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Abstract

The paper proposes to use an improved Grey Wolf Optimization (GWO) optimized Fractional Order (FO) based type-II
fuzzy controller for frequency regulation of an AC microgrid in presence of plug-in electric vehicles. The AC microgrid
comprises various renewable-based energy sources such as wind turbine generator (WTG), photovoltaic cell (PV), micro-
turbine (MT), aqua electrolyzer based fuel cell (FC) and diesel engine generator (DEG) along with various storage devices
(ESD) like battery energy storage (BES), flywheel energy storage (FES) and electric vehicles (EV). The uncertain nature
of solar, wind technologies and load demand makes the system more complicated and introduces the frequency oscillations
in the system. It is highly needed to establish power balance among generation by designing an appropriate controller for
frequency regulation. This paper proposes a robust fractional order type-II fuzzy PID (FO-T2-FPID) where the parameters
of the FO-T2-FPID controllers are optimized by suggesting an improved GWO (I-GWO) algorithm. To demonstrate the
capability of proposed I-GWO algorithm few comparative analyses have been performed over particle swarm optimization
(PSO) and grey wolf optimization (GWO) algorithm. It is also observed that for the same FO-T2-FPID controller structure,
the percentage improvement in the objective function (ITAE) under load uncertainty by I-GWO compared to GWO and
PSO are 29.74% and 65.94% respectively. Finally, it is conferred that proposed I-GWO optimized FO-T2-FPID controller
significantly improves microgrid dynamic performance under various operational conditions.

Keywords Plug in electric vehicle (PEV) - Improved-grey wolf optimization (I-GWO) - Fractional order type-II fuzzy PID
(FO-T2-FPID) controller - Microgrid (mg) - Distributed generation (dg) - fuel cell

1 Introduction

The conventional electrical power generating stations are the
main source to service electrical power to the end consum-
ers. In response to suitable geographical constraints, dams
are built to develop hydropower plants for the generation
of electrical energy (Kishor et al. 2007). Most of the ther-
mal power plants are located near coal mines for economic
and transportation feasibility (Regulagadda et al. 2010).
Nuclear power plants are also able to generate bulk electrical
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power for satisfying different electrical demand (Kennedy
and Ravindra 1984). The above power generating stations
make easy and reliable of human life concerning electrifi-
cation over cities, domestics, hospitals, educational insti-
tutes, research centres etc. However, the emission of CO,
gas from the thermal power plant and the use of radioactive
elements in a nuclear power plant puts adverse effect over
the green environment. The thermal power plant and nuclear
power plant pollutes environment largely due to emission
of various dangerous gases. Another limitation of the con-
ventional power plant is limited stock of fuel. Research has
been focused over various renewable energy sources as a
substitute to service electrical power under pollution-free
intelligent environment. The renewable energy sources like
wind power, solar power, tidal energy, hydrogen gases etc.
have been employed to generate electrical energy without
affecting the healthy environment. Utilizing above renew-
able energy sources various distributed generating (DG)
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stations such as wind turbine generator (WTG), photovoltaic
cell (PV), tidal power plant (TPP), fuel cell (FC) have been
installed for electrifying different geographical areas (Mehri
et al. 2017; Sahu et al. 2017; Sivalingam et al. 2017; Pan
and Das 2015). All the DG systems are integrated to form
a microgrid system (Bevrani et al. 2017). The microgrid
is a small distribution grid which is physically appeared at
the load centres. Microgrid also comprises few additional
micro sources like diesel engine generator (DEG), microtur-
bine (MT) to improve capacity and reliability of the system
(Yin et al. 2017; Mohammadi et al. 2014). Besides this, few
energy storage systems (ESS) like battery storage system
(BSS), ultra-capacitor (UC) and flywheel energy storage
(FES) are utilized to manage grid energy efficiently (Bahm-
ani-Firouzi and Azizipanah-Abarghooee 2014; Arghandeh
et al. 2012; Sahu and Prusty 2019). Though various renew-
able energy-based sources can provide electrical power with
green environment, however, their low inertia and large
uncertainty issue create huge frequency instability problems
in the microgrid system.

Nowadays, uses of fuel-based auto vehicles are increas-
ing at a faster rate to cover transportation issues of human
beings. The emission of dangerous CO, gasses pollute the
environment seriously which put adverse effect over the
green environment. To improve the environmental condition,
research has been carried out over plug-in electric vehicles
(PEV) and has been implemented successfully for different
transportation purposes. The commonly used batteries for
PEV are lithium-ion (Li—Ton), molten salt (Na—NiCl,), nickel
metal hydride (Ni-MH) and lithium sulphur (Li-S). The
lithium iron is the most commonly used battery for all PEVs.
The battery bears high Ah (ampere-hour) capacity and has
the least formation of gasses during the chemical reaction.
The limitation of the PEV has its frequently charging on
supply system (microgrid). Microgrids are operated in two
different conditions i.e. grid-connected mode and islanded
mode. Microgrid under grid-connected mode doesn’t face
any frequency instability issues due to the appearance of the
strong utility grid. However, microgrid in the islanded mode
of operation faces huge frequency instability issues under
various disturbances. The simultaneous charging of abun-
dant electric vehicles creates frequency instability issues in
the islanded microgrid system. An awareness over frequency
stability is required while charging various electric vehi-
cles in the microgrid system. In microgrid control concern
different articles have been published in various reputed
journals. Various articles have focused on optimal control-
lers to maintain stability in frequency in the microgrid sys-
tem. Sahu et al. (2018) suggested an improved-salp swarm
optimized type-II fuzzy controller for frequency regulation
of an islanded AC microgrid under various uncertainties.
Mishra et al. (2019) proposed an improved-Moth flame opti-
mized tilt PID controller for frequency control of an islanded
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microgrid under various disturbances. Sedghi and Fakha-
rian (2017) proposed a fuzzy droop control approach for
frequency regulation of an islanded AC microgrid system
under various disturbances. Saeedi et al. (2019) addressed
on robust optimization strategy for optimal chiller loading
under different cold demand uncertainties. Ghadimi et al.
(2018) suggested an improved metaheuristic algorithm and
feature selection technique for electrical load forecasting
on the two-stage engine. Khodaei et al. (2018) proposed a
novel compromise programming for cost emission opera-
tion of an industrial consumer with suggesting a fuzzy-based
heat and power hub models. Bagal et al. (2018) presented a
novel information gap decision theory for risk-assessment
of a hybrid photovoltaic-wind-battery grid-based consumer
retrospectively. Gao et al. (2019) addressed a novel multi-
block based forecast engine for load forecasting of an electri-
cal system. Chen et al. (2019) proposed a fractional-order
model predictive controller for frequency regulation of an
AC microgrid under islanding operations. The frequency
regulation of an AC microgrid is well demonstrated by
Mohamed and Mitani (2019) by suggesting optimal control
and SMES principles. In frequency control concern, the dif-
ferent approaches reported in the above articles are not fea-
sible for large uncertainty based non-linear power systems.
The type-I fuzzy controller is limited to only low uncertainty
based linear systems for various control aspects. The type-
II fuzzy controller which has been proposed for this study
achieves better performance for frequency control under the
realization of high uncertainties of a microgrid system. The
present article has well addressed over frequency regulation
of an electric vehicle operated microgrid system under the
realization of various intelligence techniques.
The contribution of this manuscript is as follows:

(1) A microgrid system is modeled with penetrating vari-
ous renewable energy sources such as wind turbine
generator (WTG), photovoltaic cell (PV), fuel cell
(FC) and micro sources like diesel engine generator
(DEG), microturbine (MT) along with few energy stor-
age devices like battery energy storage (BES) and fly-
wheel energy storage (FES).

(2) The simplified transfer function model of an electric
vehicle is effected as a load to investigate the dynamic
performance of the microgrid system.

(3) The work proposes a robust fractional order type-II
fuzzy PID (FO-T2-FPID) controller to maintain fre-
quency stability in the AC microgrid system under vari-
ous uncertainties (change in load, fluctuation in wind
power, variation in solar irradiation power).

(4) A nature-inspired improved-grey wolf optimization
(I-GWO) algorithm is suggested to optimal design the
proposed FO-T2-FPID controller under various operat-
ing regions.
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(5) The effectiveness of the proposed FO-T2-FPID con-
troller is validated through suitable comparative study
over type-II fuzzy PID (T2-FPID), fuzzy PID and PID
controllers.

(6) The viability of the proposed I-GWO algorithm over
original grey wolf optimization (GWO) and particle
swarm optimization (PSO) is justified through different
comparative analysis.

The rest of the paper is organised in the following way:
the description of the system investigated along with the
modeling of various components of AC microgrid have
been provided in Sect. 2. The proposed controller (FO-
T2-FPID) and objective function are described in Sect. 3.
The proposed improved-Grey Wolf Optimization (I-GWO)
algorithm has been explained in Sect. 4. The results and
analysis section, Sect. 5 contains three parts: (1) first part:
controller stage: the superiority of proposed FO-T2-FPID
controller over T2-FPID, fuzzy PID and PID controllers
has been demonstrated for various cases. (2) Second part:
Technique stage: superiority of proposed I-GWO technique
over grey wolf optimization (GWO) and particle swarm
optimization (PSO) in controller design problem has been
demonstrated. (3) third part: Sensitive analysis: the robust-
ness of proposed I-GWO optimized FO-T2-FPID controller
is validated through different sensitive analysis with wide
regulation of system parameters. Lastly, it summarizes with
the main conclusions in Sect. 6.

photo voltaic cell (PV), micro turbine (MT) and aqua elec-
trolyzer based fuel cell (FC).

To improve power quality and response time of the sys-
tem few energy storage devices (ESD) like battery energy
storage (BES) and flywheel energy storage (FES) are pen-
etrated with the common DG system. The schematic dia-
gram of a plug-in electric vehicle (PEV) integrated micro-
grid system is depicted in Fig. 1. The DEG, MT and FC
take part to constitute secondary frequency control loop in
the microgrid system. However, WTG and PV are unable
to take part in the secondary frequency control loop due
to their large environmental depending nature. A battery-
operated vehicle (Alharbi et al. 2019; Hemmati et al. 2020)
is effected as a load to examine the dynamic performances
of the microgrid system. The simplified model of electric
vehicle operated microgrid system is depicted in Fig. 2.

The individual components of microgrid system are
expressed through their equivalent transfer function
expression.

I.  Modeling of diesel engine generator (DEG)
Governor is expressed as

3 AP, (s) 3 1
T AP(s)  1+sT, M

G(s)

where AP, =incremental change in governor input
power, AP,=change in governor output power,
T,=time constant of governor.

Turbine model is expressed as

2 System investigated AP o(s) 1
Gr(s) = = ,
o . o rO="p &) " T4, &)
The proposed microgrid system is modeled with simplified
transfer function expressions. The microgrid comprises
various distributed generating (DG) stations such as diesel
engine generator (DEG), wind turbine generator (WTGQG),
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Fig. 2 Transfer function model of PEV based AC microgrid system
where AP, =incremental change in turbine input where AP, =incremental change in AE input power,
power, AP, =change in turbine output power, AP,p=change in AE output power, T, =time con-
T,=time constant of turbine. stant of AE system, K, ;= gain of AE system.
Modeling of wind turbine generator (WTG) The transfer function model of fuel cell is
The transfer function model of WTG is expressed expressed as
as
AP(s) Ky
G s) = = ,
APyr(s) Kyro rc(®) AP p(s) 1+ 5T ©
Gy(s) = = ; 3)
APy (s) 1+ sTyrg ] ) )
where AP, =incremental change in FC input power,
where APy, =incremental change in wind turbine APp-=change in FC output power, T-=time con-
input power, APy, =change in wind turbine output stant of FC system, K= gain of FC system.
power, Ty, =time constant of wind turbine. V. Modeling of micro turbine (MT)
Modeling of photo voltaic cell (PV) The transfer function model of MT is expressed as
APpy(s) K AP, () K
Gpy(s) = pviS) _ PV @ Gypr(s) = mr'S) Mr__ 7
APy(s)  1+sTpy APy(s) 14Ty,
where AP g =incremental change in PV input power, where AP, =incremental change in MT input power,
APpy,=change in PV output power, Ty, =time con- AP,,;r=change in MT output power, T, =time con-
stant of PV system, Ky, = gain of PV system. stant of MT system, K, = gain of MT system.
Modeling of aqua electrolyzer based fuel cell (FC) VI. Modeling of electric vehicle (EV) and energy storage

Iv.

The aqua electrolyzer (AE) based fuel cell com-
prises two different stages i.e. aqua electrolyzer stage
and fuel cell stage.

The transfer function model of aqua electrolyzer is
expressed as

AP,(s)  Kip

Grols) = = ,
0= 3p ) T THsTay

&)
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devices
The transfer function model of EV is expressed as

APgy(s)  Kgy

APg(s) 14Ty,

Ggy(s) = ®)
where AP =incremental change in EV input power,
APgy,=change in EV output power, Ty, =time con-
stant of EV system, K, = gain of EV system.
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The transfer function model of battery energy stor-
age (BES) is expressed as

APppg(s)  Kpgg
APg(s) 1+ 5Ty’

Gps(s) = )
where APy, =incremental change in BES input
power, APgp¢=change in BES output power,
Tgpg=time constant of BES system, K= gain of
BES system.

The transfer function model of flywheel energy
storage (FES) is expressed as

AP pgg(s) _ Kpgs 10
AP pi(s) 1+ 5Trgg (10)

Grps(s) =

where APp;=incremental change in FES input
power, APpps=change in FES output power,
Trpg=time constant of FES system, K¢ = gain of
FES system.

3 Controller structure
3.1 Fractional order controller

Fractional calculus is the mother of term fractional order.
Fractional calculus addresses the basics of fractional order
through various differential equations. Fractional calculus
came from modification of general calculus where the non-
integer order of Laplace variable (s) are exploited signifi-
cantly (Enrico and Kai 2016). Oustaloup is the inventor
of fractional order expression who has demonstrated the
principle of fractional order in mathematics. Inspired with
the fundamentals of fractional order principle, Podlubny
et al. (1997) came forward to modify the conventional PID
controller with implementing fractional principle and the
controller commonly referred to as fractional order PID
(FO-PID) controller. The simplified expression for FO-
PID controller is PI*D*. Where A stands for the order of
integrator and p stands for the order of differentiation.
The performance of PI*D* controller was found to be bet-
ter due to its improved stability performance and quick
response time. The fractional order differential equation
d*y (t)/ 4o 1s derived from the modification of general dif-
ferential equation d”y(t)/ Jdr»-where o is non-integer order
and n is an integer order. Capulos’s fractional calculus is
the prime source to design various fractional order based
controllers. In this, an operator called fractional integro-
differential operator ,F} helps to design fractional order
based controllers.

j do)*,a <0
Fi=1 a0 : (1n
:71, a>0
The ath order of derivative f (¢) in response to Capulo’s
theory is

o 0
P == 0/ TR

where, R, meZ(m—-1)<a <m.
The Laplace transform of Eq. (12) will be written as

) 12)

(o9

m—1
/ e Ff(0di = SF(s) = ) S, (13)

0 k=0

t
where, y(a) = [ e7'1*7 L.

0
The simplified expression of FO-PID controller is

K
Cs) = Kp + 571 + KpS*. (14)

3.2 Type-ll fuzzy PID (T2-FPID) controller

The conventional fuzzy PID controller is found to be better
for improving system dynamic performances under various
disturbances (Sahu et al. 2019). These controllers are mostly
preferred in linear systems and to some extent to non-linear
systems subject to few uncertainties. Under large uncertain-
ties such as wide fluctuation of wind power, a large variation
of solar power, sudden deviation of load, the conventional
fuzzy controller is least effective and unable to improve sys-
tem performances. Owing to large uncertainties, the dual
membership function based type-II fuzzy PID controller
gives improved dynamic performance in response to the
stability of electrical power systems (Sahu et al. 2019). The
present article has focused on frequency control of various
DG based microgrid system under different disturbances.
As the microgrid is associated with huge uncertainties, the
work proposes a fractional order based type-II fuzzy PID
(FO-T2-FPID) controller to regulate frequency under such
uncertainties. The membership functions of the type-II fuzzy
controller are structured with the co-ordination of both lower
membership function (LMF) and upper membership func-
tion (UMF). At the base, there are two different member-
ship values i.e. LMF and UMF to accomplish the entire
membership process of each linguistic variable. Combining
both LMF and UMF at the foot of the membership a bar-
rier is developed as shown in Fig. 3. At foot, an uncertainty
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ACE

ACE, ACE,

ACE, ACE,

Fig.3 Membership functions with LMF and UMF

called footprint of uncertainty (FOU) is created and is sur-
rounded between both LMF and UMF. The FOU progres-
sively creates 3D structure and able to magnify the degree
of freedom of all membership functions. The 3D structure
helps to improve system performance (frequency regulation)
under huge uncertainties. The 3D structure additionally able
to access the data in a precise manner and also gracefully
improves fuzziness of the system. The membership func-
tions both for inputs (e, de) are illustrated in Fig. 4. The type-
II fuzzy action involves various processes i.e. fuzzification,
knowledgebase, type reducer and defuzzification.

3.2.1 Fuzzification

Fuzzification is the primary process of the fuzzy controller.
Fuzzification process access both inputs (e, de) and produce
sensible 3D structured fuzzy sets through various member-
ship functions. The suggested linguistic variables for differ-
ent membership functions are maximum negative (MXN),
minimum negative (MNN), zero (ZER), minimum positive
(MNP) and maximum positive (MXP).

Suppose

§ (ACEw)

U=Fuzzy set (type-1Il)u;(ACE, a) = Membership function

U= ((ACE, a), uy(ACE, a)), VACE € P,va € J,£[0, 1]

15)
In regard to continuous universe of discourse
/ / He(ACE, a)
"(ACE,a) ’ (16)

ACEEP a€J 0

Where,f /=Uni0n on ACE and a, ACE=Main variable,
a=additional variable of domain J,

g (ACE, a) = FOU(UWACE € P,va € J,c;[0,11.  (17)

Jscr 1s demonstrated as

Jyce = (ug(ACE, @), uy(ACE, a)IVACE € P, va € J [0, 11.
- (18)
The membership function associated with type-I fuzzy
controller inspires to develop both LMF and UMF. The posi-
tion of all points of UMF and LMF are transferred by zero
membership function grades i.e. ACE; to ACE, and UMF
ACE, to LMF ACE,.The structure of membership function
with FOU is depicted in Fig. 3.

3.2.2 Knowledge base

The knowledge base is treated as the brain of the fuzzy
system which carries two different processes like rule base
and interface engine. Unlike type-1 fuzzy controller, the
rule base is structured with the help of various linguistic
functions and is illustrated in Table 1. Both ACE and dACE
are actuated as input signals for the type-2 fuzzy controller
which gives the output as y.

The structural property of type-2 fuzzy controller is
described as

<

MNP

Minimum

|
f
|
J

Fig.4 Membership functions both for inputs and output

@ Springer

1t (AACEu)
|
|
I

0.5
MNN




Improved-GWO designed FO based type-Il fuzzy controller for frequency awareness of an AC... 1885
Table 1 Rule base of fuzzy controller 225 o
_ s=1
¢ MXN MNN ZER MNP MXP Yoo = 225 ]TS ’ (23)
e s=1
MXN MXN MXN MNN MNN ZER .
MNN MXN MNN MXN ZER MNp | Ym1= result to converge problemy,,, =result to diverge
ZER MNN MNN ZER MNP mnp  Problem. o ,
MNP MNN ZER MNP MNP MXP BothY,, andY,,, are accessed as two indistinct membership
MXP ZER MNP MNP MXP MXP of type-1 fuzzy system. The desired output of type-2 fuzzy
controller is resulted by averaging ¥,,; and Y.
LMF * forACE = MN-dACE = Z:Y = MN 3.3 Fractional order based type-Il fuzzy PID
’ — e (19) (FO-T2-FPID) controller

UMF : forACE = MN:dACE = Z;Y = MN.
The firing strength of associated fuzzy sets are expressed as

[ = min(ug5(ACE, a), py5(dACE, a))

f* = max(ug(ACE, a), u7;5(dACE, a))
(20)

3.2.3 Type reducer and defuzzification

The function of type reducer is to convert type-II fuzzy set to
type-I fuzzy set for defuzzification. Defuzzification method
is the end process of the fuzzy controller which transforms
type-1 fuzzy set to a useful crisp variable through various
methods. The concerned methods for such fuzzy conversions
are centre of sets, centroid and centre of sums etc. The promi-
nent method centre of sets (CoS) is found to be better while
converting a fuzzy variable to the desired crisp output value:

The proposed fractional order based type-II fuzzy PID (FO-
T2-FPID) controller is structured with considering all features
of fractional order calculus and type-II fuzzy controller. The
order of both integrator and differentiations are non-integer
value which improves the overall controller performance
gracefully. The block diagram model of the proposed FO-
T2-FPID controller is depicted in Fig. 5.

3.4 Objective function

The objective function has the ability to improve system per-
formances through various optimal controllers. The objective
function helps to decide the proper parameters of the optimal
controller. It has to be a great challenge for a design engineer
to select proper objective function so that system performances
could be amended significantly. In optimal design concern,
various objective functions such as Integral of Squared Error
(ISE), Integral of Absolute Error (IAE), Integral of Time mul-
tiplied Squared Error (ITSE) and Integral of Time multiplied
Absolute Error (ITAE) have been suggested for the study. In
frequency stability concern, ITAE has been proposed for its
improved dynamic responses obtaining capability (Porwal

Ve = 3 X = (¥, Vool (21)  etal. 2018). The objective function ITAE is expressed as
s=1 F ;
J =ITAE = Af) -t - dt,
52 py [ aan 4)
Yo =~ = 22) 0
=1 where Af =frequency deviation, t=time for simulation.
Fig.5 Block diagram of
proposed FO-T2 fuzzy PID I K >
controller " 1 "
Type-2 y(t)
Fuzzy
ACE Logic
Controller
d H
o o G
dt,ul

dtﬂz
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4 Improved-Grey Wolf Optimization (I-GWO)
algorithm

Mirjalili et al. (2014) proposed a nature-inspired metaheuristic
algorithm called Grey Wolf Optimization (GWO) for optimiz-
ing various engineering problems. GWO technique is inspired
by social leadership and hunting actions of grey wolves in
nature. There are three different best solutions i.e. alpha, beta
and delta for each iteration of the GWO technique. These three
best solutions make leading of populations towards the desired
region in the search space. The remaining wolf ‘omega’ helps
to assist alpha, beta and delta for encircling, hunting and
attacking of the preys. Though GWO technique has improved
dynamic performance in the area of optimization but is found
to be inferior for solving most of the multi-objective problems
due to its poor balancing between exploration and exploitation.
Modifying equations related to hunting and encircling activi-
ties of original GWO technique an Improved-GWO technique
is designed which improves the balance between exploration
and exploitation significantly. The -GWO technique is struc-
tured with simulating mathematically two different activities
i.e. encircling phase and hunting phase.

4.1 Encircling phase

The following equations are derived while mathematical
designing encircling activity of grey wolf:
(QEP(U] (25)

D=|C-

w

;((t+ 1) = g((t) —;{ -B, (26)

where t=current iteration; Z =2a- r_; - Z; E = 2;;;
Xp=position vector of prey; )?:position vector 02 grey
wolf; Z=Variable reduces linearly from 2 to 0; r; and
r_;:random variables [0, 1].

4.2 Hunting phase

The hunting behaviour of grey wolves are modelled math-
ematically through following equations

D,=IC,-X, - X| @7
Dy=1C,- X, - X| (28)
D; =1C, - X; - X| (29)
X, =X, -4, - D,| (30)
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X, =X, -4, Dl 31
Xy = |X; — As - Dy (32)

X +X,+X,

33
3 (33)

X(t+1)=

The modification of various equations in I-GWO tech-
nique gives the flag vector for each and every grey wolf.
The length of the flag vector is assigned as the total num-
ber of the feature present in the dataset. The Eq. (33) helps
to update the position of the grey wolf. In response to the
flag vector of each grey wolf, the below Eq. (34) is utilized
to discrete the position of the grey wolf. The flow chart of
I-GWO technique is illustrated in Fig. 6:

flag, = 1X;;>05 A
i =\ 0 otherwise G4

Here, X; ;=jth position of ith grey wolf.

5 Result and analysis

The transfer function model of an electric vehicle plugged
AC microgrid was developed in the Simulink environment
and necessary codes are built in the .m file of MATLAB
software. The dynamics in load and associated uncertainties
are the main cause of frequency instability in the micro-
grid system and could be recovered as quickly as possible.
In this study, dynamics in load, fluctuation in wind power
and variation in solar irradiation power are effected to cause
frequency disturbances in the microgrid system. To obtain
stability over system frequencies a robust fractional order
type-1I fuzzy (FO-T2-FPID) controller is suggested for this
study. The proposed controller is optimally designed with
implementing an Improved-grey wolf optimization (I-GWO)
technique under various operating regions. This section
undergoes various case studies i.e. (I) Controller stage (II)
Technique stage (IIT) Sensitive analysis.

I.  Controller stage

This stage deals with to defend the superiority of
proposed FO-T2-FPID controller over type-II fuzzy
PID (T2-FPID), fuzzy PID and PID controller for
frequency regulation of an EV based AC microgrid
system. All these controllers are optimally designed
with implementing proposed I-GWO technique.
The system, as well as controller performances are
investigated under various uncertainties i.e. load
dynamics, wind power fluctuations and solar power
regulations. The I-GWO designed optimal parameters
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Fig.6 Flow chart of I-GWO
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of the alpha

Termination
criteria
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position
Table 2 Optimal parameters of FO-type-II fuzzy controller under I-GWO technique
Controllers FO-type-II fuzzy controller O. Function
Parameters K, K, n K, K A 1 ITAE x1072
—0.8876 0.4022 0.0028 0.18886  — 0.6446 -0.9664  0.202 0.824 14.86
—1.2353 —1.9442 0.7082 — 0.8666 —0.9922 —1.2004  0.506 0.642 22.48
— 1.7766 —0.9228 0.7472 —1.8018 - 1.8212 —0.9286 0.902 0.404 46.72
AP, + APy, + AP, —1.9098 —1.9982 0.4662 —1.6764 —1.7662 —0.9886 0.602 0.146 76.02

of proposed FO-type-II fuzzy PID controller with
respective ITAE values under the above uncertain-
ties are assembled in Table 2.

A. A.Frequency stability under load dynamics (AP;)

only

A time-variant step load shown in Fig. 7 is
effected as a disturbance in the microgrid system
to study frequency regulation under I-GWO opti-
mized all implemented controllers i.e. proposed FO-
T2-FPID, T2-FPID, fuzzy PID and PID controllers.
Under such disturbance, the time domain response
of frequency deviation in microgrid system is illus-
trated in Fig. 8. The proposed FO-T2-FPID con-
troller obtains frequency response having the least
peak overshoot of 0.001 Hz and settles faster at 6.4 s
approximately. However, the deviation in frequency
responses are obtained with other approaches exhibit
increased settling time (9.2 s) and high overshoot
(0.4 Hz). The response with zoom version clearly
identifies the ability of proposed FO-T2-FPID con-
troller to obtain an improved response with least

A PL inp.u

10 20 30 40 50 60 70 80
Time in Second

Fig.7 Time variant step load

oscillation and settling time. Critical analysis over
this dynamic response suggests proposed [-GWO
designed FO-T2-FPID controller is found to be
better regarding settling time, peak overshoot and
undershoot of the responses.
Frequency stability under wind power fluctuation
(APy) only

In this case study, the system performance and
the proposed controller viabilities are investigated
under wind power fluctuations. The dynamic
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optimized all implemented controllers. Under such < 04 0.02 5
. . . : 1 11 12 3
disturbance, the time domain response of frequency ol A 4 s
N . . .. . Vi Y -
deviation in the microgrid system is illustrated in o1
"o 20 40 60 80 100

Fig. 10. The dynamic frequency response which
has been obtained with FO-T2-FPID controllers
settles at 4.2 s and is faster as compared to other
approached responses. The proposed FO-T2-FPID
controller is also able to damp out the oscillation of
the frequency response effectively. Critical analy-
sis over this dynamic response suggests proposed
I-GWO designed FO-T2-FPID controller is found
to be more effective in regard to obtain least settling
time, reduced peak overshoot and undershoot of the
response.
C. Frequency stability under solar power regulations
(APg) only
A variation in solar irradiation power shown in
Fig. 11 is effected in EV based microgrid to ana-
lyze frequency regulation under various controlled
approaches. The controlled dynamic response of
system frequency under such disturbance is depicted
in Fig. 12. The frequency response obtained with
FO-T2-FPID controller settles faster at 6.2 s with
least peak overshoot of 0.07 Hz. However, the fre-
quency response obtained with PID controller relies

@ Springer
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Fig. 12 Frequency deviation under step load

on higher settling time of 10.2 s and increased peak
overshoot of 4.6 Hz. This confers the proposed FO-
T2-FPID controller has a faster response to obtain
stability over the system. The analysis suggests
proposed I-GWO optimized FO-T2-FPID control-
ler improves system performances significantly
and exhibits superior performance over optimal
T2-FPID, fuzzy PID and PID controllers.
D. Frequency stability under the reflectance of AP,,
APy, and AP, simultaneously
This case study deals with the frequency regu-
lation study of an EV based AC microgrid system
under the effect of all three uncertainties (AP,
,APy, and AP,) simultaneously. The dynamic
responses of all three uncertainties in simultane-
ous action are depicted in Fig. 13. The controlled
dynamic response of system frequency under such
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Fig. 14 Frequency deviation under step load

disturbance is depicted in Fig. 14. The simulated
frequency response due to FO-T2-FPID controller
exhibits quicker settling time of 6.8 s with reduced
peak overshoot of 0.08 Hz. The performance index
parameters like settling time, peak overshoot and
peak undershoot of frequency responses resulted
under different controllers and uncertainties are
gathered in Table 3. It has been noticed from Table 3
that for same I-GWO optimal scenario, the percent-
age improvement in settling time of AF (load uncer-
tainty) and AF (solar power uncertainty) with FO-
T2-FPID controller compared to T2-FPID are 5.70%
and 39.72% and compared to Fuzzy PID are 96.25%
and 142.50% respectively. Subjective analysis over
frequency response and the numerical result sug-
gests proposed I-GWO optimized FO-T2-FPID con-

Table 3 Performance index parameters of dynamic frequency response

IL.

troller improves system performances significantly
and exhibits superior performance over optimal
T2-FPID, fuzzy PID and PID controllers.
Performance analysis under stochastic generated
uncertainties

The uncertainties of load dynamics, wind power
fluctuations and solar power variation are unpre-
dictable and undergo with a continuous variation.
In real-time validation, these uncertainties may
be predicted under stochastic analysis. This sec-
tion especially highlights on system performance
under various stochastic generated uncertainties.
The stochastically generated step load, wind power
fluctuations and solar power variation are illus-
trated in Fig. 15, 16, 17, 18 and 19 respectively. The
deviation in frequency response under stochastic
generated load variation is depicted in Fig. 16. The
response with FO-T2-FPID controller settles faster
at 4.04 s and exhibits the least overshoot of 0.08 Hz
as compared to other approaches. However, the
responses of frequency deviation under wind power
fluctuation and solar power variation are illustrated
in Figs. 18 and 20 respectively. The dynamic fre-
quency responses which have been resulted with
FO-T2-FPID controller exhibit least settling time
and also damp out the oscillation effectively as com-
pared to responses under T2-FPID and fuzzy PID
controllers. The magnify figure gracefully defend
the superiority of FO-T2-FPID controller.

Critical analysis over all frequency responses con-
fers supremacy of proposed I-GWO designed FO-
T2-FPID controller in response to frequency control
of an EV based AC microgrid system.

Technique stage

This stage deals with to defend the superiority
of proposed I-GWO technique over grey wolf opti-
mization (GWO) and particle swarm optimization
(PSO) in regard to optimal design the proposed FO-
T2-FPID controller. The optimal controller is sug-

Controller/ FO-type-II fuzzy controller Type-1I fuzzy PID controller Fuzzy PID controller

performance . - S
Over Undershoot  Settling time Over- Undershoot  Settling time Over Undershoot ~ Settling time
shoot in inPux 1072 (s) shoot in inPux 1072 (s) shoot in inPux 1072 (s)
Pux 1072 Pux 1072 Pux 1072

AF (Load) 7.82 —0.86 8.76 34.86 —-4.82 9.26 35.28 —-5.24 12.24

AF (Wind) 11.26 - 0.62 8.48 32.62 —-3.48 8.86 38.84 —4.46 11.76

AF (Solar) 8.22 -1.12 4.80 32.32 —-2.98 9.42 36.52 -4.18 11.64

AF 9.28 -1.28 6.8 31.02 -3.02 9.66 38.86 —6.02 12.68

L+W+S)
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gested to obtain frequency stability in the EV based
microgrid system under different disturbances such
as load dynamics, wind power fluctuations and solar
power regulations. The controlled response of devi-
ation in microgrid frequency due to all techniques
i.e. [ GWO, GWO and PSO optimized FO-T2-FPID
controller under load uncertainty (AP, ) is illustrated
in Figs. 21 and 22. It is cleared from the response
that proposed I-GWO optimized FO-T2-FPID con-
troller develops least settling time (7.2 s) oriented
response as compared to GWO and PSO. However,
the controlled dynamic responses of frequency devia-
tion under wind power uncertainty (APy,) and solar
power uncertainty (APg) are depicted in Figs. 24 and
26 respectively. The dynamic frequency responses
obtained under I-GWO optimized FO-T2FPID con-
troller exhibit faster settling time with least damp-
ing oscillations. The magnify figure clearly indi-
cates the oscillation and settling time of responses
and enough to validate the superiority of proposed
I-GWO algorithm over GWO and PSO algorithms.
The time-domain dynamic responses are resulted
with proposing all techniques (I-GWO, GWO, PSO)
based FO-T2-FPID controller. The performance
index parameters such as settling time, peak over-
shoot and peak undershoot of all frequency responses
depicted in Figs. 22, 23, 24, 25 and 26 are gathered
in Table 4. The simulated convergence curve of all
optimization techniques is illustrated in Fig. 27. The
convergence curve suggests faster convergence ability
of the proposed I-GWO algorithm with least ITAE
value. The ITAE values of all optimal controllers are
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III.

also represented graphically in Fig. 28 and defend the
superiority of I-GWO algorithm to obtain improved
ITAE values.

The numerical results addressed in Table 4 confer
supremacy of proposed I-GWO algorithm to obtain
the least settling time and reduced oscillations in
the frequency response. Further, it is clearly visu-
alised from Table 4 that for same controller struc-
ture the percentage improvement in settling time of
frequency response resulted under all uncertainties
AF (L+ W + S) with I-GWO algorithm compared to
GWO and PSO are 17.82% and 36.52% respectively.
Overall analysis suggests the proposed [-GWO tech-
nique is found to be better for optimal designing vari-
ous controllers in response to frequency regulation of
an AC microgrid system.

Sensitive analysis

The robustness of the proposed FO-T2-FPID con-
troller is validated through different sensitive analy-
sis. The sensitive analysis is progressed with wide
regulation of system parameters such as variation
in time constant of governor (7;), turbine time con-
stant (7,), fuel cell time constant (7), micro-turbine
time constant (7),;), electric vehicle time constant
(Tgy), wind turbine time constant (7y;y,) and PV
cell time constant (Tpy ). In this research study, all
these parameters are regulated with +30% from their
nominal values to investigate system performance
under the proposed FO-T2-FPID controller.

A. Varying governor time constant (T)

AFinHz
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Fig. 26 Frequency deviation under solar power variation

This case study presents dynamic behavior of the
system frequency under regulation of diesel engine
governor time constant (7;) with +30% from its
nominal value. Under such conditions, the response
of deviation in system frequency is depicted in
Fig. 29. All three responses are resulted without
changing the optimal parameters of the proposed
FO-T2-FPID controller. It is clearly visualised from
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Table 4 Settling time, peak overshoot and peak undershoot of frequency response under different techniques

Controller/per- I-GWO technique GWO technique PSO technique
formance
Over Undershoot ~ Settling tim  Over Undershoot ~ Settling tim  Over Undershoot ~ Settling tim
shoot in inPux 1072 (s) shoot in inPux 1072 (s) shoot in inPux 1072 (s)
Pux 1072 Pu x 1072 Pux 1072
AF (Load) 10.20 —2.08 10.46 32.02 —-3.21 12.48 34.64 —3.80 14.42
AF (Wind) 12.02 —2.10 12.56 33.8 —4.42 14.52 38.40 —2.38 16.48
AF (Solar) 12.68 —3.32 6.06 34.06 —4.8 6.76 38.62 —3.86 8.30
AF 13.12 —3.38 13.80 35.66 —4.6 16.26 40.22 —4.12 18.84
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Fig. 28 ITAE values of various optimization techniques

the frequency response that, under wide regulation
of governor time constant it is not required to retune
the controller parameters again to obtain a desired
response in the existing system. The dynamic
response suggests the proposed FO-T2-FPID con-
troller is robust in nature.

B. Varying turbine time constant (T )

This section has well addressed on sensitive anal-
ysis with wide regulation of diesel engine turbine
time constant (7). Unlike section ‘A’ the turbine
time constant is varied +30% from its nominal value
to investigate system performance under unchanged
controller optimal parameters. The deviation in sys-
tem frequency which has been resulted under wide
regulation of T, is depicted in Fig. 30. The sensitive
analysis of this research work has been progressed
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Fig.29 Frequency deviation under regulation of T;;

with the regulation of Tre, Tgy, Ty Twivp and
Tpy by +30% from their nominal values. The time-
domain simulated frequency responses under such
parametric regulations are illustrated in Figs. 29,
30, 31, 32, 33, 34, 35 and 36, respectively. The
responses are simple overlapping or little deviation
under wide regulation of system parameters. This
suggests the wide regulation of system parameter
has no impact over system performances under the
presence of unchanged controller parameters. Criti-
cal analysis over all dynamic response confers to
get desired performance, the controller parameters
need not to be retuned again with wide variation of
system parameters.

The settling time and overshoot of frequency responses
which have been obtained with wide regulation of vari-
ous system parameters are gathered in Table 5. Thorough
assessment over Table 5 shows the percentage variation in
settling time of AF (under load uncertainty) at + 30% and
— 30% with respect to normal loading are 0.82% and 1.96%
respectively. The least percentage variation in settling time
justifies robustness of proposed FO-T2-FPID controller.
The numerical results such as settling time and peak over-
shoot are very close approximation under any parametric
regulations. Numerical results and dynamic responses con-
fer robustness of proposed FO-T2-FPID controller regarding
frequency regulation of an AC microgrid system.
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5.1 Comparison with recent frequency control
approaches

A commonly used two equal area non-reheat power sys-
tem (Ali and Abd-Elazim 2011; Rout et al. 2013; Panda
et al. 2013; Panda and Yegireddy 2013; Sahu et al. 2015)
is considered to validate the superiority of proposed
I-GWO optimized FO-T2-FPID controller. To obtain
controlled frequency response, each area of the system
are allocated with identical FO-T2-FPID controller and
the controller parameters are optimally designed with
employing an I-GWO algorithm. The identical power sys-
tem (Ali and Abd-Elazim 2011; Rout et al. 2013; Panda
etal. 2013; Panda and Yegireddy 2013; Sahu et al. 2015)
and suggested objective function (ITAE) are considered
to make a critical comparison of proposed I-GWO based
FO-T2-FPID approach over few reported approaches (Ali
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Table 5 Index parameters and ITAE value of frequency deviation response under different parametric regions

Parameter variation %Change Settling time T; (s) Peak overshoot (p.u) ITAE x10~!
AF (AP)) AF (APy) AF (APy) AF (AP)) AF (APy) AF (APy)
Nominal 0 14.80 8.64 9.66 0.12 0.32 0.34 1.4382
Loading condition + 30 14.92 8.43 9.43 0.14 0.34 0.36 1.4092
-30 14.51 8.78 9.80 0.11 0.32 0.35 1.4675
Tg + 30 14.70 8.49 9.48 0.12 0.36 0.32 1.4281
-30 14.82 8.65 9.65 0.13 0.38 0.31 1.4440
T, + 30 14.44 7.97 10.02 0.14 0.32 0.35 1.4628
-30 14.52 9.23 9.25 0.14 0.30 0.34 1.4750
Trc + 30 14.89 8.71 9.72 0.12 0.35 0.38 1.4461
-30 14.65 8.47 9.49 0.11 0.34 0.37 1.4248
Tyur + 30 14.80 8.66 9.66 0.15 0.33 0.38 1.4421
-30 14.86 8.58 9.58 0.14 0.32 0.35 1.4408
Tgy + 30 14.77 8.59 9.59 0.13 0.30 0.34 1.4339
-30 14.83 8.69 9.70 0.14 0.32 0.33 1.4361
Twinp + 30 14.66 8.61 9.62 0.11 0.38 0.40 1.4345
-30 14.72 8.64 9.66 0.10 0.36 0.42 1.4384
Tpy + 30 14.78 8.63 9.65 0.11 0.34 0.36 1.4364
-30 14.70 9.62 9.64 0.12 0.36 0.38 1.4218

and Abd-Elazim 2011; Rout et al. 2013; Panda et al. 2013;
Panda and Yegireddy 2013; Sahu et al. 2015). The I-GWO
designed optimal parameters of proposed FO-T2-FPID
controller are:

At time t=0 s, an increased step load perturbation of
10% is realised in areal to demonstrate the comparative
performance of proposed I-GWO: FO-T2-FPID control-
ler over other reported approaches such as GA: PI, ZN:
PI, BFOA: PI (Ali and Abd-Elazim 2011), DE: PI (Rout
et al. 2013), Hybrid BFOA-PSO: PI (Panda et al. 2013),
NSGA-II: PI, NSGA-II: PIDF (Panda and Yegireddy
2013), PS: fuzzy PI, PSO: fuzzy PI (Panda and Yegireddy
2013), Hybrid PSO-PS: Fuzzy PI (Sahu et al. 2015).

Under different frequency control approach, the devi-
ation in the frequency response of area 1 is illustrated
in Fig. 37. It is clearly visualised from the frequency
response that proposed I-GWO designed FO-T2-FPID
controller develops improved frequency response with
least settling time of 3.20 s and reduced peak under-
shoot of 0.0134 Hz. The performance index parameters
like settling time, peak overshoot and peak undershoot
of resulted frequency response under all approaches
along with respective ITAE values are assembled in
Table 6. It has been conferred from Table 6 that pro-
posed I-GWO designed FO-T2-FPID controller is able
to obtain improved system performance with minimum
ITAE value, least settling time, reduced peak overshoot
and undershoot as compared to other reported approaches.
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6 Conclusions

In this paper, an I-GWO based FO-T2-FPID controller is
recommended for frequency regulation of an EV based
AC microgrid. The microgrid dynamic performances are
investigated under various uncertainties like load dynam-
ics, wind power fluctuation and variation in solar irra-
diation power. The proposed FO-T2-FPID controller is
found to be better to regulate frequency in an islanded
AC microgrid system under plugin electric vehicle and
various uncertainties. The superiority I-GWO based FO-
T2-FPID controller is established by evaluating the results
for the same test system with some recent publications. It
is observed that the I-GWO based FO-T2-FPID approach
offers considerably superior results in terms of error val-
ues, settling times and peak under/overshoots compared
to PSO and GWO based FO-T2-FPID controllers. It is
noticed that for same I-GWO method, the percentage
improvement in ITAE value by I-GWO based FO-T2-FPID
controller compared to T2-FPID, F-PID and PID control-
ler are 42.86%, 100% and 114.28% respectively. There-
fore it can be concluded that I-GWO based FO-T2-FPID
controller outperforms T2-FPID, F-PID and PID control-
ler in response to frequency regulation of the microgrid
system. It is noticed that for the same FO-T2-FPID struc-
ture the percentage improvement in settling time of AF
(load uncertainty) and AF (wind uncertainty) with -GWO
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Table 6 Performance index parameters and ITAE of AF, with recent frequency control approaches

Method: controller ITAE2values AF,

x 10 Settling time (S) Peak overshoot Peak undershoot
Classical ZN: PI (Ali and Abd-Elazim 2011) 375.68 45.00 18.25 x 1072 —3136%x 1073
GA: PI (Ali and Abd-Elazim 2011) 274.75 10.59 0 —24.07 x 1072
BFOA: PI (Ali and Abd-Elazim 2011) 179.75 9.12 0 — 1234 %1072
DE: PI (Rout et al. 2013) 125.51 5.66 1.22%x 1072 —13.52x 1072
Hybrid BFOA-PSO: PI (Panda et al. 2013) 118.65 5.52 2.54 %1072 —12.56 x 1072
NSGA-II: PI (Panda and Yegireddy 2013) 117.85 5.48 67.34% 1074 —2632x 1072
NSGA-II: PIDF (Panda and Yegireddy 2013) 38.72 5.04 0 —105.18 x 1073
PS: fuzzy PI (Panda and Yegireddy 2013) 63.34 4.58 1.82x 1072 —-5822x 1073
PSO: fuzzy PI (Panda and Yegireddy 2013) 44.72 4.03 0 —-88.28 x 1073
Hybrid PSO-PS: Fuzzy PI (Sahu et al. 2015) 14.38 3.68 1.68 x 1072 —32.56 x 1073
I-GWO-FO-T2-FPID 6.84 3.20 0.44x 107 -134x1072

algorithm compared to PSO are 37.85% and 31.22% and
compared to GWO are 19.32% and 15.60%. A sensitivity
study is carried out with parameter variations and random
pulse variation. It is noticed that suggested FO-T2-FPID
is robust and achieves better performance under chang-
ing type, size, location of load disturbance and system
elements.

Appendix

D =Coefficient of damping=0012 (pu/Hz); M = Constant
for Inertia=0.2 (pu/s);Tpc=Time constant (TC) of fuel
cell (FC)=4s; Kpc=Gain of FC=1/5; Tggg=TC of bat-
tery =0.1 s; Kzgg=Gain of battery = 1/300; Tgpg=TC
of flywheel energy storage(FES)=0.1 s; Kggg=Gain of
FES =1/100; T;=TC of Diesel engine generator(DEG)=2s;
Tyr=TC of micro-turbine (MT) =2 s; Kyr=Gain
of MT=1; Tyrg=TC of wind turbine generator
(WTG)=1.5 s; Kyypg=Gain of WTG=1; Tpy,=TC of photo

voltaic (PV) cell=1.8 s;Kpy =Gain of PV =1; Ty, =TC of
Electric Vehicle (EV)=0.2 s; Kgy=Gain of EV=1/100;
T, =TC of aqua electrolyser (AE)=0.5 s; K,z =Gain of
AE =1/25; R =System regulation=2.4 Hz/Mw
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