
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 4, APRIL 2017 2743

Plug-and-Play Nonlinear Droop Construction
Scheme to Optimize Islanded Microgrid Operations
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Abstract—The operating cost of islanded microgrids (µGs) can
be minimized by performing an optimal power sharing among the
distributed generators (DGs). In this study, a plug-and-play opti-
mization scheme (PPOS) for developing nonlinear droop relations
is proposed to achieve an optimal power sharing among DGs in is-
landed µGs. The PPOS constructs optimal nonlinear relations for
each DG, which are used as nonlinear droop curves that adjusts
the output power of the DGs subsequent to any load variation to
minimize the µG operating cost effectively. The construction of
nonlinear droop relations in the PPOS is performed individually
for each DG by optimizing each one against hypothetical DGs.
This approach provides an indirect optimization among different
DGs in the µG network and ensures an operating cost minimiza-
tion irrespective of the µG topology. An islanded µG topology has
been developed and simulated in MATLAB/Simulink environment
to verify the effectiveness of the proposed method and the perfor-
mance of the nonlinear droop control. An experimental study has
also been conducted on a µG test bed to prove the effectiveness of
the nonlinear power sharing and to verify the performance of the
nonlinear droop control in the µG operating cost minimization.

Index Terms—Microgrids, nonlinear droop control, plug-and-
play optimization.

I. INTRODUCTION

THE rapid development in global industry and economy
increased the world demand for energy in the last two

decades and in the future as well, e.g., 85% increase in en-
ergy consumption is projected in coming three decades by U.S.
Energy Information Administration (EIA) [1]. Conventional en-
ergy sources, particularly fossil fuel based, have introduced a
satisfactory response to energy demand growth. However, en-
vironmental pollution and global warming became inevitable
threats due to continuous increase in greenhouse gas emissions.
The growth in the demand in addition to different environmental
and economic concerns have motivated researchers to consider
the adoption of installing alternative energy sources integrated
in a distributed fashion, and thus, they are called distributed
generators (DGs).The notion of distributed generation supports
improved power quality [2], reliability [2]–[4], stability [5],
efficiency [6]–[9], and expandability [10] compared to central-
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Fig. 1. General psychical configuration and control hierarchy of a μG.

ized generation. These advantages are better realized through
microgrids (μGs) in which DGs, loads and energy-storage
units are effectively integrated together at distributed voltage
level [6]–[9]. Microgrids are defined as controllable small-
scale power networks that can operate either in grid-tied or
islanded operation modes.

Having various DGs with different properties connected to
the same distribution system differentiates the μGs from the
conventional central power networks. Many types of DGs (e.g.,
IC-engine generators, microturbines, and fuel cells) with power
rating that is in the range of few kilowatts up to megawatts
can be interfaced with the μGs network through power elec-
tronic inverters. Inverter based μGs introduce higher operation
flexibility and controllability compared to conventional power
systems. However, inverter-based sources have low inertia, mak-
ing the μGs more sensitive to network disturbances in contrast
to the traditional power networks [11], [12]. Furthermore, the
intermittent nature of renewable type DGs (e.g., wind turbines,
photovoltaic panels) in μGs complicates the power management
and may jeopardize their stability [12]. Accordingly, different
control structures have been developed to achieve stable and
cost-effective μG operation [9], [13]–[19]. A structural control
system for μGs has been recently introduced where such a sys-
tem consists of three main control levels, namely, the primary,
the secondary, and the tertiary [11], [20]. Fig. 1 shows the overall
μG configuration and control levels in the hierarchical structure.

The μG dynamics such as frequency and bus voltage are
mainly dictated by the utility grid in grid-tied mode operation.



2744 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 4, APRIL 2017

However, in case of islanded μGs, its dynamics are greatly in-
fluenced by the DGs and their power management and control
systems [11], [20]. In the islanded μGs, any power mismatch
may lead to voltage and frequency instability. Thus, the primary
control, which is the first and most significant control level in
Fig. 1, is essentially designed to stabilize the frequency and
voltage in the islanded μGs while providing autonomous load
sharing among DGs. In addition, the primary control terminates
undesired circulating currents autonomously without the need
of an explicit communication system [11], [20]. On the other
hand, the secondary control is particularly employed to com-
pensate for the frequency and voltage deviations produced by
the local control loops in the primary control level. This task
is required to realize the synchronization between the islanded
μG with the utility grid whenever needed. As a last control
level, the tertiary control level regulates the power flow between
the μG and the utility grid to achieve an economical operation
in grid-tied μGs [11]. However, in the islanded μGs, the main
objective as explained before has been to provide autonomous
power sharing among DGs proportional to their power ratings.
To carry out such power sharing, linear droop control technique
has been effectively utilized as a local controller in the primary
control level. It will be shown in this paper that although this
droop control technique has the advantages of simplicity, reli-
ability and flexibility, the islanded μG operating cost may not
be optimized effectively due to variety and nonlinearity in the
relation between the produced power and the operation cost of
the various DGs. To address the issue of cost-effective islanded
μG operation, different droop techniques have been studied in
the literature [21]–[29]. In [21], dynamic droop control has been
proposed to optimize the power sharing among the DGs and ac-
cordingly, minimize the overall fuel consumption in the islanded
μGs. Despite the fact that this type of droop scheme successfully
increases the economic benefits, it requires a centralized com-
munication network, which increases the complexity, failure
risk, and the cost of the μG [21]. Therefore, several alternative
methods have been introduced to provide cost-effective μG op-
eration without the need of communication network [22]–[29].
In [22], a single operating cost function is selected as a refer-
ence among the operating cost functions defined for all DGs to
determine the values of offset parameters for each DG. Then,
these offset values are included into the conventional droop re-
lation to construct a cost-effective nonlinear droop relation for
each DG. This method has been further improved in [23] and
[24], in which the droop relation of each DG has been for-
mulated based on its associated operating cost function. It has
been shown that the nonlinear droop relations formulated by
this cost-function-based method (CFB) are better to track the
cost variations of the DGs and, thus, introduce improved oper-
ating cost reduction. As a solution to complexity and accuracy
issues in nonlinear droop relations, maximum and mean cost-
based (MCB) methods have been introduced in [25]. Unlike the
other methods introduced in [22]–[24], the MCB method for-
mulates cost-effective linear droop relations in which the droop
coefficients are determined based on either maximum or mean
operating cost values of the DGs. These methods proposed in
[22]–[25] are simple and cost effective; however, formulating

the droop relations according to the operating cost characteris-
tics of the DGs could be allowed to have a more general shape
such that more flexibility in constructing the optimal nonlinear
droop relations can be achieved for better cost saving. In [26]
and [27], a nonlinear-function-based (NFB) method has been
proposed to offer more flexibility in constructing the nonlinear
droop relations such that more cost saving in the μG operation
can be realized. In this method, the nonlinear droop relations
are mathematically defined as a combination of functions where
each one is represented by a source power raised to an integer
and fractional exponent. Then, the coefficients of the power
functions are specified through a heuristic optimization tech-
nique called particle swarm optimization (PSO) to construct the
optimal nonlinear droop relations for each DG. This method is
slightly more complicated, but it provides better nonlinear droop
relations to be implemented in droop control and, consequently,
leads to improved cost-effective μG operation. However, the
optimization problem defined for the NFB method lacks the
proper consideration for different constraints, which may result
in frequency sensitivity degradation in the μG. In addition, the
NFB method forces all the nonlinear droop curves of all DGs to
start from one point and end at the same point, which limits the
flexibility in constructing the optimal nonlinear droop curves
or relations. As the major drawback of the NFB method, any
modification in the active DGs requires the entire optimization
problem to be redefined and solved again, which incapacitates
the plug-and-play capability of the droop control method.

The main target of these methods mentioned above is to for-
mulate optimal droop relations that minimize the total operating
cost of the μG system considering that all participating DGs are
preferred to be continuously online. There exist other methods
proposed in [28] and [29] in which the droop relations are for-
mulated such that DGs with high operating cost are switched off
autonomously during light loadings and operated only at high
loadings. In [28], the droop relation of each DG is formulated
using its associated no-load operating cost value, which gives
higher dispatch priorities to the DGs introducing relatively lower
no-load operation costs. This method has been further improved
in [29] by formulating the droop relations based on several fac-
tors rather than only no-load operating cost. Droop relations
are constructed using the information of operating costs, num-
ber of the DGs, and their power ratings and taking some con-
straints, i.e., online power reserve, power limits, into account.
These methods introduced in [28] and [29] offer considerable
cost savings particularly when no loading operating costs are
taken into account. This paper focuses on developing a similar
method proposed in [22]–[27] to minimize the total operating
cost in a μG where the DGs are desired to be operated contin-
uously for all possible loading conditions. In this paper, a new
method named as plug-and-play optimization scheme (PPOS)
is proposed as an extension of the NFB method to realize a
flexible, and a topology independent nonlinear droop relation
construction. As the main improvement, the proposed method
is aimed to construct the optimal nonlinear droop relations for
every DG independently without considering the cost and/or
droop relations of the other DGs in the μG network. This is
carried out by optimizing each DG against some user-defined
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Fig. 2. Equivalent circuit of two DG units connected to μG common bus
through inductive lines.

(hypothetical) DGs whose droop relations and operation cost
functions are predefined and used as reference. In this way, it is
expected that the μG operating cost will be successfully min-
imized while maintaining the plug-and-play capability of the
nonlinear droop control.

The paper is organized as follows. In Section II, the basic
concepts of the linear droop and the other proposed droop tech-
niques are discussed in details. Then, the method of the con-
struction of the optimal nonlinear droop relations is introduced
in Section III. The PSO and its implementation are also covered
in the same section. The basic principles and implementation
of the proposed method is introduced in Section IV. The sta-
bility analysis of nonlinear droop-controlled μG is discussed
in the Section V. The performance of the proposed method is
investigated through the case studies conducted in Section VI.
In addition, simulation and experimental studies are presented
in Section VII to verify the effectiveness of the nonlinear droop
control in the μG operating cost minimization. Finally, the paper
is concluded in Section VIII.

II. DROOP CONTROL TECHNIQUES

The droop control is one of the most widely used methods
in the islanded μGs which regulates frequency and voltage to
adjust the amount of the power flow among the DGs. The foun-
dation of the droop concept can be understood from a simplified
model of a DG connected to a μG through inductive lines, as
shown in Fig. 2.

The voltage of the ith DG unit here can be expressed as
vDG i

=
√

2 Ei sin(ωt + δi). Assuming that the μG common-
bus voltage as a reference voltage (Vo ), the output active and
reactive power (Pi and Qi) of ith DG unit can be calculated as

Pi =
EiVo sin δi

XLi
Qi =

Vo (Ei cos δi − Vo)
XL i

(1)

where Ei is the magnitude of the ith DG unit voltage and XLi is
the coupling line impedance. Here, the phase difference between
the ith DG unit and bus voltage (δi) are usually very small
and accordingly, the assumptions of sin δi ≈ δi and cos δi ≈ 1
can be made. Based on these assumptions, it is clear that the
produced active power is mainly dependent on δi , which can
be easily manipulated by controlling the frequency of inverters.
On the other hand, the reactive power generation is mainly
dependent on the voltage difference (Ei − Vo ), which can be
controlled by adjusting Ei . Therefore, the frequency and voltage
parameters of DGs are effectively used in droop control to
regulate the amount of the power generation. In droop control,
the frequency and voltage regulation are basically performed by
applying a negative feedback in the frequency and the voltage of

the DG according to the produced active and reactive power. In
the literature, three different droop control methods have been
proposed: linear, dynamic and nonlinear droop control [21]–[29]
for different purposes.

Linear droop control (also known as conventional droop con-
trol) is typically implemented at each DG unit as a local con-
troller in the primary control level (see Fig. 1) and designed to
fulfill the following tasks [11], [30]–[35]:

1) frequency and voltage regulation in islanded μGs;
2) proportional power sharing among the DGs without the

need of a communication link;
3) introducing plug-and-play capability for DGs;
4) mitigation of undesired circulating currents among the

DGs.
Linear droop controller achieves these tasks by performing

frequency and voltage regulations using the following relations:

fopt = fi = fref − kp,iPi (2)

Ei = Eref − kq,iQi (3)

where fi and Ei are the actual frequency and voltage of the
ith DG, respectively. The constant parameters fref and Eref are
the predefined reference frequency and voltage values, respec-
tively, and the values kp,i and kq,i are the frequency and voltage
droop coefficients. Since the frequency is a universal signal over
the μG, frequencies of all DGs have the same value as the μG
operating frequency (fopt) at steady-state operation regardless
of μG topology. Hence, the amount of the frequency droops of
all DGs is equal to each other at steady-state operation, i.e.,
kp,1 P1 = kp,2 P2 = . . . = kp,Ns

PNs
. This fact allows the

linear droop controller to perform a precise proportional active
power sharing among the DGs by selecting the kp,i values based
on the active power ratings of the DGs [11]. On the other hand,
the voltage is not a universal signal, and so the linear droop con-
troller may not lead to an accurate proportional reactive power
sharing due to the presence of line impedances. The details of
accurate proportional reactive power sharing will not be cov-
ered in this paper due to its negligible effect on cost-effective
μG operation [22]. Interested readers can find more details in
[11], [13], [18], [19], [34], and [37]. In the case of μG with low
voltage, the coupling lines are mainly resistive. This resistive
line could impose a strong coupling between real and reactive
power. Although this paper focuses mainly on real power shar-
ing as it is the main component that impacts the operating cost,
methods such as [38]–[41] could be used to eliminate the impact
of this coupling on the system dynamics response and stability.
In a linear droop method, the kp,i value for each DG is calculated
as

kp,i = Δfmax/Pi,max (4)

where Pi,max is maximum available power of ith DG, and
Δfmax is the maximum acceptable frequency droop in the μG.
The Δfmax value must be taken into consideration to limit
the frequency deviation at Pi,max [39]. Fig. 3 illustrates the
frequency variation and corresponding power sharing among
two DGs rated differently. As seen from the droop curves, the
positive load variation leads to a slight deviation in fopt , and
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Fig. 3. Operating frequency variation in linear droop-controlled μGs.

the frequencies of both DGs stabilize at a certain value fopt
′.

The projection of fopt
′ value over the droop curves shows how

the new load power is shared between the participating DGs.
As seen, the real power generations of the DGs at any load-
ing condition are always proportional to their power ratings in
the linear droop control method. As mentioned earlier, the lin-
ear droop control is very simple, reliable, and flexible method;
however, linear power sharing based on the power ratings may
not be a cost-effective strategy to minimize the μG operating
cost [21]–[29].

Dynamic droop control method has been introduced in [21]
as an expansion of the linear droop control to reduce the to-
tal fuel cost of DGs in μGs. Unlike the linear droop control
where the predefined reference frequency fref were static, the
dynamic droop control utilizes fref as a dynamic signal in the
control loop to regulate the active power produced by each DG
in a way that the total amount of fuel consumption is reduced in
the μG. In dynamic droop control, a centralized controller is uti-
lized to determine the optimal power for each DG dynamically
corresponding to instant load power. Then, the error between
the instant power and the optimal power is passed through a PI
controller to set the optimal fref value. Dynamic power sharing
strategy introduces improved cost-effective μG operation com-
pared the linear power sharing. However, it requires a centralized
controller, whose single point-of-failure aspect degrades the net-
work reliability. Moreover, the centralized controllers are costly
due to the need of heavy connectivity in communication struc-
tures that covers the whole area of the μG [21], [36], [43]–[46].
Therefore, the idea of nonlinear droop control has been pro-
posed in the literature as an alternative power sharing strategy
to optimize the power sharing among DGs. The main advantage
of the nonlinear droop control over the dynamic control is that
the operation cost in the islanded μGs can be autonomously
minimized without the need of a centralized controller. Nonlin-
ear droop controller performs the optimal power sharing among
the DGs by regulating the frequency as follows:

fopt = fref − fdrp,i (.) . (5)

Here fdrp,i(.) is the frequency droop relation changing as a
function of the active output power of th DG, i.e., fdrp,i(Pi) =

Fig. 4. (a) Operating frequency variation in nonlinear droop method and (b)
nonlinear frequency droop versus normalized active power.

Δfdrp,1 = Δfdrp,i |i = 2,3,...,Ns
, where Ns denotes the num-

ber of the DGs in the μG network. As illustrated in Fig. 4(a),
the power demand is shared nonlinearly among the two non-
linear droop-controlled DGs based on their predefined fdrp,i .
Fig. 4(b) shows the variation in both fdrp,i and produced active
power subsequent to a positive load change. As seen, the total
frequency droop variation Δfdrp,i of each DG are similar at
steady-state operation. In contrast to the linear droop controller
where the droop relations are simply constructed by a constant
frequency droop coefficient selected based on only the power
ratings, here the optimal fdrp,i are required to be constructed
in a way that minimizes the μG operating cost for all possible
loading conditions.

As discussed in [26] and [27], while constructing the opti-
mal fdrp,i for each DG, it must always satisfy the following
characteristics:

1) It should be a monotonic function satisfying the following
property: fdrp,i (Pi) < fdrp,i (Pi + ΔPi), for Pi,ΔPi >
0. This is required to obtain a single droop value for every
loading condition and to provide a negative feedback in
the droop relations. That is needed for stability purposes.

2) It should have a high degree of nonlinearity to improve
the flexibility in constructing nonlinear droop relations.

The CFB method proposed in [23] and [24] constructs the
fdrp,i using the following expression:

fdrp,i = miCi,opt (Pi) (6)

where Ci,opt is operating cost function of ith DG and mi is
the scaling factor that is calculated as mi = Δfmax /Cmax
to limit the frequency variation at mi = Δfmax /Cmax . The
parameter Cmax is the highest operating cost value among
all DGs at their rated power and expressed as Cmax =
max {Ci,opt(Pi,max)}|i = 1,2,...,Ns

. Constructing the droop re-
lations fdrp only based on operating cost functions limit the
flexibility and, accordingly, the cost effectiveness of the non-
linear droop controller. As an alternative approach, the NFB
method defines the fdrp,i as the combination of power func-
tions whose exponents are considered positive integers and/or
positive fractions as shown

fdrp,i(Pi,norm) =
N∑

m=1

(
Khi,m Pm

i,norm + Kli,m P
1/(m+1)
i,norm

)

(7)
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Fig. 5. Components of fdrp , i at different degrees.

where Pi,norm is the normalized output power of the ith DG
calculated as Pi,norm = Pi /Pi,rated and N is the degree of the
fdrp,i function. This approach introduces more flexibility in con-
structing the optimal nonlinear droop relations compared to the
CFB method and, consequently, improves the effectiveness of
the nonlinear droop controller. However, the difficulty in NFB
method is the proper selection of the coefficients Khi,m and
Kli,m so that the optimal nonlinear droop relations minimizing
the μG operating cost can be constructed. The coefficients of
power functions defined in (7) are constrained to be positive
numbers so that the μG stability condition of ∂fi,drp/∂Pi > 0
is always fulfilled for any constructed fdrp,i . Fig. 5 shows some
possible waveforms that can be achieved using the Pm

i,norm and

P
1/(m+1)
i,norm with different exponents. Clearly, various nonlinear

droop relations can be constructed by combining these integer
and fractional power functions with proper Khi,m and Kli,m
coefficient values. Adjusting the coefficients Khi,m and Kli,m
based on this formulation, provides more flexibility in shap-
ing the fdrp,i according to the desired droop behavior. Conse-
quently, one can construct the optimal fdrp,i for each DGi with
the proper selection of these coefficients and realize more cost-
effective μG operation by implementing constructed fdrp,i with
a nonlinear droop controller.

As stated in previous section, the Khi,m and Kli,m+1 pa-
rameters for m = 1, 2, . . . , N and i = 1, 2, . . . , Ns have to
be selected properly in order to achieve a cost-effective μG
operation. Therefore, in [23], the NFB method specifies these
parameters by solving the following optimization problem: se-
lect the values of {Khi,m , Kli,m+1} |m = 1,2,...,N , i = 1,2,...,Ns

that minimize the μG total cost function CμG(.), which is
expressed as

CμG =
k∑

j=1

Ns∑

i=1

Ci,opt (Pi,j )

subject to

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Pi,min ≤ Pi,j ≤ Pi,max

PLoad,j =
Ns∑
i=1

Pi,j

Δfdrp,1 = Δfdrp,i |i=2,3,...,Ns

(8)

where Ci,opt is the operating cost function of the ith DG (DGi),
and Pi,j is the produced power by DGi at the jth loading

Fig. 6. Operating cost relations considered for xth and yth DGs.

condition. The parameters Ns and k represent the total num-
ber of DGs in the μG network and the considered number
of loading conditions, respectively, and PLoad,j is the power
demand at the jth loading condition. The value of k is se-
lected to ensure that a representative set of loading conditions
is considered such that the optimized parameters should min-
imize the operation cost under all loading conditions. After
solving the optimization problem defined in (8), the resulting
{Khi,m , Kli,m+1} |m = 1,2,...,N , i = 1,2,...,Ns

values are used in
(7) to define the optimal droop relations for each participating
DG.

The NFB method reduces the μG operating cost compared to
conventional droop relations. However, the optimization scheme
used in the NFB method is μG topology-dependent due to the
necessity of redefining the entire optimization algorithm after
any modification in the topology such as elimination or addition
of a DG. Accordingly, it does not support the plug-and-play
capability required for the μG operation. The main motivation
of this paper is thus to introduce a new optimization scheme
that supports the nonlinear droop control with the plug and play
capability in addition to investigate the possibility of enhancing
the performance of the NFB method.

III. PLUG-AND-PLAY OPTIMIZATION SCHEME

The optimal nonlinear frequency droop relation for each DG
need to be constructed independently to achieve a μG topology-
independent cost optimization. In this paper, a PPOS is proposed
to enable the nonlinear droop control method to inherit the
following salient features:

1) the frequency and voltage regulation in the islanded μGs;
2) cost-effective operation in islanded μGs without the need

of a communication link;
3) plug-and-play facility for the DGs.
The main target of this paper is to construct optimal non-

linear droop relation for each participating DG independently.
To achieve that, each DG can be optimized with a hypotheti-
cal reference DG. In order to construct an indirect optimization
platform for droop relations of all DGs, the cost curve and droop
relation of this reference DG needs to be predefined. Suppose
that the cost curve of xth (CDGx

) and yth (CDGx
) DGs in a μG

and the cost curve of the hypothetical DG (Chyp ) are as shown
in Fig. 6. As seen, the operating cost of xth DG is always lower
than the operating cost of the hypothetical DG, which is vice
versa for yth DG. Clearly, an economical power sharing among
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Fig. 7. Overall droop relation construction process.

xth and yth DGs can be realized by selecting any droop relation
for xth DG lower than the droop relation of th DG.

To find out the optimal droop relation for xth DG indepen-
dently from the yth DG, the droop relation of the hypothetical
DG can be defined as a global reference droop relation. Then,
an optimization scheme can be developed based on this refer-
ence droop relation and used to seek only the droop relation
for xth DG (or th xDG) that introduces optimal power sharing
between the xth DG (or yth DG) and the hypothetical DG. In
that regard, this optimization scheme needs to be designed prop-
erly such that the droop relation of every DG is positioned at its
optimal place around the reference droop relation according to
their operating cost curves.

Fig. 7 illustrates the overall process of droop relation con-
struction for each DG in which the droop relation of the hy-
pothetical DG (fdrp,hyp ) is predefined and used during the
optimization. Here, the optimization scheme needs to be de-
signed properly such that it can seek optimal coefficients
{Khx,m , Klx,m+1} |m = 1,2,...,N in (7) to find out the optimal
placement for the droop relation of th DG, fdrp,x . Due to the
cost relations shown in Fig. 7, the optimization scheme is ex-
pected to place fdrp,x in a region under the fdrp,hyp so that
an economical power sharing between the xth DG and hypo-
thetical DG can be realized. When the similar optimization
is computed for the th DG, its optimal droop relation fdrp,y

is expected to be placed in the region above fdrp,hyp since its
operating cost is always higher than hypothetical DG. In that
particular case, the prospective optimal droop relations for xth
and yth DGs is shown in Fig. 7. With these resulting droop re-
lations, an economical power sharing among xth and yth DGs
can be achieved although their droop relations are optimized
independently. However, several computations have shown that
the optimization scheme designed with single hypothetical DG
does not guarantee resulting proper droop relations. As an ex-
ample, since CDGx

is always lower than Chyp at any operating
point (see Fig. 6), improved economical power sharing can be
realized as more power is derived from the th DG. Therefore,
the optimization scheme will force fdrp,x to be far down from
fdrp,hyp during the optimization process to reach optimal power

sharing among the xth DG and the hypothetical DG. In case of
yth DG, its droop relation will be forced to place far up from
the fdrp,hyp due to its high operating cost. Suppose that there is
another DG whose operating cost curve is between CDGx

and
Chyp . Since its cost curve is lower than Chyp , its droop relation
will also be forced to place far down from fdrp,hyp . At the end
of the optimization, its droop relation may end up being similar
with the droop relation of th DG, which is not desired since
their operating cost curves are different. Therefore, this paper
proposes an optimization scheme that is designed with two hy-
pothetical reference DGs in order to avoid the aforementioned
issue.

The proposed scheme is designed to perform an optimization
for each DG against two user-defined hypothetical reference
DGs (DGhyp ). It consists of an optimization problem that is
defined based on the DGhyps and the DGi whose optimal non-
linear droop relation is aimed to be constructed. As a first step to
overcome the aforementioned issue, the cost relations of these
reference DGs are predefined in such a way that they form an
envelope for possible cost relations of DGs in a μG. For that
purpose, the operating cost relations of these reference DGs
(Chyp1 and Chyp2 ) are expressed as follows:

Chypq
= chypq

Pnorm (9)

chyp1 < {Ci,opt (Pi,max) |i = 1,2,...,Ns
} < chyp2 (10)

where chyp1 and chyp2 are the cost coefficients that are selected
systematically to be, respectively, lower and higher than the
maximum operating cost of all DGs as shown in (10). Thus, the
coefficients chyp1 and chyp2 can be defined as

chyp1 = min {Ci,opt (Pi,max) |i = 1,2,...,Ns
} × 1

α
(11)

chyp2 = max {Ci,opt (Pi,max) |i = 1,2,...,Ns
} × α (12)

where α represents a constant value,which can be selected
properly in the range of [1.0, 2.0] to form a satisfactory en-
velope for all possible cost relations. Clearly, different α val-
ues result in different set of cost coefficients and accord-
ingly,it may affect the performance of the proposed optimiza-
tion scheme.However,these cost coefficients are predefined once
and used as global parameters while performing optimization for
each DG against two hypothetical reference DGs.Therefore,they
will have similar effect while constructing optimal nonlin-
ear droop relation for each DG independently. As the second
step,the droop relations of the reference DGs are predefined
such that it limits the possible droop relations and,accordingly,
assist the optimization scheme seek proper droop relations dur-
ing the optimization process.Here,the droop relations (fdrp,hyp1

and fdrp,hyp2 ) of the hypothetical DGs are defined based on the
selected chyp1 and chyp2 values using the following expressions:

fdrp,hypq = krefq Pnorm (13)

krefq = m chypq
/Phypq ,max (14)

where krefq and m are the reference droop coefficient and the
conversion factor, respectively, and Phypq ,max is the maximum
power of DGhypq

, which is considered to be identical with the
maximum power of the DGi . It must be noticed that all the cost
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Fig. 8. Operating cost and droop relations defined for the hypothetical DGs.

and the droop relations evaluated in the PPOS are formulated as
a function of normalized power Pnorm .

Fig. 8 illustrates the configuration of the operating cost and
droop relations designed for the hypothetical DGs. Assuming
a DGi whose operating cost relation is as shown in Fig. 8, the
optimal power sharing among the DGi and the DGhyps can
be only realized by placing the fdrp,i somewhere between the
droop relations of the DGhyps. Thus, this configuration basi-
cally provides both upper and lower boundaries to the PPOS to
avoid constructing relatively very high or low nonlinear droop
relations while searching the optimal placement for the fdrp,i .
Clearly, the optimal placement for the fdrp,i is directly asso-
ciated with the operating cost relation of DGi . The developed
optimization scheme performs an offline optimization process
for each DG individually with respect to two hypothetical DGs.
This way of construction makes the optimization method pro-
posed in this paper independent from the μG topology and
so named as PPOS. This feature eliminates the main limita-
tion of the NFB method and enables the nonlinear droop con-
trol to maintain the plug-and-play facility for the DGs while
introducing cost-effective μG operation.

A. Formulation of Optimization Problem

In the stage of constructing the optimal fdrp,i , the set of
the coefficients {Khi,m , Kli,m+1} |m = 1,2,...,N in (7) have
to be properly selected to realize optimal power sharing
among the DGi and the DGhyps. Accordingly, the opti-
mization problem can be defined as following: select the
values of {Khi,m , Kli,m+1} |m = 1,2,...,N that minimize the
Ctotal(.) formulated as

Ctotal =

k∑

j=1

{
Ci,opt

(
Pi,j

)
+ Chyp1

(
Phyp1 ,j

)
+ Chyp2

(
Phyp2 ,j

)}

subject to

⎧
⎪⎪⎨

⎪⎪⎩

Pi,min ≤ {Pi,j , Phyp1 ,j , Phyp2 ,j

} ≤ Pi,max

PLoad,j = Pi,j + Phyp1 ,j + Phyp2 ,j

fdrp,i

(
Pi,j

)
= fdrp,hypq

(
Phypq ,j

) |q=1,2

(15)

where the parameters Pi,j , Phyp1 ,j , and Phyp2 ,j are the out-
put power of the DGi , DGhyp1 , and DGhyp2 at the jth load-
ing condition (PLoad,j ), respectively. The value of k in the
summation operator is the representative set of loading con-
dition which is obtained by increasing the load value from
the smallest value (PLoad,1) to the highest value (PLoad,k )
with fixed steps, where the maximum power demand calcu-
lated as PLoad,max = Pi,max + Phyp1 ,max + Phyp2 ,max . Here,
the droop and cost relations of the DGhyps are predefined us-
ing (9) and (11)–(14), and so the power sharing among the
DGi , DGhyp1 , and DGhyp2 is mainly dictated by the fdrp,i ,
which can be easily determined after setting the values of
{Khi,m , Kli,m+1} |m = 1,2,...,N . Thus, one needs to first select
a set of coefficient values as a first step in calculating the Ctotal .
Based on these selected coefficients values, the output power
values of DGi , DGhyp1 , and DGhyp2 need to be calculated sub-
ject to the constraints defined in (15), and accordingly, the cor-
responding operating cost values CDGi

(Pi,j ), Chyp1 (Phyp1 ,j ),
and Chyp1 (Phyp2 ,j ) can be calculated to determine the total
cost at PLoad,j . For the same selected set of coefficients values,
this procedure is required to be repeated at each loading step
to calculate the Ctotal . However, the optimal set of coefficients
{Kopt

hi,m , Kopt
li,m+1}|m = 1,2,...,N , resulting the minimum Ctotal

value have to be searched to solve the optimization problem de-
fined in (15). Due to the complexity and difficulty of solving this
optimization problem, heuristic optimization tools (e.g., parti-
cle swarm, evolutionary computation, ant colony, artificial beer
colony, and tabu search) can be utilized effectively to achieve
fast convergence to the satisfactory solutions [47]. Among the
heuristic optimization techniques, particle swarm optimization
(PSO) has been found to be a suitable and an effective technique
for the optimization problem in this study.

The PSO is a stochastic computation technique originally
adapted from the collective food searching behavior of animals
such as birds flocking and fish schooling [48]. This optimization
technique provides a population-based exploration process in
which particles collectively search for the optimum. Here, each
particle actually means a real number set that corresponds to
a potential solution in a search space. As an initial process in
the PSO, a number of particles are randomly generated. Then,
each particle updates its velocity and position iteratively based
on the past experience to reach optimal position that converges
the global best solution for the optimization problem. In a basic
PSO algorithm, each particle has both velocity and position
vectors that are adjusted at each search iteration according to
the following formulas:

vk+1
n = ωkvk

n + α1 r1 [xpbest,n − xk+1
n ] (16)

+α
2

r2 [xgbest − xk+1
n ]

xk+1
n = xk

n + vk+1
n (17)

where vectors vk
n = [vn1 , vn2 , . . . , vnq

]T and xk
n = [xn1 , xn2 ,

. . . , xnq
]T represent the velocity and position of the

nth particle at kth iteration in the q-dimensional search
space, respectively. Besides, vector xpbest,n = [xpbest,n1 ,
xpbest,n1 , . . . , xpbest,nq

]T denotes the personal position which
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Fig. 9. Block diagram of the stages in the PPOS.

corresponds to the best personal fitness value,f(xpbest,n ),
recorded for the nth particle. Similarly, vector xgbest =
[xgbest1 , xgbest2 , . . . , xgbestq

]T denotes the global best position
visited by any particle in the population and corresponds to the
best global fitness value f(x gbest, n), recorded up to recent
iteration.

B. Implementation of PSO

In this paper, a PSO algorithm is implemented to solve the
optimization problem defined in (15). Here, the PSO technique
is mainly employed to search the optimal set of the coefficients,
{Kopt

hi,m , Kopt
li,m+1}|m = 1,2,...,N , which is later used in (7) to

define the optimal nonlinear droop relation for the DGi . The
optimal droop relations constructed by the PPOS for each DG
are implemented in the nonlinear droop controller to perform
economical power sharing among the Ns number of DGs at any
loading condition and consequently, the total μG operating cost
can be effectively minimized.

In the PSO algorithm developed in this paper, the pop-
ulation consists of Np particles, i.e., n = 1, 2, . . . , Np ,
and each particle is defined as vector xn =
[Khi,1 , . . . ,Khi,N ,Kli,2 , . . . ,Kli,N ]T . To update the par-
ticles’ positions using (16) and (17), the vectors xpbest,n and
xgbest,n need be determined according to the personal best
fitness value of each particle and the global best fitness value
up to the recent iteration. The fitness value associated with each
particle can be determined from the defined fitness function
and the constraints can be easily satisfied by keeping the
position of the particles in the range [0,4] during the iteration
process. However, calculating the fitness value associated with
each particle in (15) is complicated due to the indirect relation
between the elements of the vector x and the fitness function
Ctotal . Thus, this optimization problem requires another stage,
which is denoted here as power and cost evaluation (PCE). The
block diagram of the stages developed for the PPOS is shown
in Fig. 9.

In the stage of PCE, the power sharing among the DGi ,
DGhyp1 , and DGhyp2 is first calculated based on the selected
particle at a certain loading condition. This calculation is re-
peated for all possible loading conditions while checking the
constraints defined in (15) in order to determine the Ctotal
for the selected particle. The PCE stage determines the Ctotal
for all particles in the population and then proceeds a vec-
tor whose elements denotes the fitness value of each particle,
i.e.,C = [Ctotal,1 , Ctotal,2 ..., Ctotal,Np

]T , to the PSO stage. In
PSO stage, the vectors xpbest,n and xgbest,n are first evaluated
and then the particles’ positions are updated using (16) and
(17). These updated particles are again sent to the PCE stage to
evaluate the fitness values of the updated particles. This process

between these two stages is repeated iteratively until the PPOS
finds the optimal set of {Kopt

hi,m , Kopt
li,m+1}|m = 1,2,...,N for the

DGi . If one considers a μG that consists of Ns number of DGs,
the PPOS needs to be proceeded Ns times to construct optimal
nonlinear droop relations for every DG individually. It must be
noted that after any selection for the droop parameters is made,
the stability condition is checked within the PPOS using the
stability checking method discussed in the following section.
Accordingly, any droop relation (or particle) leading to insta-
bility is eliminated and not evaluated during the optimization
process to assist the PPSO converge only stable droop relations.
Once all the droop relations constructed, the stability can be
rechecked to verify using the stability checking method, which
will be discussed in detail in the following section.

IV. STABILITY ANALYSIS OF NONLINEAR

DROOP-CONTROLLED MICROGRIDS

In this section, a mathematical tool is developed to analyze the
stability of a μG with DGs derived by the PPOS-based droop
controllers. As investigated in [27], dominant low-frequency
modes are principally dictated by power dynamics. Hence, the
stable operation of a μG can be ensured by simply analyzing
the dynamics of the power sharing which consists of droop
controller and low-pass filter. In a typical power sharing mech-
anism of a μG that combines Ns number of DGs, first, the in-
stantaneous power measurements pi and qi are passed through
low-pass filters as follows:

Pi =
ωc

s + ωc
pi (18)

Qi =
ωc

s + ωc
qi (19)

where Pi and Qi are filtered versions of real and reactive power
components of the ith DG, respectively, which are used in the
droop relations defined in (3) and (5). Here, the parameter ωc is
the filter cutoff frequency. Accordingly, the expressions in (18)
and (19) can be represented in time domain as

Ṗi = ωc (pi − Pi) (20)

Q̇i = ωc (qi − Qi) (21)

where dots above the variables denotes the derivation with re-
spect to time. In nonlinear frequency droop-controlled μGs, the
phase of the ith DG θi is given as

θi = 2π ∫ (fref − fdrp,i) (22)

where fref is a constant value that is utilized for all DGs. As
discussed in [27], the phase of one of the DGs can be considered
as a reference and accordingly, the phase difference can be
calculated as

δ̇i = θ̇i − θ̇ref = 2π (fdrp,ref − fdrp,i) (23)

where δi is the phase difference between the ith DG and the
reference source DGref . Equations (20), (21), and (23) describe
the dynamics of a DG with the nonlinear frequency droop con-
troller. To obtain small-signal model, these nonlinear equations
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need to be linearized as follows:
˙̃P i = ωc

(
p̃i − P̃i

)
(24)

˙̃Qi = ωc

(
q̃i − Q̃i

)
(25)

˙̃
δi = 2π

[(
∂fdrp,ref

∂Pref

∣∣∣∣
P r e f = P̂ r e f

)
P̃ref

−
(

∂fdrp,i

∂Pi

∣∣∣∣
Pi = P̂ i

)
P̃i

]
(26)

where the symbols ∼ and ∧ represent the perturbed variables
and equilibrium point values. Equations (24)–(26) can be given
in a standard form as

˙̃x = Gx̃ + Hw̃ (27)

x̃ =
[
P̃1 Q̃1 δ̃1 · · · P̃ref Q̃ref · · · P̃Ns

Q̃Ns
δ̃Ns

]T
(28)

w̃ = [p̃1 q̃1 · · · p̃Ns
q̃Ns

]T (29)

whereG and H are state and auxiliary matrices, respectively, and
x̃ ∈ (3Ns −1)×1 and w̃ ∈ 2Ns ×1 are the vectors of states and aux-
iliary variables, respectively. The values of auxiliary variables
can be obtained through load flow analysis (LFA) in which the
set of relations Ψ is given as

Ψ
( · · · , Ei , δi , pi , qi , · · · ) = 0. (30)

By using the (3), Ψ can be described in terms of the states
and auxiliary variables only Ψ′ as follows:

Ψ′ ( · · · , Qi , δi , pi , qi , · · · ) = 0. (31)

The linearization of Ψ can be performed as
⎛

⎜⎝
∂Ψ
∂x

∣∣∣∣ x = x̂
w = ŵ

⎞

⎟⎠ x̃ +

⎛

⎜⎝
∂Ψ
∂w

∣∣∣∣ x = x̂
w = ŵ

⎞

⎟⎠ w̃ = 0. (32)

Finally, (32) can be modified in terms of w̃ and then substi-
tuted into (27) to obtain the linearized μG model as

˙̃x = Gx̃ − H

⎛

⎜⎝
∂Ψ
∂w

∣∣∣∣ x = x̂
w = ŵ

⎞

⎟⎠

−1 ⎛

⎜⎝
∂Ψ
∂x

∣∣∣∣ x = x̂
w = ŵ

⎞

⎟⎠ x̃ = Ax̃

(33)
where A is known as the system matrix. One can easily check
the stability of the μG system by observing the eigenvalues of
the matrix A, which are required to be negative under all load-
ing conditions for stable μG operation. Since the matrix A is
subject to changes due to the load variations in the μG system,
the trajectory of the eigenvalues of the matrix A under normal
and highly stressing loadings need to be observed to guarantee
stable operation for all loading conditions. The eigenvalues of
the matrix A in (33) show whether the μG is stable or not. How-
ever, this conclusion is true for just a single operating point. In
reality, there are number of nonlinearities in the original model
of the μG before linearization including the sine and cosine of
the angle δ, the voltage and current product to obtain the power

in addition to the proposed nonlinear droop relations. To ensure
the stability of the μG under all loading conditions, after ev-
ery iteration for solving the optimization problem explained in
Section II-B, the matrix A is obtained and its eigenvalues are
evaluated. If at least one of these eigenvalues is found to be
unstable, the droop parameters of sources will be multiplied by
a factor and the process repeats. These calculations continue till
the selected set of droop parameters satisfy the stability con-
ditions under all loading conditions. It is important to indicate
that the stability of the individual operating points might not
necessarily ensure the stability of the whole system. This is a
well-known fact in the field stability of switches systems that
switches between various modes of operation [49]. However, as
indicated in [50], the stability of a system that switches between
a number of stable modes could be ensured if it stays in the new
mode for a period of time sufficient for its dynamics to settle to
the steady state. Clearly, the load variations in power systems
are much slower than the current and voltage dynamics in the
line which satisfies the condition indicated in [50].

V. CASE STUDY

As stated in [28] and [29], the CFB method is an improved
method compared to the method introduced in [22] and it de-
velops nonlinear droop relations for each DG based on their
operating cost functions in order to realize economical power
sharing. On the other hand, the MCB method introduces much
simpler solution by developing linear droop relations based on
maximum or mean operating costs of DGs. These methods have
been further improved in [28] and [29] where the droop rela-
tions are designed such that the costlier DGs are autonomously
turned off during the light loadings and operated only during
high loadings, which provide considerable cost savings particu-
larly when no loading operating costs are taken into account. As
an alternative method, the NFB has been also used to reduce the
μG operation cost; however, it incapacitates the plug-and-play
capability required for the μG operation. In this paper, similar
to the CFB and MCB methods, the PPOS has been developed to
construct the optimal nonlinear droop relations with maintained
the plug-and-play capability to realize an economical power
sharing considering that all DGs are preferred to be operated
continuously at all loading conditions. Thus, the case study in
this section compares the cost-saving performance of the PPOS
with only the CFB and the MCB methods.

In this section, a set of realistic cost curves have been used to
demonstrate the effectiveness of the PPOS on minimizing the
μG operation cost. The cost-saving advantage of the PPOS over
the proposed methods has been verified by exploring the per-
centage operating cost savings of the nonlinear droop relations
with respect to the conventional droop relation. The μG system
considered in this case study consists of three DGs equivalently
rated at 2 kW and their operating cost curves are shown in
Fig. 10. These operating cost curves have been analyzed previ-
ously in [25] as real generation cost data for different type of
DGs to test the performance of the MCB method.

The optimization problem has been solved for the considered
μG to construct the optimal nonlinear droop relations for all
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Fig. 10. Real operating cost curves analyzed in [25].

Fig. 11. Nonlinear droop relations obtained using the PPOS.

Fig. 12. Nonlinear droop relations obtained using the CFB method.

DGs. After selecting the value of α in (11) and (12) as 2.0, the
cost coefficients chyp1 and chyp2 for the hypothetical DGs have
been found as 0.027 and 0.4, respectively. These coefficient
values have been used in (10) to form proper cost relations
for the hypothetical DGs. To provide also a proper boundary
for the optimal droop relation of DGi while being constructed
by the PPOS, the droop relations of the hypothetical DGs have
been defined using (14) with the conversion factor of 1.0. The
optimal selection of {Khi,m , Kli,m+1} |m = 1,2,...,N values for
each DG has been carried out independently through the PPOS
in which the PSO stage has been run for 100 iterations with 50
particles. To conduct a comparative study, the droop relations
are also designed using the CFB method in which the value of
Δfmax has been set to 0.15.

Fig. 13. Microgrid operating cost over load variation.

Fig. 14. Operating cost savings from the nonlinear droop relations constructed
using the PPOS and the CFB methods.

Figs. 11 and 12 show the nonlinear droop relations obtained
using the PPOS and the CFB methods, respectively. The power
sharing among the participating DGs has been calculated based
on these droop relations and the operating cost has been deter-
mined for all possible loadings to plot the total operating cost
curve as shown in Fig. 13. For the conventional droop relations,
an equal power sharing is considered at each loading condi-
tion due to the identical power ratings of the considered DGs.
Clearly, the nonlinear droop relations obtained by the PPOS and
CFB methods offer lower μG operating cost than conventional
droop relations. From these calculated total operating cost data,
the cost saving percentage of the PPOS and CFB methods at
different loadings are plotted as shown in Fig. 14. As stated in
[25], the MCB method offers 10.7%, 16.6%, and 12.6% cost
savings at 25%, 50%, and 75% loadings, respectively, for the
operating cost curves shown in Fig 10. As seen from Fig. 14,
while the CFB method introduces better cost saving than the
MCB method, the PPOS offers improved cost saving at all pos-
sible loadings compared to both existing methods. The reason
of the decrease in cost savings at high loadings for all methods
is that some DGs cannot contribute more to the cost savings
after their saturation power.

VI. SIMULATION RESULTS AND EXPERIMENTAL VALIDATION

In this section, the DGs in Case Study are considered to be
effectively integrated to a μG system through its common bus



CINGOZ et al.: PLUG-AND-PLAY NONLINEAR DROOP CONSTRUCTION SCHEME TO OPTIMIZE ISLANDED 2753

Fig. 15. Power circuit configuration and overall control block diagram of a
single DG unit integrated into μG.

Fig. 16. Load profile used to test the cost saving performance of the nonlinear
droop relations obtained from the PPOS.

as shown in Fig. 15. As shown in Fig. 15, the nonlinear fre-
quency droop control of each DG is utilized with its associated
optimal nonlinear droop relation to regulate the frequency and,
accordingly, perform an economical power sharing among the
participating DGs. The considered μG has been simulated in
MATLAB/Simulink environment with the nonlinear droop re-
lations shown in Fig. 11 to verify the cost-saving performance
of the PPOS.

To investigate the dynamic response of the nonlinear droop
control and the power sharing among the DGs, the μG has been
subject to load variations as shown in Fig. 16 throughout the
simulation. The variations in the real output power of each DG
and the μG operating frequency are shown in Figs. 17 and 18,
respectively. Clearly, the DGs shares the load nonlinearly based
on the constructed nonlinear droop relations and their frequency
is stabilized at a certain value after each load variation applied.
DG1 and the DG2 are initially operated together and then the

Fig. 17. Variation of real power generated by the participating DGs when
controlled with the nonlinear droop relations obtained from the PPOS.

Fig. 18. Operating frequency response of the considered nonlinear droop-
controlled μG corresponding to load variations.

Fig. 19. Operating costs of the linear and the nonlinear droop-controlled μGs.

DG3 is plugged into the system after a while to also demonstrate
the plug-and-play capability of the proposed method. As seen
from Fig. 17, DG1 , as the most costly generator, shares the least
power demand for all loading conditions because its frequency
droop gain is always higher than the other DGs (see Fig. 13). On
the other hand, the real power generated from the DG3 exceeds
that of the DG1 and DG2 for all tested loading conditions due
to its relatively small frequency droop gain at all load ranges.
The nonlinear droop relations obtained from the PPOS basically
force the DGs introducing the least generation cost dominate the
power sharing so that the μG operating cost can be minimized
effectively. Fig. 19 shows the operating costs of the linear and
nonlinear droop-controlled μGs and the percentage cost savings
at each tested loading condition. As seen in Fig. 19, the nonlinear
droop-controlled μG introduces a significant cost saving at each
loading condition when it is compared with linear droop based
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Fig. 20. Microgrid test bench: (a) Inverter unit, (b) interfacing control board, (c) DSP control board, (d) L-filter, and (e) JTAG emulator.

Fig. 21. Experimental results showing real powers generated by the DGs when
controlled with the nonlinear droop relations obtained from the PPOS.

μGs. The percentage cost saving values shown in Fig. 19 also
verify the results shown in Fig. 14.

An experimental study has been conducted on a developed
μG test bench (MGTB), as shown in Fig. 20, to validate the
performance of the nonlinear droop control experimentally. The
MGTB consists of three dc/ac inverters and each one is con-
nected to a programmable dc supply to form a single-phase DG
unit. Three DG units were connected in parallel at a common
coupling point to form a μG topology similar to the simulated
one. The output of each DG unit was connected to NH-research
4200 programmable ac loads so that different loading conditions
could be performed. The excitation signals for controlling the
inverter were provided from a DSP through an interfacing con-
trol board. Communication link between a host computer and
the target DSP hardware was established by a JTAG Emulator
and parallel port cable to load the control routine on the DSP
and swap data throughout the experiment.

The experiment has been carried out with the same load pro-
file used in the simulated μG topology. The optimal nonlinear
droop relations shown in Fig. 11 has been implemented into the
nonlinear droop control of each inverter unit using the lookup
tables (LUT) in the DSP. The voltage and current signals have
been measured to calculate the power produced by the DGs.
This power value is first normalized and then used as an in-
put to the LUT. The corresponding output value from the LUT
has been implemented in the frequency droop. The power shar-
ing among the participating DGs and the operating frequency
variation of the considered μG are shown in Figs. 21 and 22,
respectively. As expected, the experimental results are similar
to the simulation results shown in Figs. 17 and 18. As seen from

Fig. 22. Experimental results showing the operating frequency of the nonlin-
ear droop-controlled μG corresponding to load variations.

Fig. 21, as opposed to the case in the linear droop-controlled
μG, the power sharing ratio among the DGs in the nonlinear
droop-controlled μG varies subsequent to the load variation to
realize minimized μG operating cost. The frequency variation
shown in Fig. 22 verifies that the dynamic response of the μG
operating frequency is always smoothly stabilized after each
loading condition. To also verify the plug-and-play capability
of the proposed method experimentally, similar to the simula-
tion study, the DG3 is plugged into the operating system at a
certain time (t = 16 s) while the DG1 and the DG2 are online,
as shown in Fig. 21. Accordingly, the performance and effec-
tiveness of the proposed method is verified experimentally to
minimize the operation cost while maintaining the smooth and
stable μG operation.

VII. CONCLUSION

In this paper, a new method for constructing optimal nonlin-
ear droop relation with the plug-and-play capability has been
proposed to minimize the islanded microgrid operations regard-
less of the microgrid topology. First, the nonlinear frequency
droop relations were formed as combination of power func-
tions to satisfy the required characteristics of the droop rela-
tions and to improve the flexibility in shaping the droop rela-
tions. Then, an optimization problem was formulated based on
the DG of interest against two predefined hypothetical DGs
to select the determined optimal coefficients to be used in the
power functions. A heuristic method, PSO, has been used as a
tool to solve the defined optimization method. The results ob-
tained in the case studies conducted in this paper clearly showed
that the proposed method could improve the operation cost in
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islanded microgrids when compared with the methods available
in the literature. Moreover, simulation and experimental studies
were conducted and their results proved that the nonlinear droop
control implemented by the proposed method minimizes the op-
erating cost while maintaining smooth stabilization in islanded
μG operation.
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