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1. INTRODUCTION

The development of vehicle-to-grid technology enables electric cars (EVS) to use various auxiliary
services in a competitive electric market. EVs offer a chance to develop brand-new grid management services
and products. If the agreements between the market participants are broken, EVSs, a new type of distributed
energy storage, can make up for the uncontracted power in the area [1]. Due to the quick advancement of
vehicle-to-ride (V2R) technology, plug-in electric vehicles (PEVs) are one type of distributed energy storage
projected to play a significant role in emergency reliability services. On the other side, EVs are becoming
increasingly popular since they experience net cost savings and consume less gasoline and produce fewer
greenhouse gases, which helps keep the environment clean [2]. The study [3], underlines the necessity of
constructing a significant number of charging stations and facilities to handle the rising number of electric
vehicles and the need for enhanced integration of renewable energy sources and more effective delivery of
frequency regulation services. The researchers recommended future studies on the effects of electric vehicles
on complicated power systems, such as microgrids that are isolated from a macro-grid and have a high
penetration of renewable energy sources.

The expected trends in the automotive industry development are EVs, which are environmentally
friendly and energy-saving cars [4]. This technology is a worthy choice for substantially reducing gasoline
consumption emissions of greenhouse gases and precursors. A charging EV is a load for the grid, and a
discharging EV is a power source for the grid when EVs are connected to a distribution power network. Due
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to the onboard batteries energy storage technology, the vehicle-to-grid (V2G) technique can be utilized as a
distributed energy storage unit. Therefore, EV can be a good solution for stabilizing isolated micro-gids.
However, the major issue associated with isolated micro-grid is large frequency fluctuation due to
intermittent renewable source connections where the load frequency control capability is not good enough to
compensate for the unbalanced generation and the load demand. Load frequency control of the power system,
also known as automatic generation control (AGC), is crucial. An AGC, a feedback control system, keeps a
generator's output power at a predetermined frequency. One of AGC's goals is to keep the system frequency
at a desired level and to preserve the power system's steady state performance [5].

It is common practice to utilize an artificial bee colony (ABC) for load frequency control (LFC) in
linked power systems with one, two, or more zones [6]. Additionally, frequency and reactive power
regulation is the main function of the LFC loop. The main goal of this effort is to stop all of the system's
oscillations caused by the unsettling influence and restore frequency at a feignedly reasonable cost.

Researchers in [6] developed a single-area power system that also used the root locus technique to
evaluate the performance of the fractional order PID (FOPID) controller to that of the PID controller. The
research then expands to include a three- or multi-area thermal power system with a nonlinear generation rate
constraint (GRC). A FOPID controller is employed to enhance the system's dynamic response, and the
enhanced values are tuned using the bacterial foraging optimization algorithm (BFOA), which uses the
integral time multiplied by absolute error as an objective function. Finally, including transport delay (TD)
allows for investigating how resilient the proposed controller is. However, sending the control signal from
the control center is not considered, leading to a longer settling time. However, the authors [7] noted that a
power system's nonlinear load frequency controller was optimized using a novel artificial intelligent search
technique that considered PID. A PID controller is included with a two-area non-reheat thermal system. The
methodology employed is called the differential evolution technique. BFOA is used to find the best controller
settings to minimize the time domain objective function. However, since the environment is unknown, the
strategies struggle with robustness. The study [8], suggests a better particle swarm optimization approach to
improve electric vehicle charging models. It illustrates how an orderly charging control technique can raise
grid operation’s effectiveness, security, and dependability. In order to optimize the electric vehicle charging
model, the study considers various limitations and optimization targets, including load variance, load peak-
valley difference, and charging cost. Additional study is required on energy storage systems with micro-grid
support capabilities and charging methods for electric vehicles based on renewable energy sources.
Moreover, in [9], the study emphasized the benefits of high-frequency ac-link-based converters, which
provide a decreased part count, size, and centralized control, contributing to better efficiency and
compactness. It also supports the creation of multiport converters that are optimized and more effective for
combining energy storage and renewable energy sources. But the study might be restricted in its use to ac
grids alone.

Community micro-grids (CMG) modelling and frequency management under stochastic solar and
wind sources to account for the impact of modelling ambiguity. The mathematical modelling features of
various CMG sources and the community microgrid model's robust control design. A resilient design using a
fixed structure high infinite (H) synthesis approach was provided. It is suggested that a robust controller
architecture for CMG be used to manage stochastic input disturbances, including abrupt changes in power
from solar and wind sources and the model uncertainty that causes parametric perturbations. Using a more
powerful controller than the PID controller, a reduction of 30% in frequency overshoot and settling time is
made. Nevertheless, the rise or fall of disturbances like wind and solar also affects how far the frequency
deviation overshoots its peak value. The difference in the rate of rising or dropping thereby introduces
oscillations in the frequency of CMG's suggested controller, resulting in long settling times [10].

Improvements need to be made to specific conditions, a challenge must be overcome, or a
problematic topic has been raised in the research literature about load frequency regulation. Numerous
controllers are employed in searching for reliable frequency control to maintain the power system's frequency
working regularly. The majority of load frequency controllers are proportional-integral (PI) controllers,
which have a constrained amount of programmable time [11]-[13]. Furthermore, when a proper optimization
technique is not used and due to the additional parameters compared to traditional PID parameters, the
optimum FOPID parameters are more time-consuming and labor-intensive to achieve [14]. If a proper
objective function is not employed to explore the controller gains, the controller gains are at a level that
strikes a balance between quick transient recovery and low undershoot in the dynamic response of the entire
system. These control systems were generally limited in producing deep undershoots and long settling times.
In order to achieve a micro-grid system with a reliable load frequency management scheme, reduced
undershoots, and settling time utilizing fractional order PID controller tuned with grasshopper optimization
algorithm (GOA), it is important to address the concerns identified.

Researchers often use fractional order (FO) controllers to tackle engineering challenges due to their
adaptability and elevated degree of freedom. However, in most cases, adding hyper-damped poles increases
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the need for tuning, and the stability scale has been increased [15]. Therefore, an attempt is made to solve
LFC challenges using a modified FOPID with EV and renewable energy sources, as no attempt has been
made in the literature.

This study focuses on designing a microgrid frequency oscillation damping controller with a
modified fractional-order proportional-integral-differential (MFOPID) controller based on an electric vehicle
(EV) and renewable energy source using GOA to turn the controller parameters. The MFPQOID controller is
used to improve the dynamic response of the conventional energy sources (wind, solar) and EV with a
metaheuristic approach called GOA to fine-tune the controller gains of MFOPID. Therefore, the
contributions of the study are: i) The best MFOPID controller parameters are found using a metaheuristic
optimization method (GOA), which also controls the frequency and frequency deviation of the system;
ii) The proposed model took into account EVs and renewable energy sources; and iii) Evaluation of the
performance of the modified FOPID controller and the conventional FOPID controller to validate and
establish superiority.

2. METHOD
2.1. Proposed microgrid system model

The general schematic diagram of the proposed model with various energy sources is shown in
Figure 1. This is made up of a DEG, model for solar PV, wind turbine, ultracapacitor and lumped electric
vehicle (EV) model. The overall power generation is determined by: i) diesel generator output power, ii) the
lumped electric vehicle output power, iii) the ultra-capacitor exchange power, iv) wind turbine generator
output power, and v) the solar photovoltaic output power.

Wind Turbine Electric Vehicle
Generator

Load

Ultra Capacitor

Figure 1. Overall schematic diagram of the proposed model

2.2. Diesel generator model

In the diesel generator model, the speed governor can effectively overturn a small range of
frequency deviations caused by disturbances that affect the power system network; however, the primary
frequency control cannot completely eliminate bigger disturbances to a state of zero deviation. In this
situation, the secondary load frequency control is vital to alter the speed governor's characteristics and
eventually bring the frequency variation to zero [16].

The diesel generator adjusts for the necessary power in the microgrid using the governor, turbine,
and speed regulator.

Gos(s) = 3 (1 X 1) ®

1+sTy 1+sT¢
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Where R is the regulator speed, T, is the time constant of the governor and T, is the time constant of turbine.

Figure 2 represents the overall transfer function, where AP is the input reference power and 4P, is the DG
output power.

2.3. Wind turbine model

The wind's Kinetic energy is transformed into electrical energy in wind turbines by passing the
energy to the rotor, which then generates electricity. The system comprises a generator coupled to a shaft that
transforms the rotor's rotation into electrical energy. Due to its high efficiency, low maintenance cost, easy
controllability, and high power density, the variable speed direct drive permanent magnet synchronous
generator (PMSG) is now widely employed in wind power systems [17]. However, the generator model is
analyzed using the d — q reference frame and its voltage equation is given as (2) and (3).

Va = —Rsiq — Lg% + w, Ll @)
. di .

V, = —Rgig — L, d—: — wyLgiy + weApy, 3)

The electromagnetic torque is expressed as (4).
1 . .

T, = Ep[llq + (Ld — Lq)ldlq] 4
Where; Ljand Ly are g- and d-axis inductance respectively, i, and i, are g-and d-axis current, V; and V, are
g- and d-axis voltage, w,is rotor angular velocity, A, induced flux, and p is the pole pairs number.

The power generation from the wind generator depends on the wind speed, which is stochastic. The
expression represent the wind turbine power output [18], [19].

1
Pyr == pAC,Viy ®)

Where p the density of the air, Aswept area of the blade, V, speed of the wind, C, and the power coefficient.
The wind turbine transfer function is given by ignoring all non-linearity and is as (6),

_ APwTG _ kwtg
Gwre(s) = APy 1+5Twig +5Teg (6)

Where APy, is the turbine power generation deviation, 4Py, is the deviation in wind power available,
4K, 4 is the change in gain constant and T,,., time constant, and (6) can be represented as in Figure 3.

[1]Af
LR |
AP , 1 AP
»p - 1 1 AP, 1+sT
® > | e wtg
+ 1+sT, 1+ sT,
Figure 2. Diesel generator transfer function block Figure 3. Block diagram of wind turbine generator

2.4. Solar PV model

The difference between the diode current and the photogenerated current can be used to illustrate
how a cell behaves when acting as a current generator [20]. The equivalent circuit model ideal PV is in
Figure 4.

Ly, = Ly, + I @)

The (8) provides a current to the diode [20], [21]:

aVp
Ip = I,(CRT = 1) (8)
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Where I, is the current in dark saturation I, is the diode net current, V,, is the supply voltage to the diode, q is
the electron charge, K is Boltzmann's constant and T is the absolute temperature. By substituting (8) into (7).

Ly =Ly +1p =Ipy + Io(f% -1 9)
Add (6) into (9) to obtain (10).

I = 22200 (R — 1) (10)
The PVpower output AP, is determined by (11).

APpy = Vpylpy (11)
Considering linear relationship between power deviation and time constant Tpy, .

AP = AP, (1 + sTpy) (12)

Figure 5 shows PV transfer function block. The overall PV transfer function is provided by (13).

APpy 1
AP (1+sTpy)

G(s) =

(13)

ph

DC D VPV

Figure 4. PV equivalent circuit

2.5. Ultra capacitor model

This electric double-layer capacitor or ultra capacitor (UC) is used for energy storage in renewable
energy sources, hybrid and electric vehicles, and biomedical sensors. The UC is connected to the ac bus via an
inverter (DC-AC), providing bidirectional power to the bus bar [22]. If the power generated is more than the
required power, the UC will operate in charging mode. Otherwise, the ultracapacitor will be working in
discharging mode. It plays a significant role by increasing the system inertia via power absorption or injection.
The transfer function of ultra-capacitor taken into account of fractional calculus [23] is given as (14):

Guc(s) = ke (1+5—) (14)

sBTyc

Where Ty, is the time constant for the fractional order model of UC, and s#is the system frequency domain.
The entire system is represented mathematically with the defined terms in this section, as shown in Figure 6
and (15). Transfer function gives as (15).

1
(1+8Tyc)

Guc(s) = (15)

Where T, is the time constant for UC.
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AP 1 AP, AP 1 AP,
L+sT,, 1+5sT,,
Figure 5. Block diagram of the photovoltaic Figure 6. Block diagram of ultracapacitor

2.6. Electric vehicle model

This study focuses on EVSs' role in an island microgrid's frequency control system using V2G
inclusion. The system block diagram shows the model of the transfer function of EV is presented in Figure 7.
In the EV model, the transfer function for calculating the time delay is represented by a first-order transfer
function with time delay Ty, [24].

__4Pgy(s) _  Kgp
GEV(S) - APE(S) - 1+sTgy (16)

AP 1 APgy

1+ sT EV

Figure 7. Block model of EV

2.7. Load model
The frequency of the system is affected by changes in load. The following expression represents the
transfer function for the change as (17).

_ 1
1+sM

G

(17

Where M = 2H and His the inertia of the load. The net power generated based on supply load is given
by (18) [25].

Proaa = Ppg + Pwrg + Ppy £ Py £ Pyc (18)

In order to stabilized demand and supply units when a step load is applied, renewable energy sources like PV,
WTG, and energy storage systems all generate power.

APy pqq + APpg + APypg + APpy + APgy + APy =0 (19)

Power and frequency are represented as (20).
1
Af = = (APpg + APyrg + APpy + APy + APy¢ — APpaq) (20)

The general schematic diagram of the microgrid transfer function is formed using the summation point to
combine them, as shown in Figure 8, having obtained the transfer function of each energy source. The net
power generation of the system is determined by the following: a) solar output power (Ppv), b) wind generator
power, c) diesel generator output power, d) ultracapacitor exchange power, and e) the V2G output power.

2.8. Grasshopper optimization algorithm

The grasshopper optimization algorithm (GOA) is an anatomical optimization technique based on
the mathematical modelling of nature. Considering its ability to deliver and its robustness in locating the best
solution, an approximation optimal solution close to a global minimum, it is frequently utilized to tackle
optimization problems in several application domains. The behavior of grasshopper swarms is
mathematically described in (21).

Pi=Si+Gi+Ai (21)
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Where Pi represents the i grasshopper's position, Si represents grasshopper's social interaction, G; represents
the i™" grasshopper's gravitational pull, and A; represents wind advection:

C = Cmax —t Cmax—Cmin (22)

tmax

and C stands for the variable in the optimization algorithm, Cmax and Cpin are its maximum and minimum
values, respectively, t stands for the iteration currently being performed, and tmax is its maximum number.
The (22) can be changed as follows to achieve a random behavior of grasshoppers as in (23):

Pi = 7'15,: + TZGi + 7"3Ai (23)

where 1, 1,, and r5 are all arbitrary numbers between 0 and 1, respectively.

Govemor Turbine

1/(1+sTg) - 1/(14sTt)

Af

\

1/(2Hs+D)
FOPID

Controller K
1+5T7
St_)lar N Kpr
Radiation 1457, |
KF!TG

APrng [~ | 4 4T,

WIG

Figure 8. Schematic diagram of the proposed LFC model

— Fitness function and MFOPID structure

The standalone microgrid's frequency deviation is considered a reference for the optimal tuning of
the PID and MFOPID gains. Therefore, the dynamic performance of the proposed controller is investigated
by the integral time absolute error (ITAE) method. The advantages of ITAE over other performance index
criteria integral square error (ISE) and integral absolute error (IAE) are smaller overshoot/undershoot and
reduced oscillation.

The integral term (Ki) in the MFOPID controller is feedforward with the integrator order (I), while
the other parameters are feedback, whereas all gains in the FOPID controller are feedforward. The MFOPID
and FOPID controller output is given in (24) and (25), respectively, as a differential equation.

u(t) = e(t)D~*k; — y(t)[k, + D*k,] (24)
u(t) = e(OK, + e(t)D~*k; + e(t)D*k, (25)

Taking the Laplace transform of (25) and (26), the transfer function of the control loops corresponding to
MFOPID and FOPID is given as (26) and (27).

_ Gp(S)ki
Guropin(s) = sh+5tky+Gp(s)ki+hgstsh (26)
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_ [slkp+kds’15”+ki]6p(s)
GFOPID (S) - sl+[s}‘kp+kds}‘s#+ki]6p(s) (27)

The proposed MFOPID controller overcomes these effects of zeros as in (26), enhancing the system
response by switching the Kp and Kd gains from the traditional FOPID controller's forward direction to its
feedback path. The MFOPID controller's block diagram is shown in Figure 9(a) while the block diagram of
the conventional FOPID is presented in Figure 9(b). The system response is better than the system response
of the FOPID controller, as shown in the model equations because it is difficult to change the system's
response when FOPID has two zeros, which has the effect of either a more extreme overshoot or a quicker
rise to the peak value.

R9)

setinput +®

-AE(S)

Microgrid

\ 4

R9 o YO Af
) + ¥+ 9 A
E(s) - - 1
D T
| e ]
(b)

Figure 9. Design of the controller structure used in the MG: (a) MFOPID controller and
(b) FOPID controller
The desired objective function is the cost function of ITAE is given as (28).
Jobjective = minimize(ITAE) (28)

Subject to (29)-(31).

kp'™ < ky < KB KT S kg < kO KNS Ky < RMOY MM < 2 < QMO pMin < gy < pMex (29)

ITAE = [* tlu(t)|dt (30)
. t

Jobjective = Min <f05 tllu(l] dt> (31)

Substituting u(t) from (26) and (27) into (31) to obtain:
]objective = min <f0ts t”e(t)D_lki - y(t) [kp + Dukd] ” dt) (32)

Jobjective = Min < [ t[le(®K, + e(©)D ke, + e()D kg dt> (33)
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Where Kp, K; and K, stand for proportional, integral and differential gains, respectively, and u and A, are the
fractional powers of the differentiator and integrator, respectively. For the best tuning of the MFOPID gain,
the frequency deviation of the standalone microgrid and the overall transfer function in Figure 8 are used as
references.

3. RESULTS AND DISCUSSION

The optimal parameters for each population size are shown in Table 1 of the MFOPID, with the best
fitness score for the different search agents. The obtained result based on minimizing the objective function,
ITAE, with five, ten, fifteen, and twenty search agents are used (GOA) for 50 iterations to determine the most
suitable parameters gain of the controller are 175.2614, 35.072, 32.2914, and 59.6325, respectively and the
corresponding plots are presented in Figure 10. Also shown in Table 1 are the relevant MFOPID parameter
values that were acquired. In Figure 11, the ITAE with a population size of fifteen and objective function of
32.2914 is the minimum value among all the different population sizes and thus has the best fitness score.
The parameter's value of the MFOPID is therefore applied to obtain the desired result of the load frequency
control of the microgrid using the MFOPID controller tuned with GOA.

Convergence curve Convergence curve
T T T T T T T T

EN
by

I
S
S
N
S

°

b
73
n

9

S
n
S

IS
n

%
b
Best score obtained so far

Best score obtained so far

®

S
IS
=3

s 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50

Iteration# Iteration#
(a) (b)
Convergence curve Convergence curve
68
55 67
-1 I
S50 566
2 o
2 ]
= = 65
5 T
£ £
g 45 g 64
=) =}
<
£ L6
3 <
2 40l 2
% 2
g g 62
2 2
61
35+
60
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
Tteration# Iteration#
(c) (d)

Figure 10. Comparing the best fitness with different population size: (a) population size of 5,
(b) population size of 10, (c) population size of 15, and (d) population size of 20

Table 1. Optimal parameters for different population sizes

Population size  Best Fitness Score Kp Ki lambda Kd Mu

5 175.2614 6.04074 125647 0.0549967 2.54743  0.480602
10 35.072 1.35805 16 0.0551203  1.43335 0.22323
15 32.2914 1.349 16 0.056761  2.64897 0.209883
20 59.6325 1.88225 15.9999 0.0482958 4.50873  0.339338
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The results that compared the proposed controller MFOPID and FOPID without optimization are
presented in Figure 12, and the frequency deviation is 30.4432 Hz and 35.8206 Hz for MFPOID and FOPID,
respectively, with the lowest frequency from MFOPID. The simulation results obtained for the proposed
model and FOPID optimized with GOA are shown in Figure 13. The settling time is analyzed, which is the
time required for the damped oscillation to reach and stay within the specified range of (2% to 5%) of its
final value. It takes 6.9068 sec of the proposed model to settle compared to 16.6796 sec of FOPID. This
provides important information related to the speed and quality of the response generated on the microgrid.
The system performance frequency is presented with an undershoot of 19.485 Hz and 14.1151 Hz for
MFOPID and FOPID, respectively.

0 50
5 45 ——FOPID
=== MFOPID
:
£ _10 ~——MFOPID < 40
8 =
I S~
3 -15 :}35
I =
2 20 H 230
o =
=2 2
225 25
==
30 R 20
351 R 15t
-40 = L L L L B 10k L L L L
0 5 10 15 20 2: 0 5 10 15 20

Time (sec) Time (sec)

Figure 12. System's frequency deviation in Hz with ~ Figure 13. System's frequency control performance in
MFOPID and FOPID Hz with MFOPID and FOPID controller

4. CONCLUSION

Weather-dependent renewable energy sources, V2G electric vehicles, and quick load changes cause
microgrid frequency variations. The resilient load frequency controller reduces frequency variation to reduce
frequency undershoot, duration to undershoot, settling time, and final settling zone. Thus, an MFOPID
controller is developed for the microgrid LFC to tackle the energy source's intermittent and reduce the fast
dynamic of response generated on the microgrid. Its performance is compared to traditional FOPID to
determine its robustness and optimize using the GOA technique. Multiple search agent population sizes were
tested to optimize and select the optimal gains parameters. MFOPID outperformed FOPID.

The proposed MFOPID with GOA improved system performance frequency by 19.485 Hz
compared to 14.1151 Hz of the benchmark model. and it takes 6.9068 sec of the proposed model to settle
compared to 16.6796 sec of FOPID. The population size of the optimization technique does not influence the
minimized objective function (best fitness score) for the optimal MFOPID parameters changed by GOA,
regardless of the number of search agents. This analysis found that 15-search agent populations had the
lowest objective function.
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