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1 Introduction

1.1 Background and motivation

The utilization of DC microgrids has become increas-
ingly significant due to the proliferation of distributed
energy resources located in close proximity to electri-
cal energy consumers. Currently, DC microgrids are
employed in various applications, including commer-
cial and residential buildings as well as industrial units
[1,2]. In DC microgrids, constant power load connec-
tions to the DC bus are common. The control of con-
stant power loads is achieved through power electronic
converters, which are designed with a sufficiently wide
bandwidth to ensure that the power consumption re-
mains relatively independent of voltage variations [3].
Constant power loads exhibit a negative impedance
characteristic when connected to the DC bus, leading
to voltage drops across the converters and reduced bus
stability. Therefore, ensuring the stability of the DC
bus connected to a constant power load and maintain-
ing a desired output voltage is paramount. To clar-
ify the distinction between existing control strategies
and the proposed FOPID controller, it is essential to
highlight the main gaps in conventional methods. Tra-
ditional PID controllers often struggle with handling
non-linearity and time-varying dynamics in microgrid
systems. They may also lack the flexibility to adapt to
varying operational conditions. In contrast, the FOPID
controller offers enhanced robustness and adaptability
by incorporating fractional calculus, which allows for
more precise tuning and better performance in com-
plex environments. This sets the stage for introducing
the proposed FOPID solution as a superior alterna-
tive. Employing fractional-order controllers to address
the uncertainties associated with constant power loads
can enhance DC bus stability. Recently, the application
of fractional-order controllers in controlling power elec-
tronic converters has gained significant traction [4, 5].
Advantages of fractional-order controllers over conven-
tional controllers include (1) greater flexibility, (2) sim-
pler design for higher-order converters, (3) enhanced
robustness and stability, and (4) the elimination of the
need for linearization [6, 7].

1.2 Literature review

The advantages of utilizing DC microgrids include re-
duced costs, the elimination of transmission lines due to
the short distance between generators and consumers,
improved power quality resulting from the integration
of power electronic converters on the load side, simpli-
fied energy generation systems, and the ability to create

multiple voltage levels without the need for transform-
ers [8,9]. However, due to the presence of uncertain-
ties in the system, input voltage fluctuations, distur-
bances, and parameter variations in microgrids, con-
ventional controllers exhibit inadequate performance
and fail to ensure system stability [10]. In islanded mi-
crogrids, power electronic converters play a crucial role
in supplying local loads. Consequently, various con-
trol strategies, such as droop control and master-slave
control, have been proposed to enhance the parallel op-
eration of distributed energy resources and power elec-
tronic converters. Nevertheless, these controllers are
unable to improve the stability of converters and the
DC bus in the presence of constant power loads [11].
Reference [12] employs an active control method along
with a nonlinear disturbance observer to ensure sta-
bility, regulating the output voltage and maintaining
stability against the negative resistance of the constant
power load.

Reference [13] utilizes an adaptive active controller
for feeding a constant power load using a buck-boost
converter, enhancing system stability and adapting
the controller to parameter variations to increase DC
bus damping. Paper [14] proposes a passive control
method, which suffers from drawbacks such as design
complexity and practical implementation difficulties.
Additionally, reference [15] employs a proportional-
integral-derivative (PID) controller with a filter to miti-
gate the adverse effects of the derivative term and accu-
rately track the output voltage. The controller param-
eters are calculated using the particle swarm optimiza-
tion algorithm. In microgrids, the capacitive elements
of voltage source converters combined with line induc-
tance form an LC circuit with weak damping, leading
to reduced DC bus stability. When feeding constant
power loads using DC microgrids, a negative resistance
effect is introduced on the DC bus, causing dynamic
variations that further decrease bus stability and result
in undesirable output voltage fluctuations [16]. There-
fore, designing a controller that is robust against con-
stant power load uncertainties, accurately tracks the
output using a fractional-order controller in the pres-
ence of noise and disturbances, and ensures voltage
stability is crucial. Small-signal stability in islanded
microgrids is of paramount importance. In this mode,
distributed energy resources behave as voltage sources,
and the dynamic characteristics of the microgrid are
highly dependent on power derating controllers and
connected DGs [17].

The primary objectives of microgrid control include
maintaining frequency and voltage, distributing power
among sources, and enhancing reliability. Under nor-
mal operating conditions, the microgrid is connected
to the main grid, and its loads are supplied by dis-



Hydrogen, Fuel Cell & Energy Storage 2(2025) 89-10/ 91

tributed energy resources or, if necessary, by the main
grid. However, in the event of a disturbance in the
main grid, the microgrid can isolate itself from the dis-
tribution network to protect microgrid loads from dis-
turbances. Therefore, the ability of a microgrid to is-
land can reduce consumer outage time and ultimately
increase system reliability [3,18,19].

1.3 Aims and contributions

In this paper, a novel fractional-order controller is de-
signed to control and stabilize a DC microgrid in the
presence of constant power and voltage loads, consid-
ering noise and disturbances. The proposed approach
enables the fractional-order controller to exhibit effec-
tive performance under various input fluctuations of
solar panels, noise, and disturbances. Considering the
power exchange between microgrids and the upstream
grid, microgrid operation can be classified as either
standalone or grid-connected. In the standalone mode,
there is no connection between the microgrid and the
main grid, and the microgrid must be self-sufficient,
making distributed energy resources crucial. In con-
trast, grid-connected microgrids have the support of
the upstream grid [18-20]. Accordingly, microgrid con-
trol can be categorized into centralized and decentral-
ized approaches [8,21].

From the perspective of the upstream grid, a micro-
grid resembles a combined energy generation unit or a
load. In other words, a microgrid is a power distri-
bution system that automatically provides power with
appropriate quality and reliability to supply loads [18].
Based on the literature review and problem statement,
the novelties of this paper in the field of DC bus control
and stability in the presence of noise and disturbances
are as follows:

e This paper presents a standalone DC solar panel
microgrid with variable solar irradiance and tem-
perature inputs and an output voltage of approx-
imately 100 volts.

e A buck-boost power electronic converter con-
nected to the DC solar panel is modeled and em-
ployed to interface with the bus while providing
appropriate output values under varying condi-
tions.

e The load is modeled as a constant power and con-
stant voltage load connected to the DC bus and
the buck-boost converter to represent power con-
sumption and voltage levels.

e Both fractional-order and proportional-integral-
derivative (PID) controllers are employed to
maintain stability against noise.

e A grey wolf optimization algorithm is utilized to
optimize the controller parameters for superior

performance compared to the conventional PID
controller.

This paper is organized into six sections. Section 2
presents the modeling of buck and boost converters, as
well as constant power and constant voltage loads. In
section 3, the controller design is investigated. Section
4 outlines the problem-solving approach for controller
optimization. Section 5 presents a case study and sim-
ulation results, followed by a discussion. Finally, sec-
tion 6 concludes the paper.

2 Buck-Boost Converter Model-
ing

Power electronic converters are crucial components of
microgrids, playing a vital role in controlling power dis-
tribution and converting power to suitable AC or DC
forms. They also serve as interfaces, connecting vari-
able speed generators, energy storage systems, and DC
distributed energy resources to the grid [22]. In is-
landed microgrids, power electronic converters play a
pivotal role in ensuring the continuous supply to lo-
cal and critical loads. Consequently, various control
methods such as droop control and master-slave control
have been proposed to enable the parallel operation of
distributed energy resources based on power electronic
converters [23].
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Fig. 1. Boost converter.
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2.1 DC-DC Boost converter

This converter is a boost converter, always regulating
the output voltage higher than the input voltage. It is
used to regulate the output voltage of DC sources and
control the DC bus voltage. Figure 1 shows a schematic
of a boost converter. A boost converter is a switching-
based converter. By increasing the duty cycle, high
gains can be achieved, as evident from Equation (1).

Vo 1

o 2. (1)

Vs 1-D
In this equation, Vo and Vg represent the output and
input voltages of the converter, respectively, and D rep-
resents the duty cycle. By increasing the duty cycle,
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very high gains can be obtained. In practice, the max-
imum gain achievable from a typical boost converter is
around 5 to 6 times [12,24].

2.2 Buck DC-DC converter

In this converter, the output voltage is always regu-
lated to a value lower than the input voltage. Further-
more, since the operation of these converters is based
on switching, the output voltage of these converters
always contains harmonics. To mitigate this issue, a
low-pass filter consisting of an inductor and a capaci-
tor is used. A complete schematic of a Buck converter
is shown in Figure 2.
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Fig. 2. Buck Converter.

Buck converters with pulse width modulation
(PWM) are widely used in battery chargers, radio sys-
tems, computers, telecommunications equipment, fuel
cells, and more [24]. In this paper, a buck converter is
used to simulate a constant power load in small signal
stability analysis. Equation (2) represents the ratio of
output voltage to input voltage in a buck converter.

2= @)

where Vp and Vg represent the output voltage and in-
put voltage of the converter, respectively, and D repre-
sents the duty cycle of the converter.

2.3 Load modeling in DC microgrids

In general, loads in DC microgrids can be catego-
rized into three main types: constant resistance loads
(CRL), constant current loads (CCL), and constant
power loads (CPL). In this paper, constant resistance
loads and constant power loads are investigated based
on Equations (3) and (4):

e Constant Resistance Loads

(1 _ ( Pere
1CRL = <Rload> v = ( V02 > v (3)

where R),.q represents a constant resistive load,
Vo is the nominal voltage, and v, icry,, and Pory,

represent the voltage, current, and power of the
constant resistive load, respectively.
e Constant Power Loads

PcpL, )

ICPL =

where v, icpr, and Pcpy, represent the voltage,
Current, and power of the constant power load,
respectively.

3 Fractional-Order Controller

Design

The ability of an electrical power system to return to a
stable operating condition with bounded variables af-
ter being subjected to a physical disturbance from an
initial operating condition is known as power system
stability [25]. Stability in DC microgrids is examined
in three forms: (1) small-signal stability, (2) transient
stability, and (3) voltage stability [25].

3.1 State-space modeling and stability
analysis

There are various methods for modeling a physical sys-
tem. One of these methods is the state-space represen-
tation, where a set of independent variables, known as
state variables, are chosen. At any given time, the state
of the system is completely determined by these vari-
ables. In the state equations of the system, x represents
the state vector of the system, ¢ denotes time, and u
represents the input vector of the system. By setting X
to zero, the operating point of the system is obtained.
If the system is linear, the governing equations of the
system can be written in the following general form:

X = F(x,t,u) (5)
Y = G(x,t,u) (6)
X(t) = AX(t) + Bul(t) (7)
Y(t) = CX(¢t) + Du(t) (8)

where A is the state matrix, X is the state variable
matrix, B and C are the input and output matrices,
respectively, and D is the direct transmission matrix
between input and output. In a situation where the
disturbance applied to the system is small, the values
of the state variables will vary around the operating
point. To perform a linear analysis of the system, the
state equations must be linearized around the operat-
ing point. This type of analysis is called small-signal
analysis. The state matrix of the system is obtained
through the linearized equations. The eigenvalues ob-
tained from this matrix represent the behavior of the
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system around the operating point. The small-signal
equations of the system can be written as follows:

AX = AX(t) + BX(t) (9)
AY = CX(t) + DX(t) (10)
In this equation, matrices A, B, C, and D represent the

coefficient matrices, which are obtained by considering
zo and ug as the system’s operating points.

rofs ... 9f1q %%
oz Oxy,
A= .. :
Ofn ... Ofn
L Oxy Oz, - uU=ug
rofs .. 9fiq¥TY0
ouy Oun,
B=1|: .. :
Ofn ... Ofn
L Ouq Ouy, 4 u=ug
rdgn ... 09g17%7%0
oxq Oxp
C=1: : ;
9gn .. 9gn
-8:61 amn - u=ug
rdgn ... Og1q*=%o
Ouq Oun
D=|: .. (11)
99n ... Ogn
L Juy Oup - u=ug

The system stability of a DC microgrid is analyzed
by examining the eigenvalues of the system matrix A.
When all eigenvalues lie in the left half-plane of the
complex plane, the system is stable under small per-
turbations near the equilibrium point. The eigenvalues
of matrix A are obtained from the following equation:

det(A — Al) = 0 (12)

Here, ) represents the eigenvalues of the system, | is the
identity matrix, and “det” denotes the determinant.

3.2 Fractional-order controller

When a properly-ordered classical controller is em-
ployed, the controller behavior is solely examined based
on the three parameters of proportional, integral, and
derivative gain, as defined in Equation (13). The
proportional-integral-derivative (PID) controller rela-
tionship is as follows [26]:

1 N
Ut)y=P+—=+D - ————r 13
W=trg+Pioy g W
e Proportional Term: This section examines the
reduction of steady-state error, maintenance of
stability, and increase in response speed.

e Integral Term: This section investigates the re-
duction of stability and the elimination of steady-
state error.

e Derivative Term: This section explores the in-
crease in sensitivity to noise and the improvement
of relative stability.

Various algorithms can be used to tune the pa-
rameters of PID controllers [26]. Fractional-order PID
controllers are an extension of PID controllers based
on fractional calculus. Due to their higher flexibil-
ity compared to classical controllers, fractional-order
controllers are widely used in many research studies
[27]. While classical controllers have three components,
fractional-order controllers have five components, re-
sulting in higher accuracy compared to classical con-
trollers [28-30]. The formula for the fractional-order
controller is as follows [7,31]:

u(s):PJr%JerS”‘ (14)
In this equation, A\ and p represent the real powers of
the integral and differential operators, respectively [31].
A gray wolf optimization algorithm has been employed
to optimize and tune the parameters of the fractional-
order controller.

4 Grey Wolf Optimization Algo-
rithm

The Grey Wolf Optimizer (GWO) algorithm is inspired
by the hierarchical social structure and hunting behav-
ior of grey wolves [32]. Grey wolves, occupying the apex
of the food chain, often live in packs. The alpha wolf
holds the highest rank in the pack and is the leader.
The beta wolf, ranking second, acts as an advisor to
the alpha and follows its commands. Omega wolves
hold the lowest rank and often assume the role of car-
ing for the pups. Delta wolves, positioned between the
beta and omega wolves, are responsible for guarding,
caring for the elderly, and hunting. This hierarchical
structure and collaborative hunting behavior have in-
spired the development of a mathematical model, re-
sulting in the Grey Wolf Optimizer algorithm. The
primary stages of grey wolf hunting are as follows [33]:
(i) pursuing and approaching the prey; (ii) encircling
and harassing the prey until submission; and, (iii) at-
tacking the prey. The gray wolf optimization algorithm
offers several advantages when optimizing a fractional
order controller. Firstlyy, GWO is straightforward to
implement and adapt to various optimization problems,
making it suitable for complex control systems like frac-
tional order controllers. It effectively balances explo-
ration (searching for new solutions) and exploitation
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(refining existing solutions), which helps in finding the
global optimum more efficiently. Additionally, the al-
gorithm’s design mimics the social hierarchy and hunt-
ing behavior of gray wolves, aiding in avoiding local
optima and ensuring a more thorough search of the so-
lution space. GWO has also demonstrated robust per-
formance under different conditions and disturbances,
making it reliable for optimizing controllers in dynamic
and uncertain environments. These advantages make
GWO a powerful tool for enhancing the performance
and robustness of fractional order controllers in various
applications. To optimize the proposed controller’s val-
ues, the algorithm has been calculated in 100 steps and
50 wolves in each neighborhood. The limit of numbers
between 0.00001 and 1 has been used for the values of
the controller parameters.

5 Case Study and Simulation
Results

5.1 PV Array

This simulation uses a DC microgrid powered by so-
lar panels composed of silicon solar cells. The power
output depends on solar irradiance and temperature,
both of which are variable. Higher irradiance and lower
temperatures increase the output power. Figures 3 and
4 illustrate the relationships: Figure 3 shows the lin-
ear relationship between irradiance and temperature
over time, while Figure 4 demonstrates the increase
in voltage and current of the PV Array and diode as
irradiance rises. Additionally, the PV Array current
increases with rising temperature. Figure 5 presents
the irradiation and temperature levels, as well as their
corresponding variations.

Array type: User-defined;
3 series modules; 50 parallel strings
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Fig. 3. Characteristics of PV array.
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Fig. 5. Irradiance and temperature.

5.2 Buck-boost converter

The buck-boost converter is a DC-DC converter capa-
ble of both stepping up and stepping down the output
voltage. It consists of a switching transistor, an induc-
tor, a capacitor, and a diode. In PV Array applications,
buck-boost converters can be used to boost the output
voltage under low-irradiance conditions or to buck the
output voltage under high-irradiance conditions. The
output voltage of the buck-boost converter is regulated
using a controller. The controller compares the output
voltage to a reference voltage. If the output voltage
is lower than the reference voltage, the controller in-
creases the duty cycle to increase the output voltage.
Conversely, if the output voltage exceeds the reference
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voltage, the controller decreases the duty cycle to re-
duce the output voltage. All the simulations have been
done in the Simulink environment of MATLAB soft-
ware with an accuracy of 1 microsecond and in the
form of discrete time.

5.3 Scenario 1: Constant Voltage Load

Figure 6 presents a schematic overview of the constant
voltage load condition.

A constant voltage load is a load whose power con-
sumption remains constant regardless of changes in in-
put voltage. Essentially, this type of load represents
a real-world consumer used in various applications.
This paper investigates the performance of a buck-
boost converter under a constant voltage load condi-

Pulse
-Generator

Diode-1

Scope pv

T

Mosfet-1

tion. To this end, the line voltage and output voltage
of the constant voltage load, along with the power, were
measured and analyzed. Figure 7 shows the line volt-
age curve, which is a horizontal line. This indicates
that the line voltage remains constant over time, and
even if the input voltage of the buck-boost converter
changes, the output line voltage will not change. Con-
sidering the output of a PV Array, it is expected that
the buck-boost converter can provide a line output volt-
age of around 250 volts. However, in practice, due to
system losses, the output line voltage was around 210
volts. Figure 8 demonstrates the correct operation of
the buck-boost converter under a constant voltage load,
where the output line voltage is equal to the output of
the constant voltage load. Figure 9 shows the output
power under a constant voltage load condition.
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Fig. 6. Constant Voltage Load (CVL).
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5.4 Scenario 2: Constant Power Load

Figure 10 presents a schematic overview of the constant
power load condition.

A constant power load is a load whose current is in-
dependent of the applied voltage. In other words, the
power consumption of this load is proportional to the
applied voltage. Constant power loads are used in a
wide range of applications. Constant power loads play
a significant role in electrical systems.

Seope PV

PUMM Generalcv-2 Transfer Fen-1

1
00ls+1

These loads can have various effects on the sys-
tem, including increased peak current, reduced volt-
age, and increased power losses. Figure 11 shows the
linear output voltage waveform of a buck-boost con-
verter under constant power load conditions. As can
be seen from the figure, the output voltage of the buck-
boost converter is constant under constant power load
conditions. This is because the output current of the
converter is also constant under constant power load
conditions. With a constant output current, the out-
put voltage will also be constant. Figure 12 shows the
linear output voltage waveform of the constant power
load. The input to the constant power load is the same
as the output of the line. The constant power load is
designed as a buck converter, and since the voltage is
constant under constant power load conditions, a con-
stant output is observed after reducing the input by
the buck converter. Figure 13 shows the output power
under a constant power load condition.
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Fig. 10. Constant Power Load (CPL).
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Fig. 13. Power CPL.
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5.5 Scenario 3: Constant Power Load
with Constant Voltage

This section is dedicated to the simultaneous analysis
of constant power and constant voltage loads. In the
first step, both loads are examined without any con-
trollers. Subsequently, the analysis is conducted with
the presence of PID and FOPID controllers, as well
as noise. Figure 14 shows the overall schematic of the
constant power and constant voltage loads simultane-

ously, without any controllers or noise. Figure 15 shows
the output power under a constant voltage and power
loads condition. This section investigates the simulta-
neous presence of constant power and constant voltage
loads. In this scenario, both loads are initially exam-
ined without any control systems in place. Figures 16
and 17 illustrate the line voltage and output voltage
waveforms under constant voltage and constant power
load conditions.

As observed, without a voltage controller, the bus
voltage sags and fails to track the 250-volt reference.
Moreover, the voltages of both the constant power and
constant voltage loads exhibit instability, with a sig-
nificant overshoot in the constant power load voltage.
Figure 18 presents the output power under both con-
stant power and constant voltage load conditions, in-
corporating a PID controller.

Fig. 14. Constant Power Load and Constant Voltage Load (CPL and CVL).
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Fig. 18. Power CPL and CVL With a PID con-
troller.

Figure 19 shows the output line voltage in both con-
stant power and constant voltage load conditions with
the presence of a PID controller. With the help of the
controller, the buck-boost output has been able to ap-
proximate the desired output line voltage of 250 volts
to some extent. Figure 19 shows the output line voltage
in both constant power and constant voltage load con-
ditions with the presence of a PID controller. Figure 20
presents the output voltages under constant power and
constant voltage load conditions with a PID controller.
Considering the constant voltage load condition, the
output is proportional to the line output, and the out-
put of the constant power load reaches the desired value
according to the modeled condition. However, as it is
clear from the results, the PID controller is much slower
in the steady and transient states. On the other hand,
the PID controller is not resistant to noise and system
parameter changes.

Figure 21 presents the output power under both
constant power and constant voltage load conditions,
incorporating an FOPID controller. Figure 22 shows

the line output voltages of the constant power and con-
stant voltage loads in the presence of an FOPID con-
troller.
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Fig. 20. Output CPL and CVL With a PID con-
troller.
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Fig. 21. Power CPL and CVL with a FOPID con-
troller.
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Fig. 22. Voltage line CVL and CPL with a FOPID
controller.

The buck-boost output with the FOPID controller
is able to reach the line output of 250V faster, indi-
cating a better performance of the FPID controller in
this section. Figure 23 shows the output voltages of the
constant power and constant voltage loads in the pres-
ence of an FOPID controller, and based on the trend
of this figure, the controller has been able to adjust the
output of the loads proportionally to the line output.

250 T T T T T

— Voltage CVL
.‘I Voltage CPL
200 t| S e

"= 0

Y

[<2)

=)

=
L

Voltage(\)
=]
-

n
(=]
T
L

_50 L L L L - B 1 L 1 L -
04 05 06 07 08 09 1

Time(Sec)

Fig. 23. Output CPL and CVL with a FOPID con-
troller.

In the next step, the presence of noise in the pres-
ence of controllers is investigated, which can be used to
evaluate the controller’s performance in the presence
of noise. It should be noted that the reason for choos-
ing this condition is that noise is a major problem in
electronic circuits that can affect circuit performance.
Therefore, in this paper, the performance of PID and
FOPID controllers against noise is analyzed with the
aim of reducing the adverse effects of noise. Figure 24
presents the output power under both constant power

and constant voltage load conditions, incorporating a
PID controller, while also demonstrating the impact of
noise.
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Fig. 24. Power CPL and CVL with PID controller
with noise.

Figure 25 shows the line output voltage under con-
stant power and constant voltage load conditions with
a PID controller along with noise. As seen in the fig-
ure, the controller has been able to maintain a stable
line output voltage despite the presence of noise.
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Fig. 25. Voltage line CPL and CVL with PID con-
troller and noise.

Figure 26 shows the output voltage under constant
power and constant voltage load conditions with a PID
controller along with noise. The output voltage has also
remained unchanged due to the good performance of
the controller, even in the presence of noise. Figure 27
shows the output power with an FOPID controller for
constant power and constant voltage loads, including
noise. Figure 28 illustrates the output voltage of the
lines under constant power load and constant voltage
conditions with the presence of an FOPID controller
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and noise. The output voltage of the line has exhib-
ited better performance in the presence of noise as it is
much closer to the desired value of 250 volts.
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Fig. 26. Output CPL and CVL with PID controller
and noise.
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Fig. 27. Power CPL and CVL with FOPID con-
troller and noise.
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Fig. 28. Voltage Line CPL and CVL with FOPID
controller.

Figure 29 clearly shows that the output voltage of
both the constant power load and the constant voltage
load is also closer to the desired value in the presence
of noise. Studies conducted in the presence of noise
and controllers indicate that the controllers are robust
against noise and can provide satisfactory output in
the face of noise in the simulated circuit. In the next
step, the constant power load and the constant voltage
load were simultaneously considered. Figures 30 and 31
show the output of the lines with two controllers un-
der constant power and constant voltage loads. Based
on these two figures, the FOPID controller has a more
stable and faster response compared to the PID con-
troller and reaches 250 volts. Figures 32 and 33 show
the output voltage of the constant power load and the
constant voltage load, where both controllers have the
same output under constant power load, but under con-
stant voltage load, the FOPID controller has shown a
more stable and faster performance.
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Fig. 29. Output CPL and CVL with FOPID con-
troller.

Voltage Line
250 T T T T T T
lé ‘oltageLine FOPID CPL
‘oltageLine PID CPL
200
150

Voltage(V)
=
o

_SD- 4 - - L N 4 4 B b -
0 01 02 03 04 05 06 07 08 09 1
Time(Sec)
Fig. 30. Voltage line CPL with PID and FOPID
controller.
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Fig. 31. Voltage line CVL with PID and FOPID
controller.
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Fig. 32. Output CPL with PID and FOPID con-
troller.
se Voltage ConstantVoltage Load
I - Voltage FOPID CVL
{ Voltage PID CVL
200
150
=
&
& 100
g

50

50 . . . . .
0 0.1 02 0.3 0.4 05 06 0.7 0.8 09 1

Time({Sec)

Fig. 33. Output CVL with PID and FOPID con-
troller.

In the final section, the performance of controllers
is analyzed for the presence of both constant power
and constant voltage loads simultaneously, under noisy
conditions. Figures 34 and 35 show the load line out-
puts in the presence of two controllers and noise. The
FOPID controller exhibits more stable and faster per-
formance compared to the PID controller. Figures
36 and 37 show the load outputs, where both con-
trollers have the same output for the constant power
load. However, in the case of the constant voltage
load, it can be observed that the FOPID controller per-
forms faster despite noise. The amount of rise time of
PID and FOPID controller is written in Table 1. The
Fractional Order Proportional-Integral-Derivative con-
troller demonstrates superior performance in specific
scenarios due to its inherent flexibility and robustness.
Unlike traditional PID controllers, which use integer-
order derivatives and integrals, FOPID controllers em-
ploy fractional calculus, allowing for more nuanced con-
trol dynamics. The fractional orders of the integrative
and derivative components provide additional degrees
of freedom, enabling more precise tuning. This is par-
ticularly beneficial in systems with complex dynamics,
such as DC microgrids with variable loads and renew-
able energy sources. Fractional order controllers can
better handle system uncertainties and external distur-
bances. This is crucial in microgrids, where power gen-
eration and consumption can be highly unpredictable
due to fluctuating solar irradiance and temperature.
Additionally, fractional calculus incorporates a mem-
ory effect, meaning the controller’s response depends on
the entire history of the system’s behavior, not just the
current state. This characteristic allows for more ac-
curate and stable control in systems with time-varying
properties. Furthermore, FOPID controllers offer su-
perior performance in the frequency domain, provid-
ing better phase and gain margins and resulting in im-
proved stability and transient response. By leveraging
these theoretical advantages, the FOPID controller can
achieve more stable and efficient control in DC micro-
grids, making it a more effective solution than conven-
tional PID controllers.

6 Conclusions

This paper presents a comprehensive review of previ-
ous works on the control and stabilization of DC mi-
crogrids. Subsequently, the proposed model, research
objectives, the studied system, and its limitations are
explained. Then, the proposed controller algorithms
and design are presented. Simulations of various sce-
narios have been successfully conducted using MAT-
LAB software on a sample DC microgrid.
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Fig. 34. Voltage Line CPL with PID and FOPID
controller with noise.
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Fig. 36. Output CVL with PID and FOPID con-
troller with noise.
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Fig. 35. Voltage Line CPL with PID and FOPID
controller with noise.
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Fig. 37. Output CVL with PID and FOPID con-
troller with noise.

Table 1. Comparison between PID and FOPID controllers in rise time.

Controllers

Rise Time

The proposed FOPID

0.1 second

PID

0.4 second

The results demonstrate that the FOPID controller
exhibits better stability and faster response compared
to the PID controller. Due to its higher degree of
freedom, the FOPID controller shows better robust-
ness against noise and parameter variations compared
to the PID controller. Based on the simulation re-
sults, the FOPID controller is a suitable option for
controlling and stabilizing DC microgrids. Addition-
ally, the presence of two controllers has led to a final
load consumption of 2 kW, whereas the load consump-
tion of constant power and constant voltage loads is
lower without the controllers. While the optimization

of the fractional order controller using the gray wolf op-
timization algorithm shows promise, there are several
limitations to consider. Firstly, the GWO algorithm,
like other metaheuristic methods, may require signifi-
cant computational resources, especially for large-scale
or highly complex systems. This can limit its prac-
tical application in real-time scenarios. Secondly, the
performance of GWO can be sensitive to the choice
of parameters, and finding the optimal settings may
require extensive trial and error. Additionally, while
GWO is effective in avoiding local optima, it may still
struggle with convergence speed, potentially leading to
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longer optimization times. Another limitation is the as-
sumption of ideal conditions in simulations, which may
not fully capture the variability and unpredictability
of real-world environments. Finally, the research may
not account for all possible disturbances and uncertain-
ties in a DC microgrid, which could affect the robust-
ness and reliability of the optimized controller in practi-
cal applications. Addressing these limitations in future
work could enhance the applicability and effectiveness
of the GWO-optimized fractional order controller. The
results demonstrate that:

e The FOPID controller outperforms the PID con-
troller.

e The FOPID controller exhibits faster response
and closer tracking to the 250V reference in both
constant power load and constant voltage load
conditions.

e The FOPID controller demonstrates better sta-
bility in the presence of noise and effectively pro-
tects the output from noise disturbances.

e The FOPID controller is a better choice for con-
trolling buck-boost converters in DC microgrids,
especially those based on solar panels.

e The presence of two controllers has enabled the
load consumption to reach a final value of 2 kW,
whereas without the controllers, the load con-
sumption in constant power and constant voltage
load conditions was lower.

The implementation of fractional order controllers
in microgrids has shown significant improvements in
stability and efficiency. Future research should focus
on optimizing these controllers for diverse operating
conditions and integrating advanced renewable energy
sources. Field work will be crucial in validating theoret-
ical models and ensuring practical applicability. Con-
tinued efforts in this area promise to enhance the reli-
ability and sustainability of microgrid systems.
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