. In Figure 3b,
the trajectory of a linear P-f droop is depicted by the red line, and the blue line is the trajectory of the
introduced PLE droop. Both linear and PLE droops are defined within the same frequency and active
power range. In other words, they both have the same start point and end point. Comparing linear
and PLE trajectories leads to the fact that employing the PLE droop results in injecting/absorbing more
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active power during abnormalities, for the faster adjustment of the frequency variations. This leads to
an improved frequency dynamic response and stability enhancement of the overall system.
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Depending on the frequency of the AC-bus, three operation modes can be considered for
BESS: discharging mode, charging mode, and idle mode. During under frequency, i.e., fM < f ∗M,
the BESS-based DG operates in discharging mode, i.e., ∆P > 0, to provide the deficit active power
caused by considerable inertia difference between DGs. Moreover, during over frequency, i.e., fM > f ∗M,
the BESS-based DG operates in charging-mode, i.e., ∆P < 0, and absorbs the extra active power in the
system to maintain the frequency. During the steady-state condition, the system works at its desired
frequency, i.e., fM = f ∗M, and hence, the BESS-based DG is in idle mode, i.e., ∆P = 0.

According to Figure 3b, the injected and absorbed active power by BESS for the linear P-f
characteristic with the droop coefficient of mP can be obtained as follows:

∆Plin =
f ∗M − fM

mP
(1)

where fM and f ∗M are the frequency of AC-bus and its desired value, respectively. The injected power,
∆Plin, must be positive (battery discharging mode) for fM < f ∗M, i.e., ∆Plin = ∆Pd_lin > 0, and the
absorbed power must be negative (battery charging-mode) for fM > f ∗M, i.e., ∆Plin = ∆Pc_lin < 0.

3.2. PLE P-f Droop

The upper and lower limits of frequency, i.e., fM_max and fM_min, and the range of active
power for BESS-based DG are predefined. Therefore, a possible solution to improve the frequency
dynamic-behavior of the system is to establish a new trajectory instead of a linear trajectory.
In discharging mode, the start point, i.e., f ∗M, and end point, i.e., fM_min, can be connected by a
quarter ellipse centered at fM_min, whose horizontal radius is ∆Pd_max and the vertical radius is
f ∗M − fM_min. Herein, ∆Pd_max is the maximum active power that can be provided by BESS, which can
be calculated from (1) as follows:

∆Pd_max =
f ∗M − fM_min

mP
> 0 (2)
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Therefore, considering the aforementioned quarter ellipse, the active power provided by BESS
during the discharge mode can be obtained as follows:

∆Pd_ellip =

√√√√(
f ∗M − fM_min

)2
− ( fM − fM_min)

2

m2
P

> 0 (3)

Similarly, the trajectory between f ∗M and fM_max during the charging can be defined as a quarter
ellipse centered at fM_max, with the horizontal radius of ∆Pc_max and vertical radius of fM_max − f ∗M.
Considering the specified value of droop coefficient, i.e., mP, ∆Pc_max is the maximum active power
that can be absorbed by BESS, and can be obtained from (1) as follows:

∆Pc_max =
f ∗M − fM_max

mP
< 0 (4)

As a result, the active power absorbed by BESS during the charge mode can be formulated as follows:

∆Pc_ellip = −

√√√√(
f ∗M − fM_max

)2
− ( fM − fM_max)

2

m2
P

< 0 (5)

Since the slope of elliptic trajectory is zero at the desired frequency, a narrow linear region should
be considered around the desired frequency as follows:

∆Plin2 =
f ∗M − fM

mP2
(6)

where mP2 is the droop coefficient of a narrow linear trajectory that should constantly be less than mP.

4. Voltage Dynamic-Response Improvement

This section presents the PLE droop to achieve an enhanced voltage profile for islanded microgrids
during transients. The frequency and voltage dynamic supports are added to the smart inverter fed
by BESS as ancillary services, see Figure 4. The PLE droop for voltage is very similar to PLE for
the frequency dynamic supports, but for the continuity in the discussion, PLE for voltage is briefly
formulated in the following.
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The continuity in the voltage variations of the AC-bus leads to significant operational challenges
for ensuring the stability of the system. Figure 5 shows these voltage fluctuations during severe
conditions, and the corresponding linear, i.e., the red line, and PLE, i.e., the blue line, Q-v droops.
Similar to the previous section, both linear and PLE droops have the same start point and end point.
Besides, utilizing the PLE droop results in injecting/absorbing more reactive power during transients,
leading to an improved voltage profile of the system. At point A, the system operates at its desired
voltage, i.e., vM = v∗M, and thus, the BESS is in idle mode, i.e., ∆Q = 0. However, at point B, the AC-bus
voltage falls below its desired value, i.e., vM < v∗M, and hence, the BESS-based DG operates in capacitive
mode, i.e., ∆Q > 0, to inject the deficit reactive power into the system. On the other hand, at point C,
the AC-bus voltage increases over its desired value, i.e., vM > v∗M, and the BESS-based DG operates in
inductive mode, i.e., ∆Q < 0, to restore voltage by absorbing the extra reactive power in the system.
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For the linear Q-v droop with the droop coefficient of mQ, i.e., the red line in Figure 5b,
the injected/absorbed reactive power by BESS can be calculated as follows:

∆Qlin =
v∗M − vM

mQ
(7)

where vM and v∗M are the voltage of the AC-bus and its desired value, respectively. The injected reactive
power, ∆Qlin, must be positive (battery capacitive-mode) for vM < v∗M, i.e., ∆Qlin = ∆Qc_lin > 0,
and the absorbed reactive power must be negative (battery inductive-mode) for vM > v∗M,
i.e., ∆Qlin = ∆Qi_lin < 0. Similarly, the PLE Q-v characteristic can be formulated as follows:

∆Qc_ellip =

√√√√√(
v∗M − vM_min

)2
− (vM − vM_min)

2

m2
Q

> 0 (8)

∆Qi_ellip = −

√√√√√(
v∗M − vM_max

)2
− (vM − vM_max)

2

m2
Q

< 0 (9)
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Notice, the slope of the elliptic trajectory is zero at the desired voltage. Thus, a narrow linear
region is defined around the desired voltage as follows:

∆Qlin2 =
v∗M − vM

mQ2
(10)

where mQ2 is the droop coefficient of a narrow linear trajectory which should always be chosen less
than mQ.

5. Results and Discussion

In the following subsections, different case studies are presented to compare the performance
of linear and PLE droops. The detailed model of islanded microgrid, shown in Figure 2, has been
developed in an PSCAD/EMTDC environment. The droop coefficients are given in Table 1. Due to
the fast response of BESS, the linear (with and without a dead band) and PLE characteristics are
implemented in it to inject the active/reactive power during the under frequency/voltage, and absorb
the active/reactive power in case of the over frequency/voltage.

Table 1. System parameters.

Parameter Value

D
istributed

G
eneration

(D
G

)U
nits

Battery operating voltage range 360–600 V

Battery rated energy 101 kWh

PV maximum power 50 kW

Diesel generator maximum
power 127 kW

Diesel generator inertia
constant (H) 0.3 s

Linear
and

PLE
D

roops

f ∗M 60 Hz

fM_min 58 Hz

fM_max 62 Hz

v∗M (line-to-line) 480 V

vM_min (line-to-line) 400 V

vM_max (line-to-line) 560 V

mP 0.05 Hz/kW

mP2 0.02 Hz/kW

mQ 13 V/kVAr

mQ2 4 V/kVAr

5.1. Linear Droop with and without Dead Band

The first case study investigates the dynamic performance of the system with and without the
implementation of dead band in linear droop characteristics. Due to the islanding operation of the
microgrid, the primary regulation of voltage and frequency is the main responsibility of a diesel
generator. The active and reactive power demand, i.e., PD and QD, are initially 30 kW and 10 kVAr.
At t = 150 s, the active and reactive power demand step up to 120 kW and 30 kVAr. As one can observe
in Figure 6, both voltage and frequency profiles are improved in the absence of dead bands, which is
due to the injection/absorption of more active and reactive power during transients. It can be observed
that the frequency overshoot decreases from 60.27 to 60.05 Hz, while the voltage drop is increased
from 384.8 to 410.4 V.
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5.2. PLE Droop versus Linear Droop for Load Step Change

This case study compares the effect of employing linear and PLE droops on the dynamic
performance enhancement of the system when there is a step change in load demand. The load
step change is the same as the previous case study, and as shown in Figure 7a,b, the proposed PLE
droops help the system to have enhanced frequency and voltage responses with shorter settling times.
Compared with the case of a linear P-f droop, implementing the PLE P-f droop results in improving the
frequency nadir by about 0.25 Hz, see Figure 7a. Moreover, as illustrated in Figure 7b, the fluctuations
of the AC-bus voltage are significantly mitigated by employing the proposed PLE Q-v droop, while the
voltage amplitude is reduced by about 20 V. This enhancement in the dynamic response of the system is
because of the injecting/absorbing more active and reactive power by BESS, i.e., ∆P and ∆Q, when the
PLE droops are applied, see Figure 7c,d. The active and reactive power of the load, i.e., the PL and QL,
are shown in Figure 7e,f, respectively, comparing the linear and PLE droops. It can be observed that by
utilizing the PLE droop, the system needs less amount of time to meet the new load demand, while the
active and reactive power oscillations of the load are mitigated. Table 2 summarizes the comparison
between the effect of utilizing linear and PLE droops on the dynamic performance enhancement of
islanded microgrid, based on the results demonstrated in Figure 7. From Table 2, utilizing the proposed
PLE droops results in a remarkable improvement in the dynamic behavior of the microgrid for a step
change in load demand.

Table 2. Dynamic performance comparison of linear and PLE droops for a step change in load demand.

With Linear With PLE

Settling Time Over Shoot Settling Time Over Shoot

fM 3 s 0.1371 Hz 2 s 0.0472 Hz
vM 4 s 30 V 2.5 s 10 V
PL 4 s 17 kW 3 s 9 kW
QL 4 s 5 kVAr 3 s 2 kVAr

5.3. PLE Droop versus Linear Droop for the Transition from Grid-Connected to Islanded Mode

The vulnerability of islanded microgrids to the voltage and frequency variations compared with
grid-connected microgrids is due to the presence of low-inertia power generation units. The viability
of proposed PLE droops in reducing the short-term voltage and frequency fluctuations during the
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transition from grid-connected to islanded mode is investigated in this case study. The load demand
does not change during this case study (PD = 60 kW and QD = 20 kVAr). The microgrid is initially
connected to the grid, and at t = 150 s, the grid operator disconnects it from the main grid.

Figure 8 compares the effect of employing linear and PLE droops in the dynamic-response
enhancement of a microgrid. As can be found from Figure 8a, with the implementation of a PLE
P-f droop, the frequency is restored faster, while the frequency overshoot is decreased from 61.1 Hz
to 60.8 Hz. Similarly, as shown in Figure 8b, the proposed PLE Q-v droop suppresses the voltage
fluctuations of an AC-bus during the transition from grid-connected to islanded mode, while the
voltage amplitude is reduced from 540 V to 523 V. Moreover, without the implementation of PLE
droop, the system requires almost 9 s to restore the voltage. However, the proposed PLE droop helps
the system to restore the AC-bus voltage in less than 5 s, see Figure 8b. As illustrated in Figure 8c,d,
when the system is connected to the grid, the injected/absorbed active and reactive power by BESS,
i.e., ∆P and ∆Q, are almost equal to zero, and this is due to the tight regulation of both voltage and
frequency at their desired values by the utility grid. Nevertheless, after transferring to islanded
mode, the BESS starts injecting/absorbing active and reactive power. It can be seen that more active
and reactive power are injected/absorbed by BESS when the PLE droops are employed, leading to
a significant reduction in voltage and frequency variations. Finally, the fluctuations of PL and QL

are analyzed in Figure 8e,f, respectively, comparing the linear and PLE droops. It can be seen that
equipping BESS with the proposed PLE droops leads to a significant reduction in fluctuations of PL

and QL during transients. Table 3 investigates the effect of utilizing the proposed PLE droops in the
dynamic performance improvement of a microgrid based on the results demonstrated in Figure 8.
The provided comparison analysis in Table 3 indicates that the proposed PLE droops are an effective
solution for dealing with the stability challenges and improving the dynamic behavior of islanded
microgrids during the transition from grid-connected to an islanded mode of operation.Electronics 2020, 9, x FOR PEER REVIEW  10  of  14 
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reactive power.

Table 3. Dynamic performance comparison of linear and PLE droops during transition from
grid-connected to islanded mode.

With Linear With PLE

Settling Time Over Shoot Settling Time Over Shoot

fM 7 s 1.1 Hz 3 s 0.8 Hz
vM 9 s 70 V 5 s 53 V
PL 8 s 15 kW 4 s 10 kW
QL 9 s 6 kVAr 4 s 4 kVAr

5.4. Change in the Length of Narrow Linear Regions

This case study investigates the effect of change in the length of narrow linear regions on the
dynamic behavior of the system. As shown in Figures 1 and 3–5, the proposed PLE droops include
narrow linear regions around the desired voltage and frequency. The presence of narrow linear regions
prevents the abrupt changes in the active and reactive power injected/absorbed by BESS for small
variations of voltage and frequency. As the result, a smoother operation by BESS during short-term
transients can be achieved. Figures 9 and 10 demonstrate the effect of change in the droop coefficients
of narrow linear regions, i.e., mP2 and mQ2, on the mitigation of the frequency and voltage variations,
respectively, when there is a step change in load demand. An increase in mP2 and mQ2 results in an
increase in the length of narrow linear regions. In other words, increasing mP2 and mQ2 adds more
linearity to the PLE droops which results in the injection/absorption of a lesser amount of active
and reactive power during transients. Thus, in order to achieve an enhanced dynamic behavior,
smaller values of mP2 and mQ2 are preferable. However, due to the sudden changes in the active and
reactive power of BESS for very small values of mP2 and mQ2 (or extremely narrowed linear regions),
the minimum allowable values of mP2 and mQ2, i.e., mP2_min and mQ2_min, are required. Figures 9
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and 10 illustrate mP2_min and mQ2_min, at which there is a trade-off between the linearity of the PLE
droops and the dynamic-response enhancement of the system.
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6. Conclusions

In this paper, the supportive role of BESS in enhancing the dynamic behavior of islanded microgrids
during abnormalities was investigated. Due to the high implementation of low-inertia DG units,
islanded microgrids are vulnerable to voltage and frequency variations. In addition, due to the
presence of both synchronous-based and inverter-based DGs with a considerable difference in inertia,
a power mismatch between supply and demand during transients is inevitable. This leads to voltage
and frequency deviations with severe consequences such as blackouts. To this end, two PLE droops,
i.e., P-f and Q-v, have been suggested for BESS to suppress the voltage and frequency variations
during abnormalities such as a load step change and transition from grid-connected to islanded mode.
Utilizing the proposed droops turns the conventional inverter employed in BESS into a smart inverter
capable of coping with short-term transients. It has been indicated that any linear droop characteristic
with a specified droop coefficient can be replaced by a PLE droop using the proposed approach in this
paper. In comparison with conventional linear droops, equipping the BESS with proposed PLE droops
has resulted in a considerable reduction in voltage and frequency deviations. Several case studies
have been carried out to confirm the merits of presented PLE droops in the dynamic-performance
enhancement of islanded microgrids.
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Dikeakos, C.; Michael, M.; Tapakis, R.; et al. Synchrophasor based monitoring system for grid interactive
energy storage system control. In The International Symposium on High Voltage Engineering; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 95–106.

17. Guan, Y.; Vasquez, J.C.; Guerrero, J.M.; Wang, Y.; Feng, W. Frequency stability of hierarchically controlled
hybrid photovoltaic-battery-hydropower microgrids. IEEE Trans. Ind. Appl. 2015, 51, 4729–4742. [CrossRef]

18. Mondal, A.; Illindala, M.S. Improved frequency regulation in an islanded mixed source microgrid through
coordinated operation of DERs and smart loads. IEEE Trans. Ind. Appl. 2018, 54, 112–120. [CrossRef]

19. Sun, C.; Joos, G.; Bouffard, F. Adaptive coordination for power and SoC limiting control of energy storage in
islanded AC microgrid with impact load. IEEE Trans. Power Deliv. 2019, 35, 580–591. [CrossRef]

20. Tran, Q.T.T.; di Silvestre, M.L.; Sanseverino, E.R.; Zizzo, G.; Pham, T.N. Driven primary regulation for
minimum power losses operation in islanded microgrids. Energies 2018, 11, 2890. [CrossRef]

21. Mercier, P.; Cherkaoui, R.; Oudalov, A. Optimizing a battery energy storage system for frequency control
application in an isolated power system. IEEE Trans. Power Syst. 2009, 24, 1469–1477. [CrossRef]

http://dx.doi.org/10.1109/ACCESS.2017.2788818
http://dx.doi.org/10.1109/TPWRS.2013.2280659
http://dx.doi.org/10.1109/TIE.2018.2874594
http://dx.doi.org/10.1109/TSTE.2015.2509031
http://dx.doi.org/10.1109/TPEL.2017.2778104
http://dx.doi.org/10.1109/TPWRD.2011.2177102
http://dx.doi.org/10.1109/TEC.2017.2743105
http://dx.doi.org/10.1109/TIA.2017.2761833
http://dx.doi.org/10.1109/TSG.2012.2223245
http://dx.doi.org/10.1109/TPWRD.2011.2114372
http://dx.doi.org/10.1109/ACCESS.2020.3020965
http://dx.doi.org/10.1109/TIA.2018.2865483
http://dx.doi.org/10.1109/TIA.2015.2458954
http://dx.doi.org/10.1109/TIA.2017.2761825
http://dx.doi.org/10.1109/TPWRD.2019.2916034
http://dx.doi.org/10.3390/en11112890
http://dx.doi.org/10.1109/TPWRS.2009.2022997


Electronics 2020, 9, 1755 14 of 14

22. Frack, P.F.; Mercado, P.E.; Molina, M.G.; Watanabe, E.H.; de Doncker, R.W.; Stagge, H. Control strategy
for frequency control in autonomous microgrids. IEEE J. Emerg. Sel. Top. Eelectron. 2015, 3, 1046–1055.
[CrossRef]

23. Eliassi, M.; Torkzadeh, R.; Mazidi, P.; Rodriguez, P.; Pastor, R.; Vita, V.; Zafiropoulos, E.; Dikeakos, C.;
Michael, M.; Tapakis, R.; et al. Conflict of Interests Between SPC-Based BESS and UFLS Scheme Frequency
Responses. In The International Symposium on High Voltage Engineering; Springer: Berlin/Heidelberg, Germany,
2019; pp. 61–72.

24. Pilehvar, M.S.; Mirafzal, B. A frequency control method for islanded microgrids using energy storage systems.
In Proceedings of the 2020 IEEE Applied Power Electronics Conference and Exposition (APEC), New Orleans,
LA, USA, 15–19 March 2020; pp. 2327–2332.

25. Datta, M.; Senjyu, T.; Yona, A.; Funabashi, T.; Kim, C.-H. A frequency-control approach by photovoltaic
generator in a PV–diesel hybrid power system. IEEE Trans. Energy Convers. 2011, 26, 559–571. [CrossRef]

26. Elmitwally, A.; Rashed, M. Flexible operation strategy for an isolated PV-diesel microgrid without energy
storage. IEEE Trans. Energy Convers. 2011, 26, 235–244. [CrossRef]

27. Farrokhabadi, M.; Cañizares, C.A.; Bhattacharya, K. Frequency control in isolated/islanded microgrids
through voltage regulation. IEEE Trans. Smart Grid 2017, 8, 1185–1194. [CrossRef]

28. Pilehvar, M.S.; Shadmand, M.B.; Mirafzal, B. Analysis of smart loads in nanogrids. IEEE Access 2019, 7,
548–562. [CrossRef]

29. Pilehvar, M.S.; Shadmand, M.B.; Mirafzal, B. Smart loads for power quality and battery lifetime improvement
in nanogrids. In Proceedings of the 2019 IEEE Applied Power Electronics Conference and Exposition (APEC),
Anaheim, CA, USA, 17–21 March 2019; pp. 2029–2034.

30. Alobeidli, K.A.; Syed, M.H.; el Moursi, M.S.; Zeineldin, H.H. Novel coordinated voltage control for hybrid
micro-grid with islanding capability. IEEE Trans. Smart Grid 2015, 6, 1116–1127. [CrossRef]

31. Esmaeilian, H.R.; Fadaeinedjad, R. A remedy for mitigating voltage fluctuations in small remote wind-diesel
systems using network theory concepts. IEEE Trans. Smart Grid 2018, 9, 4162–4171. [CrossRef]

32. Kim, J.Y.; Jeon, J.; Kim, S.-K.; Cho, C.; Park, J.H.; Kim, H.-M.; Nam, K.-Y. Cooperative control strategy of
energy storage system and microsources for stabilizing the microgrid during islanded operation. IEEE Trans.
Power Electron. 2010, 25, 3037–3048.

33. Kim, Y.-S.; Kim, E.-S.; Moon, S.-I. Frequency and voltage control strategy of standalone microgrids with
high penetration of intermittent renewable generation systems. IEEE Trans. Power Syst. 2016, 31, 718–728.
[CrossRef]

34. Ibrahim, H.M.; el Moursi, M.S.; Huang, P.-H. Adaptive roles of islanded microgrid components for voltage
and frequency transient responses enhancement. IEEE Trans. Ind. Inform. 2015, 11, 1298–1312. [CrossRef]

35. Soni, N.; Doolla, S.; Chandorkar, M.C. Improvement of transient response in microgrids using virtual inertia.
IEEE Trans. Power Deliv. 2013, 28, 1830–1838. [CrossRef]

36. Chen, F.; Burgos, R.; Boroyevich, D.; Vasquez, J.C.; Guerrero, J.M. Investigation of nonlinear droop control
in DC power distribution systems: Load sharing, voltage regulation, efficiency, and stability. IEEE Trans.
Power Electron. 2019, 34, 9404–9421. [CrossRef]

37. Cingoz, F.; Elrayyah, A.; Sozer, Y. Plug-and-play nonlinear droop construction scheme to optimize islanded
microgrid operations. IEEE Trans. Power Electron. 2016, 32, 2743–2756. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/JESTPE.2015.2439053
http://dx.doi.org/10.1109/TEC.2010.2089688
http://dx.doi.org/10.1109/TEC.2010.2082090
http://dx.doi.org/10.1109/TSG.2015.2479576
http://dx.doi.org/10.1109/ACCESS.2018.2885557
http://dx.doi.org/10.1109/TSG.2014.2372795
http://dx.doi.org/10.1109/TSG.2017.2652438
http://dx.doi.org/10.1109/TPWRS.2015.2407392
http://dx.doi.org/10.1109/TII.2015.2479580
http://dx.doi.org/10.1109/TPWRD.2013.2264738
http://dx.doi.org/10.1109/TPEL.2019.2893686
http://dx.doi.org/10.1109/TPEL.2016.2574202
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	System Description 
	Frequency Dynamic-Response Improvement 
	Frequency Dynamic-Response of the System 
	PLE P-f Droop 

	Voltage Dynamic-Response Improvement 
	Results and Discussion 
	Linear Droop with and without Dead Band 
	PLE Droop versus Linear Droop for Load Step Change 
	PLE Droop versus Linear Droop for the Transition from Grid-Connected to Islanded Mode 
	Change in the Length of Narrow Linear Regions 

	Conclusions 
	References

