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ABSTRACT The number of electric vehicles and renewable energy resources integrated into the power
system is increasing day by day. The objective behind the development of electric vehicles and renewable
energy sources is to build a sustainable and green power system. The renewables either don’t possess system
inertia or have less system inertia, therefore, they don’t effectively respond to the load variations. The battery
storage system of electric vehicles is used as the first line of defense to counter the effect of load/frequency
variations and make the system stable. As active power is inversely proportional to the system frequency, for
this purpose electric vehicles are included in the microgrid environment. In this paper, an isolated microgrid
having a reheat turbine system, wind turbine system, photovoltaic system, and electric vehicles is studied.
The output of the renewables is not controlled to utilize its maximum output power. Therefore, adaptive
droop control and fuzzy PI control mechanisms are implemented to cater to the frequency variations of the
isolated microgrid; the former regulates the power of electric vehicles while maintaining the energy needs
of each EV and the later controls the output power of reheat turbine system according to the frequency
variation. Furthermore, the genetic algorithm optimization toolbox is utilized to optimize the parameters of
the adaptive and fuzzy PI controllers. The proposed model is developed in MATLAB/Simulink which shows
that these control techniques effectively sustained the system frequency of isolated microgrid in the desired
limits.

INDEX TERMS Adaptive droop control, electric vehicles, frequency regulation, fuzzy PI control, GA
optimization technique, renewable energy sources, reheat turbine system.

I. INTRODUCTION

Power is the major challenge among all the challenges faced
by the world today. Continuous depletion of fossil fuel,
growing energy demand, and the rise in pollution converge
the world’s attention to regulate power usage and diversify
its production process. The resolution of the power crisis
can help to eradicate poverty and to improve infrastructure
development. The proliferation of renewable energy sources
(RESs) and the introduction of controllable loads have given
rise to the idea of microgrid (MG) [1]. RESs are considered
an excellent alternative of conventional energy sources, how-
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ever, their increasing integration into the power grid caused
concerns over system stability [2], [3]. Hence, special con-
siderations are required in management, control, monitor-
ing, and design for these RESs integration into the power
system [4].

In conventional power systems, a synchronous generator is
used for generating systems nominal voltage and frequency.
System stability is achieved with the help of active and reac-
tive power, voltage compensation devices, and droop control.
The researchers defined two operational modes of microgrid,
which are: (1) grid-connected and (2) isolated mode [5]. The
prior mode is supported by the grid to overcome the load
variations. Consequently, in the latter mode, it is mandatory
to utilize advance, flexible and intelligent control techniques
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to achieve better stabilization of isolated MG and to provide
robust performance in the presence of highly intermittent
RESs, having low system inertia and unpredictable load vari-
ations [6]. Therefore, the energy storage system (ESS) is
included in the MG to sustain the system frequency deviation
at a minimal value [7].

To counter the effect of the aforementioned challenges
various energy storage technologies are implemented to over-
come the power mismatch between the generation and con-
sumption, and the frequency fluctuations in MG [8]. The
approach of ESS was firstly introduced in New York City
in the late 19th century to energize the street lamps at night
to turn off the generators [9]. ESS is presently the essential
component in the MG as it’s a smart way to overwhelm
the probable power imbalance challenges and purposes as
a backup reservoir or buffer zone to respond immediately
under load variation conditions [10]. As the emergence of
electric vehicles (EVs) in the recent era developed the vehicle
to grid (V2G) concept, where the EVs batteries are utilized
to abridge the generation shortfall when the RESs are not
operating at their expected output [11]. Therefore, EVs are
considered mobile ESS which possesses the ability to pro-
vide ancillary services to MG. Hence, the EVs’ role in the
participation of MG frequency control is more vital and
evident.

Droop control techniques and their advanced versions are
widely used for frequency regulation of the power system
due to the absence of communication links [12]. The droop
control mechanism in synchronous generators is used to reg-
ulate the output power according to the load variations in
allowable limits in multiple microgrids [13]. In the meantime,
the ESS approach is developed which mimics the droop
characteristic of the synchronous generator to counter the
effect of power fluctuation and provide frequency support
to isolated MG [14]. The authors propose an adaptive fuzzy
droop control technique for the optimization of active power-
sharing in an isolated MG by adjusting the power frequency
droop coefficients. A secondary control mechanism is con-
sidered to stabilize the frequency and voltage [14]. The recent
development in the control mechanisms to regulate the aero-
dynamics and resilient control of EVs are studied by various
researchers [15], [16].

Due to the charging and discharging power capabilities of
the EVs, their introduction makes the structure of MG more
interesting to regulate the frequency deviation [17]. A single
EV has very little impact on providing ancillary services
to MG, therefore a bulk of EVs are considered in [18] to
provide peak load shifting [19], spinning reserve [20], voltage
regulation [21] and most importantly frequency regulation.
The adaptive droop control technique is used in [22] for the
regulation of the frequency of a multi-area system integrated
with EVs. There are certain limitations of droop controllers
such as poor transient performance, inability to provide
accurate power-sharing with output considering impedance
uncertainties, in-appropriateness for nonlinear loads, and
incapability to enact a fixed system frequency when used
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in multi-resources MG [23]. Therefore, a combination of
controllers can effectively regulate the isolated MG frequency
deviation.

The frequency regulation aims to reduce the frequency
deviation by changing the active power of certain units either
by increasing or by decreasing the power generation of the
distributed generators [24]. The random variations in the load
demand affect the frequency of the distributed generators of
the power system [25]. The hydro storage unit is added to res-
cue the RTS when there occurred a load mismatch (frequency
variation) [26]. Meanwhile, the control systems are now
becoming a vital component in the electrical networks [27],
due to their easy implementation. Mostly the researchers
are keen to practice conventional controllers such as propor-
tional Integral (PI) [28] or proportional Integral-derivative
(PID) [29] for power system load frequency control. The
PI/PID controller proposes good systems performance but
it is still not optimal [30]. Besides this, the PID controller
based on the Hammerstein type neural network is utilized to
regulate the LFC of the multi-area power system [10]. Addi-
tionally, the fuzzy logic controller [31], distributed model
predictive control [32], and hierarchical distributed model
predictive control [33] are also implemented to investigate the
frequency regulation in MG. Various optimization methods
like a genetic algorithm (GA), jay algorithm, and particle
swarm optimization (PSO) are used to optimize the con-
ventional controllers PI/PID and fuzzy PI/PID controller.
Meanwhile, their impact is also studied for stabilizing and
guarantee their robustness of the load frequency control [34].
Howeyver, the above authors didn’t consider either one or more
parameters, for instance in [31]-[34], the EVs participation is
not studied, in [34] RTS is not considered, and in [32] only
WTS are investigated. Furthermore, the above-mentioned
controllers PI/PID controller’s approach has good frequency
performances, but their performances are still not optimum,
and their parameters were not well-tuned.

The main emphasis of this research is to study the effect
of various control schemes on an isolated MG to regulate the
system frequency. The following are the key contributions of
this paper.

1) RTS, WTS, PV, and EVs are taken into account for
potentially active power injectors to regulate the fre-
quency for a multistep and random variable load dis-
turbance and variable conditions of the RESs.

2) Adaptive droop control (ADC) and fuzzy PI control
mechanisms are implemented on EVs and RTS, respec-
tively. The ADC technique is implemented on EVs bat-
tery to participate effectively in frequency control but
primarily it regulates the EVs batteries to be charged to
their desired level to fulfill the owner’s driving demand.

3) An advanced genetic algorithm toolbox is used to opti-
mize the parameters of ADC and fuzzy PI controllers.

The paper is divided into four sections, in section II the
detailed model of an isolated MG is presented, section III
provides the details of the ADC, fuzzy PI and advanced
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genetic algorithm optimization toolbox, section IV provides
the simulation results and discussions.

Il. MODELING OF ISOLATED MICRO-GRID

Various kinds of microgrid’s (MG) dynamic model is pre-
sented by researchers to assess the frequency regulation in
the MG [13], [14], [23]. To evaluate the frequency regulation
of isolated MG integrated with RESs and EVs the system
equation is given below:

APrrs+ APying +APpy £ APpy — AP = (M.s + D) Af
ey

Here, M is the system inertia, D is the damping factor
and Af is the system frequency deviation, while APgrs,
AP\ina, APpy, APgy, and APy are the change in power of
reheat turbine system, wind turbine, photovoltaic, EVs, and
in load power, respectively. Fig. 1 depicts the overall model
of isolated MG and the relevant components. The EVs feed
and absorb a sufficient amount of power for a small-time
period to keep the system stable. The charging of EVs needs a
proper amount of time, so to limit the storage, several second-
time constants are considered for frequency control design.
In the following section, this work presents the EVs dynamic
models in a new way which is based on the latest models.
Moreover, the reheat turbine system (RTS) model is intro-
duced to provide active power generation quickly and finally,
for the comprehensive cooperation of wind turbine system
(WTS) in the frequency control scheme, one dynamic model
is presented in a de-loaded area that has sufficient headroom
to participate in frequency regulation scheme effectively.

A. MODEL OF THE REHEAT TURBINE SYSTEM

The RTS plays a vital role in power generation since its
invention. Though, a variety of steam turbines are vastly
implemented in the power system due to their instant, durable,
and efficient power production characteristics. Furthermore,
the RTS is preferred over the non-reheated turbine because it
provides the same amount of electrical power for less fuel.
The reheater increases the efficiency ranges between 7 to
8% to convert more of the energy being used to create the
steam into the actual output from the turbine. The material
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degrading and other properties associated with the RT'S model
are not considered in this research work.

RTS can adjust its resultant power according to the load
demand variations. The first-order transfer function of the
RTS model is shown in Fig. 2, where Tg, T, and 7, are the
governor, reheater, and turbine time constants, respectively.
While K, is reheater gain of the RTS system, which effec-
tively participates in frequency control of MG. Moreover, Af
depicts the frequency fluctuation, and R represents the speed
regulation co-efficient of RTS.

B. THE ELECTRIC VEHICLE MODEL

This research work focuses on EVs support in the MG fre-
quency regulation. The internal power loss and type of battery
technology are not taken into account. These assumptions
don’t affect the objectives of this study. The researchers
developed several aggregated models of the EV battery to
study the MG frequency regulation [22]. In [19], the authors
developed a Thevenin equivalent circuit of the EV’s battery as
shown in Fig. 3. Here, the series voltage (Veies) and transient
voltage (Viyansienr) have a negligible impact on the battery
voltage, therefore, the open-circuit voltage (Vi) is solely
responsible to be considered while calculating the output
power of the EV. Subsequently, the battery is charged and
discharged by Ich_gis current. The first order EV transfer
function which is widely used in literature is given in (2):

Ppy = —o @)
Teps + 1

where K., and T,, are the gain and time constant of the EV
battery, respectively and Cgy is the rated capacity of the
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battery. The detailed explanation of this model is given in
section III.

C. MODEL OF THE WIND TURBINE

The resultant power of wind turbines is considered as a vari-
able natural power resource that is dependent on the wind pro-
file, which varies from time to time. Subsequently, the generic
model of the WTS is designed as a power variant entity in
an isolated MG. The output power (P,inqg) and mechanical
power (Pyecn) of WTS are calculated by (3) and (4) [36], [37]:

Pying = anech (3)
1
Prech = 5Cp (b, B)Ap.V? 4

where n and p are the WTS’s efficiency and air density,
respectively; A = w,R/v is tip speed ratio;w, is the angular
velocity of the rotor and R is the blade length. As a natural
resource, the resultant power of a wind turbine is fluctu-
ating due to the time-variant wind direction and the wind
speed (V).

As previously restated in a number of references, the WTS
resultant power is defined as a combination of power coeffi-
cient C,, and other physical components. Generally speaking,
Cp is a function of two fundamental parts including tip speed
ratio (A) and the blade pitch angle (), it is the power captur-
ing efficiency of the WTS and defined below [39]:

116 =21
C, =0.5176 <k_ — 048 — 5) e’ 4 0.0068% (5)

l
where A; satisfies the following equation:
1 _ 1 0.035
A A+0.088 p34+1
The intrinsic features of the wind turbines have minimum
influence on the frequency of MG, as far as the distributed
generator and EV’s controller’s performance is intended.

Therefore, wind power is clarified as a power variation
resource of the isolated MG.

(6

D. MODEL OF PHOTOVOLTAIC SYSTEM

The solar PV system is the first choice for selecting among
the RESs, due to the abundance of solar irradiance and easy
installation. Solar irradiance and temperature are important
parameters while calculating the resultant power of the PV
system. The PV resultant power can be calculated in the
following equation:

Ppy = ¢.5.£. (1 —0.005(T4 — 25)) )

Here, the conversion efficiency of the PV array is defined by
@, this parameter generally changes from 9% to 12%. S is an
effective region of photovoltaic panels in m? and & is a sign
of solar irradiance, which is chosen as 1 kW/m?. Besides, T4
is an ambient temperature calculated in degree Celsius and
is standard operational value is 25 °C. As a consequence,
the value of Ppy is reliant on the solar irradiance since the
parameters S and & are constants [40].
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FIGURE 4. The dynamic model of the wind turbine [38].

IIl. THE PROPOSED CONTROL STRATEGY

A. THE PROBLEM FORMULATION

The prime goal of a microgrid is to maximize the utilization
of renewable energy resources and less dependency on fossil
fuel plants for a clean and green environment. The typical
microgrid (MG) contains different kinds of power generators,
loads, controllers, and energy storage systems [4]. As dis-
cussed earlier, the isolated MG is more prone to system insta-
bilities like frequency and voltage. In this paper, the reheat
turbine system (RTS) and renewable energy sources (RESs)
are integrated to make an isolated microgrid. Moreover, elec-
tric vehicles (EVs) are used as energy storage units instead
of installing separate energy storage units [41], [42]. The
main difficulties in the isolated microgrid are to regulate the
outpower power of the generators according to the system
requirements. Furthermore, the designing of suitable con-
trollers to control the output power of the RTS and regulates
the charging and discharging of EVs are important in order
to regulate the system frequency. The motivation behind the
proposed scheme is to connect both fuzzy PI and adaptive
droop controllers in an effective and efficient manner to
regulate the system frequency in coordination with the reheat
turbine system and EVs, respectively. Also, the optimization
of the parameters for these controllers is another important
issue that had to be considered.

The dynamic model of isolated MG with proposed adaptive
droop control (ADC) and fuzzy PI is illustrated in Fig. 4.
The adaptive droop control mechanism which controls the
charging and discharging of EVs is discussed in detail in the
following section. Moreover, the fuzzy-PI controller, which
is implemented to manage the RTS output according to the
system Af, is also discussed thoroughly in the next section.
The optimization for the fuzzy-PI controller parameters is
performed by an advanced GA to find the optimal solution.

B. ADAPTIVE DROOP CONTROL AND FUZZY PI
CONTROLLERS

In this section, the ADC and fuzzy PI control mechanisms are
implemented on EVs and RTS, respectively.

1) ADAPTIVE DROOP CONTROL

The advanced version of conventional droop is ADC, which
is widely used in literature for stabilizing an electric power
system. The ADC receives information about the frequency
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variations, the initial state of charge (SOC;:") and the current
state of charge of EVs battery is given in Fig. 3. After check-
ing the power situation at MG, it gives a signal to the EV
battery, either to charge or to regulate their SOC. The EV
battery charging current (I, ;) has three inputs, which are
initial soc (SOC™), Af and total plugin time (tp) as given
in Eq. (8). I.y_gis varies according to the Af, furthermore
this current charge the battery by stimulating the EV voltage
(Vsoc)- Here the battery system will look into the lookup table
and increase/decrease the voltage according to the require-
ments of MG.

socmex — socn
Ien_i = — Cev ®

1

All the parameters in the above equation are known except the
SocC i” It is the charge(power) remaining in the EV battery,
calculated as the ratio of the EV’s distance covered range (d)
to maximum distance covered range (dm), which is described
as follows:

4 d
Soc) = (1 — —) x 100 C)
dm

The daily distance covered range is defined as the long
normal distribution by [43]:

1 _ (nd—pw)?

Fd = e 202

d>0 (10)
y 2ol

where u = 3.2 and o = 0.9.

The overall operation of ADC is explained in the flow
chart in Fig. 6, where the lower and upper limits of frequency
deviation are defined by AfL and AfY, respectively. To avoid
the frequent switching between charging and discharging the
dead band is added, here the batteries perform their normal
function. Previously the researchers didn’t consider these
limits [36]c, however, in [42] the researchers consider these
limits but didn’t consider the integration of RESs. In this
work, ADC is used as the first line of defense to respond to
the frequency variations. Hence, the ADC is responsible to
charge and discharge the EVs according to the information
received from the mismatch between the power generations
and loads of the proposed system.
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The frequency deviations of the system face two abnormal
situations either the Af is greater than AfU or Af less
than AfL. The first case depicts power generation is greater
than power consumption, therefore the EVs charging mode
is activated. Now, a priority-based charging of the EVs takes
place, all the EVs whose SOC is less than SOC? are charged
first to the desired level by generating the droop based on eq
(11). Hereafter the frequency deviation still prevails, so the
EVs are charged to SOC™** by droop Eq. (12). Meanwhile,
the EVs, which are charged to SOC™* are disconnected and
keep them available for discharging when Af is less than
AfL. Additionally, if the frequency deviation is still above
the upper limit the ADC simultaneously sends signals to the
fuzzy PI to reduce the RTS speed to bring back the frequency
to a nominal value.

In the second scenario when the deviation of the system
frequency is less than the lower limits i-e Af is less than AfZ.
Here all the EVs whose SOC is greater than or equal to SOC?
are set to discharge as in Eq. (13). Hence it provides two
folded benefits, the first is to preserve enough power for the
EVs owner for future usage (driving) and secondly to prolong
the EV’s battery lifetime [44]. All the EVs, whose SOC is less
than SOC™*, are set to charging. The following equations
(11-13) are related to the flow chart.

. 0.5
a1 soci —soc?
Kir = 3Kimex | 11 Socmin —g0cd (b
. 0.5
a1 socit —soc?
Kia = i \ 14| 5000 —s00m | ] (12

in _ d 0.5
- soc" — soC a3
socmx — s0C?

Kﬁf = %Ki,max
2) FUZZY Pl CONTROLLER
To investigate the frequency control based on the optimal
values of the fuzzy controller parameters, the Genetic Algo-
rithm Optimization Toolbox (GAOT) algorithm is used [45].
Fuzzy, adaptive, and allied controllers are vastly investi-
gated for various control purposes in industries and power
systems [46]-[50]. To find the desired frequency regulation
performance of the MG integrated with RES, prosumers,
and non-RES, a GAOT-based fuzzy logic control design is
proposed. The variations in the frequency caused due to the
unpredictable nature of the RES and loads are minimized
to the acceptable range by applying this technique. For this
purpose, the proper gain values are multiplied to the inputs
and output to bring them to a suitable range. The Af and
rate of change of frequency deviation (d Af) are taken as the
inputs and the provided control signal is considered to change
the operating point of the entities participating in frequency
regulation.
The overall fuzzy logic PI (FLPI) control diagram is pre-
sented in Fig. 7. Here the 1/S represents the integrator of
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the fuzzy PI controller. Also, e(t) represents the error signal
between the reference frequency and the measured frequency.
In Fig. 8, the Mamdani-type inference system is presented
where the inputs are shown by 7 triangular membership
functions as depicted in Fig. 8(a)-(b) and output variables
in Fig. 8(c) [34].

The membership functions are described as large negative
(LN), large positive (LP), medium negative (MN), medium
positive (MP), small negative (SN), small positive (SP), and
zero (Z). The mathematical description of the membership
functions is defined in Eq. (14), the triangular shape of
the membership function is to achieve the controller quick
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response.

X — X

ux (x;) = max (0, 1-— (14)

)

where x; and x are the crisp variable, mean of the fuzzy set
Ly, respectively. “Max” represents the maximum value of
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TABLE 1. Fuzzy rule base.

TABLE 3. System parameters.

dAf Parameters Value Parameters Value
Af | NL NM NS V4 PS PM PL RTS reheater gain 6 WTS inertia 5
K, constant M,, (s)
L|IPL PL PL PM PM P Z L -
N 5 RTS reheater time 12 WTS time 0.2
NM|PL PM PM PM PS z NS Constant T, (s) constant T, (s)
NS PL PM PS PS 7 NS MN RTS governo(r time 02 WTS K, 2.3
Constant Tg (s) ) parameter
Z PM - PM P3 Z NS NM  MN RTS turbine time 2 WTS K, 4.7
PS PM PS Z NS NS NM NL Constant T; (s) parameter
PM | PS Z NS NM NM NM NL Inertia constant M (s) 8.8 BV gain K, 1
PL Z NS NM NM NL NL NL Load damping | EV battery time 1
Constant D constant T, (s)
TABLE 2. Genetic algorithm parameters. Droop coefficient R 0.05 socm 0.2
Dead Band (p.u) 0.001 socmex 0.95
Parameters Value Parameters | Value ;
i ' Battery Capacity of 16 soce 06
Number of Variables | 3 Populations | 50 EVs (kWh)
Variables Ky, Ky Kpnax Iterations 50
Lower Bounds [-100 —100 0.001]| Crossover Single Point
Upper Bounds (100 100 10] | Mutation 80% optimization purpose is to find the parameters of the fuzzy

the two entities given in the equation. c is the spread of the
fuzzy set uy.

To plot the input space into the output space a logical
operation based upon the fuzzy rule base is required. In this
paper, the 49 rules base is considered as given in Table 2,
the Af and d Af are the two input vectors on which the rule
base is based to perform its operation. The fuzzy rules rely on
IF-THEN condition by using Table 1 as follows:

IF Af is SN AND dAf is MP, THEN output is SN.

The IF condition comprised of two inputs having “AND”
an algebraic product operator. By taking into account (14),
the former part of this statement can be defined as in (15):

K(Af AND daf) (X, Y) = iaf) ) @dar) &) (15)

where the ((apanpaar) is the membership value of the lin-
guistic variables, which is the basic entity that defines the
fuzzy rules. Hence, the fuzzification process is utilized to map
the crisp inputs to linguistic value. Meanwhile, the summa-
tion technique is used to combine all the rules to yield the
decision value. Lastly, the centroid approach is employed for
defuzzification of output fuzzy values to retrieve the crisp
values [34].

Since the membership functions are directly associated
with the performance of the fuzzy system and to attain good
performance results from the controller, a GAOT algorithm
is used. This novel GAOT algorithm accurate tuning and find
the best optimal values for the parameters of membership
functions (MFs). In Fig. 7, the a and b are the set of input
MFs respectively, where their range is defined as min < a
< b < max. Likewise, one parameter for control output is
required to be defined. Consequently, the GAOT algorithm is
used to optimize the two parameters of the fuzzy PI (k, k;)
for the RTS and the ADC parameter (k) for the EV. The
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PI of the RTS and the parameter of the ADC of the EV. The
main purpose of the cost function in Eq. (16) is to get optimal
parameters that give the optimal frequency performance with
less control effort of the RTS and EV. Therefore the cost
function purpose is minimizing the sum of these variables
((Uprpp)? for the RTS, (Uapc)? for the EV, and |Af| for the
frequency regulation. The parameters of the GAOT algorithm
are given in Table 2.

J = min(0.001 % ((UFLP1)2 + (UADC)2> +0.999 % (|AF])
(16)

Remark 1. The control effort of the proposed fuzzy PI and
adaptive droop controllers are changing suddenly, which is
not applicable in some other applications such as industrial
and robot applications.

IV. SIMULATION RESULTS AND DISCUSSIONS

The isolated MG is modeled in MATLAB/Simulink
(R20164a), the system parameters of the isolated microgrid
(MG) are given in Table 3. Meanwhile, 49 fuzzy rules are
utilized to operate the fuzzy PI controller. The GA algorithm
is used to get the optimal values for the adaptive droop control
(ADC) and fuzzy PI parameters. The optimal values for fuzzy
PI parameters from GA are calculated as, k, = —1.5746 and
ki = —5.2011 and the ADC parameter is ko = 1.5011.
For comparisons purposes, a PI controller is used. This PI
controller is well-tuned using the GA with the same options.
The resultant parameters for the PI controller are k, = 9.1
and k; = 7.7.

A. CASE 1: MULTI-STEP OF LOAD CHANGE WITH THE
REHEAT TURBINE SYSTEM

The performance of the fuzzy PI controller implemented on
RTS under the multi-step load variation (APy) is displayed
in Fig. 9 (a). The main reason behind the consideration of
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RTS is to validate the performance of the fuzzy PI controller
and to make a comparison between the PI and the fuzzy PI
controller.

In Fig. 9 (b), the Ugrs represents the input signal fed to
the RTS by these controllers. The output power from RTS
(APRgrs) is displayed in Fig. 9 (c). The frequency change
(Af) of the isolated MG according to load variations and by
using the PI and fuzzy PI controller is presented in Fig. 9
(d). From Fig. 9(a), the step load gradually increased from
0.01 to 0.07pu at time (t = Os to t = 50s), and gradually
decreased from 0.07 to 0.01pu at time (t = 655 to t = 110s).
During the overall load change, the fuzzy PI controller shows
significantly better frequency performance in minimizing the
overshoot and settling time in comparison with the PI con-
troller. Besides, it is evident that both controllers restore the
system frequency to the nominal limits.

B. CASE 2: MULTI-STEP OF LOAD CHANGE WITH THE
REHEAT TURBINE SYSTEM AND EVs

In the second case, the EVs (APgy) integration effect is
studied by considering the same load variation (APp) and
the RTS. From Fig. 10(a), the load gradually increases from
0.01 t0 0.02pu at a time (t = Os to t = 20s), and a huge increase
at a time (t = 35s and t = 50s) is observed. In the specified
time intervals, the fuzzy PI and adaptive droop control (FLPI-
PI) controller well managed the charging of EVs batteries,
to attain their desired state of charge (SOC) level as shown
in Fig. 10(h). For a gradual decrease in load from 0.02 to
0.01pu at a time (t = 85s to t = 110s) and for a huge load
change from 0.07 to 0.02pu at a time (t = 65s to t = 85s),
the FLPI-ADC controllers show almost the same frequency
performance in comparison with the PI and adaptive droop
control (PI-ADC) controllers.
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The performance of FLPI-ADC controllers seems as not
good as of the PI-ADC controllers at time t = 65s. The FLPI-
ADC controllers discharge the EVs batteries to help the RTS
for managing the APy, meanwhile, the APy is also reduced
from 0.07 to 0.04pu. This causes more generation than the
load results in a positive Af at this moment. Moreover, at
t = 85s the SOC of the EVs batteries are less than their
desired level, so the FLPI-ADC controllers first charge the
EVs batteries to manages their desired SOC. Thus, at this
instant, the EVs draw power from the MG instead of provid-
ing power resulting in deviation in system frequency. Con-
versely, the PI-ADC controllers only charge and discharge
the EVs but didn’t properly consider the EVs provision in

VOLUME 8, 2020



M. U. Jan et al.: Adaptive and Fuzzy Pl Controllers Design for Frequency Regulation of Isolated Microgrid Integrated

IEEE Access

providing power support to the RTS in the frequency regula-
tion. In Fig.10 (e), the Ugy represents the input signal fed to
the EVs by the controllers to regulate the APgy (Fig.10(h)),
the FLPI-ADC controllers show better performance in man-
aging the voltage (Vgy), current (/gy) of the EVs batteries,
and their interaction with the load demand (APgy) than the
PI-ADC controllers. Furthermore, the former controllers pro-
vide better performance than the latter controllers in system
frequency regulation (Af) in minimizing the overshoot and
settling time as displayed in Fig. 10(d).

C. CASE 3: MULTI-STEP OF LOAD CHANGE WITH THE
REHEAT TURBINE SYSTEM, EVS, AND RENEWABLE
ENERGY SOURCES

In this case, the effect of the WTS output power and PV output
power are investigated, to support the RTS in fulfilling the
load demand (APy) besides the EVs. The Ugy (Fig.11 (e))
represents the input signal fed to the EV by the FLPI-ADC
controllers and, PI-ADC controllers. The FLPI-ADC con-
trollers manage the voltage (Vgy ), current (Igy ) and power of
the EVs batteries in a better and efficient manner by fulfilling
the energy demands of the EVs and respond accordingly to
the system frequency than the PI- ADC controllers, as shown
in Fig. 11 (f), Fig. 11 (g) and Fig. 11 (h), respectively.

Initially, from time (¢t = Os fo t = 65s), the WTS produces a
constant power (APy ) of 0.035pu and PV power generation
(APpy) shows a slight decrease from 0.13 to 0.1pu at the
wind speed and solar irradiation is displayed in Fig. 11(j)
and Fig. 11(i), respectively. At time ¢t = 65s, the reduction
in APpy is well sensed by the FLPI-ADC controllers, so the
EVs discharge their batteries to support the RTS. Meanwhile,
at this instant the APy is also reduced, consequently, the sys-
tem possesses extra power generation than the load demand,
results in a positive Af (Fig. 11(d)).

The Af appeared at this moment is still in its nominal limits
and in fact, it validates the better performance of the FLPI-
ADC control mechanism to regulate the APgy according to
the system requirement.

However, the PI-ADC controllers have not properly charge
and discharge the EVs according to the load situations and put
all the burden of power regulation on RTS (Fig. 11(c)). During
the overall load change, the FLPI-ADC controllers show
significantly better frequency performance in minimizing the
overshoot and settling time in comparison with the PI-ADC
controllers.

D. CASE 4: VARIABLE LOAD CHANGE WITH THE REHEAT
TURBINE SYSTEM, EVS, AND VARIABLE RENEWABLE
ENERGY SOURCES

In this case, the MG frequency performance is examined
while considering a variable load (AP} ) instead of a multistep
load disturbance (Fig. 12(a)), to demonstrate the performance
and efficiency of the proposed controllers. The effect of
variable wind speed which varies between 9 and 12 meters
per seconds, and the variable irradiance (Fig. 12(i)), on the
WTS output power generation and PV output power genera-

VOLUME 8, 2020

0.7

---PI+ADC
|—FLPI+ADC

0.6

0.5

2 04 [ I Ve
=l o

o =)
4 03

0.2 0.5

0.1

0 - 0
0 50 100 0 50 100
Time (s) Time (s)
a b

--PI+ADC
0.02 i |[—FLPI+tADC

---PI+ADC
1 |—FLPI+ADC|
v

)
2 08
8
a”06
a R
0.4
0.2
0 1 y L
0 50 100 0 50 100
Time (s) Time (s)
c
082 4 [TPI+ADC [ - [~P+ADC
0.8 e —-FLPI+ADC 0.90145 \ |---FLPI+tADC
: A~ ? P N
-~ i 09014 .~ oA
// \
5 090135
e
- 0.9013
3
S?0.90125

0.9012

0.90115

0.68 - - 0.9011 - -
0 50 100 0 50 100

Time (s) Time (s)

—PI+ADC
0 ---FLPI+ADC

0 50 100
Time (s)
9
x10
10.5 0.06 0.15
3.6
10 CTIIITITIIIT 005 { e rmmmmmmmes
34 O T i
T 95 32 o _ 0.04 e 01
$ o 3 fmm e a
2 3 52 i =
@ 9 5 20.03; 2
'g co | o
£ 28 £ 4 i 4
2 85 0.02 0.05
2.6 |
_______________ i
8- 0.01
2.4 [
i
7.5 2.2 0 0
0 50 100 0 50 100

Time (s) Time (s)
i i

FIGURE 11. The PI and Fuzzy Pl controllers results (a) AP, (b) Ugrs
() APgys (d) Af (e) Ugy (f) Vey (8) ey (h) APy (i) wind speed and
irradiation (j) APy, and APpy,.

tion (Fig.12(j)), are considered along with the RTS and EVs.
The input signal (Ugzg) generated to regulate the power of
RTS (APgrrs) is displayed in Fig. 12(b).
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Here, additional power is added to the system by RESs,
therefore, the power share from the RTS is reduced. The
change in the frequency (Af) of isolated MG according to
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APr and by using the FLPI-ADC and PI-ADC controllers are
presented in Fig. 12(d). In Fig.12(e), the Ugy represents the
input signal feed to the EV by the ADC. The voltage (Vey)
and current (Igy ) of the EV battery are displayed in Fig. 12(f)
and Fig. 12(g), respectively. The output power (APgy) from
EV is displayed in Fig. 12(h).

During the variable load change, the FLPI-ADC con-
trollers show a significantly better frequency performance
in minimizing the overshoot and settling time in compari-
son with the PI controller. From the above discussion, it is
obvious that both controllers restore the system frequency to
the nominal limits. Also, the FLPI-ADC controllers regulate
the APgy according to the frequency deviation in order to
participate effectively in frequency regulation of the isolated
MG and its performance is better than the PI-ADC controller.

V. CONCLUSION

This paper presents an isolated MG to study the impact of
fuzzy PI and adaptive droop control to regulate the system
frequency within the desirable limits. Here, the reheat turbine
system provides the main chunk of power. Meanwhile, to uti-
lize the maximum output power, the RESs are not controlled.
The intermittency of the RESs cause power variations and
hence yield frequency deviations. To counter these effects
EVs are included in the MG environment. As the EVs contain
batteries that have the charging and discharging capabilities
therefore, they are a good reciprocal of the energy storage
system. The EVs are maintained to the desired SOC limits
to have power for the driving needs as well. Four case studies
are presented here, in the first case, the RTS system is studied
alone and in the second case, the EVs are added. The impact
of PI, ADC, and fuzzy PI, ADC is analyzed, the latter shows
the best performance results. In the third and fourth cases,
the constant and variable RESs are integrated into the isolated
MG. The same two combinations of controllers are applied
to check the system performance. The fuzzy PI and ADC
provide better performance results in the stabilization of the
system frequency.

In the future, an advanced model predictive control tech-
nique and adaptive droop control combination will be applied
to an isolated MG for frequency regulation. Moreover,
an additional energy storage system will be added to study
the effect of the energy storage besides the EVs on the MG
system.
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