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ABSTRACT

Due to the constant integration of renewable energy
sources (RESs) into the power grid and the variety of
power systems with the continual increase in power
demand in recent years, the management and control of
the modern power system has grown complex and
demanding. Load frequency control (LFC) can be used to
solve a variety of difficulties, such as when a generating
unit is quickly unplugged by protection equipment or
when a heavy load is suddenly connected or
disconnected. When the real power balance is affected by
disturbances, the frequency deviates from the nominal
value. The LFC oversees load balancing and restoring the
natural frequency to its original state. The fractional-
order proportional-integral-derivative (FOPID) controller
for load frequency management was suggested in this
article. The particle swarm optimization (PSO) approach
is used to improve the gains for the FOPID controller to
offer automatic LFC of the multi-source electricity
system. When the FOPID controller's results are
compared to the PID and PI controllers, the FOPID
controller surpasses both. In terms of peak transient
deviation and settling time, the MATLAB/Simulink
findings show that the recommended controller has the
best dynamic response of all the other controllers tested.
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1. INTRODUCTION

Due to the constant penetration of RESs integrated into
the power grid and the structural variation of the
electricity system with a continued escalation of power
demand in recent years, the management and control of
the modern electricity system has grown complex and
demanding. Because of the depletion of fossil resources,
environmental damage, and policy use, interest in

renewable energy sources has grown. One of the most
significant benefits of RESs is that they are available in
almost every country[1], [2]. The concept of microgrid
has grown in popularity as the use of renewable energy
sources has increased. Small generators and loads are
interconnected in microgrids, and the microgrid can
operate standalone or in grid-connected mode, depending
on the operational properties of the main grid. Microgrids
provide high power supply dependability and operational
efficiency while lowering transmission costs and losses.
As a result, it appears that the quantity and variety of
microgrid components can be expanded nowadays. [1],
[3].

Solar and wind generators are examples of
environmentally friendly acceptable RESs., but their
output power fluctuation can cause excessive voltage and
frequency deviations in the Electricity grid [4], [5]. The
unpredictability and irregularity of these sources'
production characteristics can sometimes result in power
outages. energy storage systems such as batteries, and
fuel cells are commonly used to improve system
achievement and stability. When the demand for
electricity exceeds the supply, these EBSSs generate
electricity and store it when the supply exceeds the
demand.[6]. The batteries in electric vehicles can help to
improve the balance between load requests and power-
generating systems. EV integrators are used to manage
electric car owners' unpredictable behavior and to
increase EV involvement in the ancillary services
industry. Aggregators can create time-varying delays in
load frequency control (LFC) schemes [7]. When
developing the LFC controller, the impacts of these
delays must be considered. Because the controller's
efficacy is governed by its parameters, these parameters
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should be designed so that the LFC system works as
planned even when the delay varies over time [8].

The main responsibilities of the LFC are summarized
as follows:

1. The system must be kept under control after an

abrupt load disruption or any other disturbance.

2. The settling time, undershoot and overshoot of
frequency and tie-line power variations should be
decreased to maximize the system stability margin.

3. The area control error (ACE) must be reduced as
much as feasible after a step load perturbation
(SLP).

4. At a steady state, each area should be able to handle
its own load.

5. Areas in need of power can partner with one another

in a temporary state.

Microgrid control models have gained popularity in
recent years due to the dynamic interplay of various
energy providers and storage systems. Many LFC control
methods have been devised to ensure better disturbance
rejection and quality over a wider range of frequencies
while yet allowing for frequency transients, overshoots,
and system robustness.

In multi-source electric power production systems, the
fractional-order  proportional-integral ~ (FOPI) -
fractional-order proportional derivative (FOPD) cascade
controller for LFC has been introduced [9]. To alter all
console gain and fractal order properties at once, the
Dragonfly Search Algorithm (DSA) is utilized. PHEVs
have been explored by multiple writers for planned load
frequency control (LFC) research with various controllers
throughout the previous decade [10]-[12]. In [13] , the
FOPID controller parameters are optimized using the
elephant herding optimization (EHO) method. [4]
illustrates how to regulate the load frequency in a stand-
alone micro-grid using the proposed method, which uses
a fuzzy way to circumvent the constant parameters of a
traditional PID controller. The parameters of the FOPID
controller in the LFC of the micro-grid were accessed
using a swarm-based multi-objective (MOGO) algorithm
in [14]. To increase the performance of the FOPID
controller in obtaining system parameters, a Learning and
Teaching Based Optimization (TLBO) technique is
presented in [15], [16]. To achieve the controlling aims,
the optimum FOPID controller is utilized as an LFC
system in [17], and the salp swarm algorithm (SSA) is
used to design the supplied controller coefficients and
subscription ratio of each EVs aggregator. The epsilon
multi-objective genetic (-MOG) algorithm is used to

optimize the parameters of the recommended controllers
in [18]. Despite the existence of other better control
systems, PID control is the most extensively used control
method in the industry owing to its stability, ease of
construction, wide applicability, and satisfaction of use in
both digital and analog platforms. As a result, the
objective is to improve the characteristics of a typical PID
controller to produce a new controller. The FOPID
controller, an enhanced variant of the traditional PID
controller that employs fractional calculus, has been the
subject of scientific research [19]-[21]. This paper
presents a new implementation of LFC control for a
multi-source microgrid system using the FOPID
controller.

The remainder of the article is organized as follows:
The modeling of the component of the microgrid multi-
source microgrid is discussed in Section 2. Section 3
describes the layouts of the analyzed system. Section 4
explains the suggested FOPID controller. Section 5
delves into the PSO algorithm in depth. Section 6 displays
the simulation findings. Finally, the important findings
and conclusions are provided in section 7.

Microgrid

FC

Fig. 1: The schematic model of the Proposed system

2. DESCRIPTION OF THE PROPOSED MULTI-
SOURCE SYSTEM

This suggested system contains a solar power (PV),
wind turbine generator (WTG), diesel energy generator
(DEG), electric vehicles (EVs), fuel cells (FCs), battery
energy storage system (BESS), and a load model, as
shown schematically in Fig 1 and 2. In this analysis, both
WTG and PV power are considered uncontrollable power
sources (as disturbances). These sources must limit their
MPPT output power depending on frequency variations
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if they participate in frequency regulation, diminishing
the benefits of renewable energy use.

APV AP,
., Kk k PV
e s +1 Tere § +1
AWind k APyre
T, 5 +1
Proposed +
k k /[ APpes
> controller |
FOPID T § +1 Tpg 5 +1 _/
k N k k MPFC T
Tree S +1 Trey S +1 Tree S +1 _/
N k /AMPaess
TeEss § +1 _/
Proposed
AP,
¥ controller EV _//_ a4
FOPID

Fig. 2: Block diagram of the studied microgrid

DEGs, FCs, and EVs are used to control the frequency
in this proposed. The FOPID controller will balance
residual power between DEGs, FCs, and EVs based on
renewable power output and load requirements. The
equation for the microgrid power balance is as follows:

APLoaq = APpy + APyrg + APpc + APpgg 1)

+ APgy + APgggs

Based on generation and load, the frequency deviation
(Af) in a microgrid can be stated as:

1
Af = m(APPV + APyrg + APpc

+ APppg + APgy —
- APLoad - aAf)
In the literature, many architectures for load-frequency
control in microgrids that are mostly independent of the
grid have been presented. Fig. 2 depicts the load-
frequency control structure presented in this paper. The
following mathematical model can be used to express the
suggested system.

O]

APBESS

The change in solar photovoltaic (APPV) output
power can be expressed as

AGpy

©)

The change inwind turbine sources output power
(APWTG) can be expressed as
Pyre 1 %
AVwing  Twres+1
The difference in (APDEG) diesel-energy generator
power can be expressed as

*
Ty S+1 Ty s+1

= *
Uc TpeG,S T 1 tpggs+1

®)

The change in the output power of a battery energy
storage system (APBESS) is expressed as
APggg 1
= (6)
Af TBESSs +1
A fuel cell's (APFC) output power change can be
written as
AP, 1
Yo =TS (7)
Uc TFCS +1
where tWTG and tPV denotes the conversion time
constants of wind and solar systems respectively.
where tFESS, and tFC denotes the conversion time
constants of battery, and fuel cells.
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Total Energy Model =

Fig. 3: The transfer function model of EV model for
LFC
The time constant of EV is TEV, the LFC signal
transmitted to EV is AuE, the inverter capacity limitations
are +pe, and the power ramp rate limits are +8e in Fig. 3.
The differences between the EV battery's limiting energy

44



and current energy are K1 and K2, respectively. The
complex frequency is s, and the formula is s = 6+ jw. E is
the EV battery's current energy. The EV battery's min and
max controlled energy, respectively, are Emax and Emin.
K1 = E-Emax and K2 = E-Emin can be used to compute
them. Finally, the charging or discharging power is
referred to as PE. APE = 0 indicates that the EV is in the
idle state, APE > 0 indicates that the EV is discharging,
and APE < 0 indicates that the EV is charging. Only
within the range of e can the EV be charged and
discharged. If the EV's energy surpasses the top limit i.e.,
Emax, the EV can only be discharged within the -pe
range. In addition, if the EV's energy is below the lower
limit (i.e., Emin), it can only be charged within the range
of -pe ~ 0 [22], [23].

The initial state of charge (SOC) of all controlled EVs
is 85 percent in Fig 4. The number of controlled EVs and
the EV customers' convenience, as indicated by the set
SOC, might restrict the reaction to the LFC signal.
Econtrol_in IS the energy increase caused by EVs changing
from a charging to a controlled state. E rc is the energy
equivalent to the LFC signal. The value is derived from
the integral of the control-in rate (Reontrol_in), Where Eo is
the beginning energy, Epiug out is the energy loss due to
plug-out EVS, Ncontrol_in iS the number of controllable
EVs, and No is the number of initial controllable EVs.
Based on charging and discharging characteristics,
literature [7], [23] contains specifics on a similar EV
model, including battery and charger.
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Fig. 4: Total energy model.
The test system parameters are given in Table 1
TABLE 1. MICROGRID SIMULATION PARAMETERS

Parameter Value | Parameter | Value
M 0.1667 Toy, 0.04

D (puMW/Hz) | 0.015 Tpv, 0.004
Tgy = K 1 Tp, 0.4

Se (Pu.MW/s) 0.05 Tp, 0.08

ue (puMW) 0.015 TBESS 0.1
Emax. 0.26
(pu.MWh) 090 tre
Emin. 0.04
(pu.MWh) 0.80 tre;
Twre L5 Trc, 0.004

3. CONTROLLER STRUCTURAL
DESIGN

The suggested controller and optimization method are
detailed in this article.

3.1 PID controller

Fig. 5 depicts a classical PID controller. The most
often utilized controller in practically all industrial
operations [24], [25]. Because of its simple structure and
toughness, it may give good control performance. PID is
the simplest controller to understand. One of its most
important features is to reduce the rise time using the
proportional control device and using an integrated
model, the steady-state error can be avoided. A PID
controller is a type of control technique that is commonly
employed in industrial processes. The "three terms"
controller is a common PID controller structure that can
be given using Eq. (9), and it has the transfer function
given by Eg. (10) [26], [27].

» K,
E(s) ¥ K;/s U(s)~>
Error Quipurt
» K, s

Fig. 5: Structure of conventional PID controller

B ¢ de(t)
u(t) = Kpe(t) + K; joe(t) dt + K, ot 9)
G(s) = Kp + %+ Kys (10)
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3.2 Fractional Order PID Controller

FOPID controllers, unlike classical PID controllers,
were born from the idea of combining fractional calculus
theory with the PID controller. A non-integer-order
controller with two additional degrees of opportunity is
the FOPID controller. a new PID controller family
member that has grabbed the curiosity of many controller

Uls)>

Error Output

—{>
—— > £

designers [28], [29].
Fig. 6: Structure of fractional order PID controller.

The integral and derivative term orders are detected by
A and p, respectively. As demonstrated in Fig. 6, the
classic PID controller is the true beginning of the FOPID
controller. The FOPID behaves like a PID controller
when A and p is equal to one [27], [30]. The additional
tuning coefficients and in the case of a partial-order PID
controller enable more latitude in the construction of a
control system A and p thus provide more scope for
modifying the system dynamics. Egs. (11) and (12),
respectively, represent the FOPID controller transfer
function [28], [29], [31]:

u(t) = Kpe(t) + K;D%e(t) + K; D*e(t) (11)

K;
G(s) = Kp + S—)‘L+ Kys* (12)

4. PSO ALGORITHM

Particle swarm optimization (PSO) is a stochastic
population-based optimization method developed by
James Kennedy and Russell Eberhart in 1995. It was
developed by research on the social behavior of birds and
fish education. Each particle in the swarm represents the
unknown parameters of the g oal function to be improved.
The swarm consists of N particles traveling in a D-
dimensional search space. When a particle is produced, it
is given a random position and velocity. In this technique,
each bird is represented as a particle, and the swarm is
made up of all the particles. Each particle's position and
velocity are represented by two vectors, Xi and V1. Each
particle's position at any given time is seen as a solution

to the problem at hand. The particles then wander
throughout the search area, changing their speed and
position to find the optimal response at all times (best
location). The following vectors indicate the position and
velocity of the particle | in the physical search space D
dimensions [32], [33]:

(13)

The optimum location for a particle is the one that
gives that particle the lowest objective value (J).

Let Pbesti = [P

best position in the swarm population that yields the best
fitness value for the ith particle, and Gpee, =
be the global best

1, P

best;’

2, P

best;’

a] be the

best} - Pbesti

[Gbestil' Gbestiz' Gbesti3 Gbestf]
position. The following equation is used by the PSO
algorithm to update its velocity and location [34].
pak+D) _ W(Vid(k)) +

1

(o (randl)(Pbestid(k) - Xid(k)) + (14)
cz(randz)(Gbestfl(k) — Xid(k))
Xl-d(k+1) — de(k) + Vid(k+1) (15)

The learning variables c1=2 and c>=2 govern the
proportionate effect of the cognitive and social
components on updating the particle's location and
velocity. The two random numbers rand; and rand; are
picked from the range [0, 1]. Vid(k) and Xf(k) are the
velocity and location of the ith particle in the dth
dimension at the kth iteration, respectively. Gbestid(k)is
the global best of ith particle in dth dimension at kth
iteration, whereas Pbestid(k) is the personal best of ith
particle in dth dimension at kth iteration? W is the inertia
weight parameter, which controls the exploration and
utilization of the search space. The following equation is
used to set the weight parameter W [35]:

W =Whax — <Wmax Wmax) * [ter

Itery,ax
Whax and Whmin are the beginning and ultimate weights,
respectively. The current number of iterations is Iter, and
the maximum number of iterations is Itermax. The speed
of the particle is limited to a specified dynamic range
(Vmax, Vmin). The highest particle velocity allowed is Vmax.
When the particle hits Vmax, its velocity is lowered to
Vmax. It's worth mentioning that if this parameter's value
is set high, the particle may be shifted beyond what is

(16)
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sensible. Particle mobility will be hindered if it's too low,
and the best option may be neglected.

/ 7

Initialize PSO Parameters at
random

¥

Evaluate objective-function (I)

| P
15
Update Velocity and swarm position

¥

Evaluate Obj.-function of each particle

Iter = Iter+1

¥ 3

Compare Local. Global solution of
"Kp, Kj Kp, A,and "

All Iterations
are done

Yes

Get Global Solution of
" Kp, Ky, Kp, Aand u"

Fig. 7: Flowchart of PSO algorithm

PSO algorithms may be summarized as follows:
Step 1: In the problem space, create a inhabitance of
particles with random locations and velocities on D-
dimensions.
Step 2: For each particle, determine the D-
dimensional optimization fitness function that is
necessary.
Step 3: Assess the particle's fitness in comparison to
its previous best location. Set the best prior location
equal to the current value if the current value is
better, and pi = the current point xi in D dimensional
space.

Step 4: To the variable g, add the index of the
particle in the neighborhood with the best fitness thus
far.

Using Egs. (14) and (15), change the particle's
velocity and location (15).

Return to step 2 until all of the iterations have been
completed or a condition has been met.

Fig. 7 depicts the flowchart of this method as
follows:

5. SIMULATION RESULTS

The test system was implemented as a Simulink model
using the MATLAB (R2018b) software on an i7-3537
CPU@ 2.00 GHz with 8 GB RAM. Also, the proposed
algorithm was implemented using MATLAB.
Furthermore, the optimization technique PSO was also
implemented using MATLAB. the algorithm with the
MATLAB Simulink model of the test system to obtain a
comparative performance evaluation. The effectiveness
of the proposed controller was evaluated under dynamic
system operating settings using different case studies.
The parameters of the FOPID controller were optimized
by minimizing the ITAE using the optimization
technique. The PSO optimization approach was used to
determine the FOPID controller's optimal parameters. To
elucidate the efficacy of the suggested controller, we
considered three cases, which are described below. Using
the PSO technique, the parameters of the controller are
derived by minimizing the ITAE of the frequency
deviation (16).

tsim
ITAE = f t|Af|dt
0

(16)

5.1 Step Load Change of case (1)

A PL loading disturbance of 3% pu is provided at time
t = 1s to test the efficiency of the suggested FOPID with
a non-constant progressive change in wind and PV, as
shown in Fig. 8. The simulation is run on the multi-
source model that has been suggested. Fig. 9 shows the
frequency responses of the microgrid examined using the
Pl, PID, and FOPID controllers. The recommended
controller reduces frequency oscillations faster than the
Pl and PID controllers, as seen in Fig. 9. Table 2 also lists
the dynamic coefficients of the investigated controllers.
As a result, the suggested controller outperforms existing
controllers in terms of frequency performance.
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Fig. 8: Multi-Source Microgrid disturbances of case 1

(a) The pattern of considered load disturbance. (b) Wind

input power. (c) PV input power.
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TABLE 2 OPTIMIZED SYSTEM PARAMETERS VALUES OF
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Fig. 9 Frequency responses generated by case (1)

20

CAsE (1

Controller /
Parameters Pl PID FOPID
Kp, | 1.6512 | 2.0000 | 1.5559
Ki, 2.0000 | 2.0000 2.0000
Q) | Kd, - 0.2082 | 05685
1 - - 0.9287
W - - 0.6009
Kp, 0.8215 | 0.3665 0.7365
Ki, 1.1560 | 1.0250 1.2539
@ | Kd, - 0.7968 | 1.0892
2, - - 1.0697
1y - - 0.9262

L
25

The objective
. 1.5677 | 0.95902 | 0.94692
Function

5.2 Random Load Change of case (2)

To further test the effectiveness of the suggested
control strategy, a disturbance like that seen in Fig. 10a is
introduced to the Multi-Source Microgrid. Variations in
wind power APwind and solar PV system APPV are also
studied to illustrate the performance of the proposed
controllers, as illustrated in Fig. 10b and c. Fig. 11 depicts
the results.

0n.z5

Load Deviation (pu)

(@)

(b)

(@
Time (s)

Fig. 10 Multi-Source Microgrid disturbances of case
2(a) Random load deviation pattern. (b) Wind input
power. (c) PV input power

The suggested controller, obviously, has a smaller
fluctuation amplitude than the others. Table 2 also lists
the dynamic coefficients of the investigated controllers.
Although all three controllers return the Af to its operating
value, the optimized FOPID outperforms the other two
controllers in terms of overshoot, settling time, and
frequency minimization, as seen in this case (2).

PI
PID
Proposed FOFPID

I'requency Deviation (Hz)

0 s 10
Time (s)

Fig. 11 Frequency responses generated by case (2)
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5.3 A Sequence of Step Load Changes of the case (3)

A succession of step load modifications is applied to
Multi-Source Microgrid, as shown in Fig. 12a. Fig. 12 b
and c shows the variances in WTG and PV input powers
for this scenario. Fig. 13 shows the frequency responses
of a Multi-Source Microgrid using standard PI, PID, and
suggested FOPID controllers. Moreover, Table 2 shows
the dynamic coefficients of the studied controllers. The
suggested FOPID controller is more efficient than typical
PI, PID controllers at dampening swings and lowering
their amplitude, as seen in Fig. 13.
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PID

Proposed FOPID

A

Frequency Deviation (Hz)
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(c)
Time (s)

Fig. 12 Multi-Source Microgrid disturbances of case 1
(a) The pattern of considered load disturbance. (b) Wind
input power. (c) PV input power.

Fig. 13 Frequency responses generated by case (3)

6. CONCLUSIONS

The main points that have been presented by this paper
can be concluded as follows:

30

The proposed FOPID controller has been applied on
the microgrid that includes WT/ PV/ Fuel Cell / Diesel/
PEV for tackling the LFC problem.

The system's performance was evaluated with the
suggested FOPID controller implemented, and the results
were compared to those obtained with application PID
and PI controllers.

The PSO method was used to determine the best
parameters for the proposed controller.

The study makes use of a step change in the load, the
generated power of the PV unit, and the wind speed. In
addition, the system's performance is assessed in the
presence of random fluctuations in loads, PV unit
produced power and wind speed.

The system performance of the microgrid for LFC is
enhanced efficiently by the implementation of the
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suggested FOPID controller compared with Pl and PID
controllers.
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