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Abstract—The simplicity and cost of the control systems used
in power converters are an urgent aspect. In this research, a
simple and low cost voltage regulation system for a Buck converter
system operating in uncertain conditions is provided. Using an
electronic PID controller technique, the feedback control scheme
of the presented Buck converter is carried out. Matlab software
used a simulation environment for the proposed analog PID-based
Buck converter scheme. The PID controller is easily implementable
since it is built with basic and conventional electronic components
like a resistor, capacitor and op-amp. The system simulation has
high reliability as it is implemented using the Simscape package.
The Simscape components used to build the converter system are
modeled effectively taking into consideration including the prac-
tical factors such as internal resistance, tolerance and parasitic
elements. This procedure certainly enhances the reliability of the
simulation findings as the working conditions of the simulated
system become more closer to the real-world conditions. Particle
Swarm Optimization (PSO) is employed to properly optimize tune
the PID gains. The regulation process of the PID control scheme is
assessed under voltage and load disturbances in order to explore
the robustness of the Buck converter performance. The findings
from the system simulation, under the uncertainties, show largest
rise time and settling time of 20 ms and 25 ms respectively, zero
overshoot and minimum steady state error response, except at
load disturbance case there is a fluctuation of 1 V. Consequently,
It can be said that the proposed Buck converter based on analog
PID controller can be used efficiently in the industrial and power
applications.

Keywords—Proportional Integral Derivative; Buck converter; Op-
timization Algorithm; Particle Swarm Optimization; Voltage Regu-
lation

I. INTRODUCTION

Switching modes electronic components known as DC-DC
converters are frequently used in industrial applications, em-
bedded systems, microprocessors, distributed power topologies
and telecommunications [1]-[5]. Voltage converter systems are
basically categorized into six types which are Buck, Boost,
Sepic, Cuk, Zeta and Buck-Boost [6]. Buck DC-DC converters
are among the switching mode power converters that are most
widely employed in a variety of application domains because of
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their highly efficient power distribution, low cost, performance
reliability and structural simplicity [7]-[9]. The appropriate
output DC voltage may be generated using this conversion
method, independent of changes in the supply voltage and load.
An appropriate output DC voltage can be swiftly converted
from the input DC voltage using a Buck converter. It is
worth mentioning that variations in the supply voltage, desired
voltage and load resistance may lead to uncertainties in a
converter’s ability to provide a steady output DC voltage. These
uncertainties can lead to a performance loss and unstable output
characteristics.

To achieve a precise voltage regulation and lessen the effects
of these fluctuating problems, the converter should be used
in combination with a suitable closed-loop control system.
Many power engineers are interested in designing a Buck
converter with a feedback voltage control system that can
deliver a high precision and stable DC voltage for a variety
of applications. Modern control techniques such as charge
balance controller method [10], Linear Quadratic Regulator
(LQR) [11], [12], Linear Quadratic Gaussian (LQG) [13],
Pole Placement (PP) [14], Sliding Mode Control (SMC) [15]-
[19], Back Stepping Control (BSC) [20], Bang-Bang Control
(BBC) based on geometric approach [21], Neural Network
Predictive Controller (NNPC) [22], Robust Control (RC) [8],
[23], Adaptive Control (AC) [24] and Hybrid Control (HC) [25]
have been presented to improve the voltage adjustment behavior
of the Buck converters. However, PID controller methodology is
still the most popular and efficient solution can be considered
for Buck converters control and many industrial applications
due to the simplicity of its implementation in both software
and hardware domains [26]-[29].

The study of adopting classic PID control strategy for Buck
converters remains a topic of interest among researchers. The
authors in [24] presented a voltage regulation system for Buck
converter with disturbances based on classic and modified
control approach. They introduced conventional and adaptive
voltage-model control for a switching DC-DC converter. The
proposed system uses two-loop classic regulator for control and
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stable the output of Buck converter. The introduced system
presents less noise problems while giving more robust and
stable response. The system utilizes two loops based on three
controllers, an inner adaptive loop with double controllers
and an outer voltage control loop with single controller. The
outer loop preserves the loop bandwidth and stability margins
under a large variation of the supply voltage and tolerance of
passive elements of the converter, in addition to improving
the disturbance rejection of the closed loops of the system.
The proposed system is implemented in the real-time and its
experimental results are presented and then compared with
those of the traditional single loop system.

In [30] a new formulation of PID control technique is
proposed to improve the performance of DC-DC converter
schemes. The derivative term associated with the PID controller
is utilized to inject an output voltage with a significant noise
in DC power converter systems. In the new PID formulation
the output-voltage derivative is replaced by information about
capacitor current, hence reducing noise injection. The obtained
results showed that the proposed model is active for a current-
mode controlled Boost converter and voltage-mode controlled
Buck converter with PID feedback control system. Two digital
feedback controllers for DC-DC power converter based on
PID technique are introduced in [31]. A digital multi-loop
PID controller has been implemented, whose design based on
the proposed loop shaping of the frequency-domain transfer
function. This work presents also design and implementation of
a digital LQG state-feedback controller based on a time-domain
state-space model of the same proposed converter topology that
has been presented.

In [32] a Field-Programmable Gate Array (FPGA) device has
been employed to implement both the PID controller and the
Generalized Proportional Integral (GPI) controller for the Buck
converter system. The implementation results of the converter
based on the controllers were presented and then compared.
The comparison results showed that the GPI controller exhibits
a larger degree of robustness in terms of turbulence rejection
based on extreme changes in static and dynamic loads compared
to the classic PID controller technique. Moreover, the GPI
controller can introduce a superior response compared to the
classic PID controller regarding the settling time parameter.

In 2021, the authors proposed an optimization method for
PID controller used in Buck converter system [33]. The opti-
mization method is based on extreme Learning Machine (ELM)
approach, which is used to achieve an online adjustment for
the controller gains coefficients. The combination of ELM with
PID control is employed to perform a voltage adjustment for
the Buck voltage regulator. The ELM-PID control scheme is
designed and simulated in the MATLAB/Simscape toolbox to
assess the capability of the introduced controller to stabilize the
output of the Buck voltage regulator under different working
disturbances. In this study, the voltage adjustment of the ELM-

PID controller is compared with that of the open-loop control
strategy to reveal the effectiveness of the combined ELM-PID
controller.

Additionally, for applications involving Buck and Buck-
Boost converters, the authors in [34] compared the control
efficacy of fuzzy and digital PID controllers. The authors were
made a comparison between the two control systems based on
design methodology and their voltage regulation performance.
The outputs of the converters using these classic controller
techniques are presented and analyzed based on the time-
domain performance parameters. However, instead of adopting
numerical optimization algorithms to determine the values of
control elements for the controllers, the researchers in this work
tuned the parameters of the controllers manually utilizing the
traditional trial and error method.

In 2023, a new control approach is presented in [35] for step-
down Buck converter system. The author used time-based PID
controller as an alternative control style used to regulate and
track the desired voltage of Buck converter. All the parts of the
PID controller (Proportional, Integral and Derivative) are fully
integrated in the time-domain. The Buck voltage regulator with
the PID control is formulated mathematically and analysed in
the time-domain. The Buck voltage regulator with the new PID
structure is simulated to evaluate the voltage regulation of the
introduced control system. However, the presented scheme is
not tested in the presence of the parametric uncertainties and
load variations of the converter.

This study presents a conventional controller method to
maintain the desired output voltage of Buck converters un-
der different operational disturbances taking into consideration
overcoming the aforementioned problems. The feedback control
system for the proposed DC-DC Buck regulator under hard
working disturbances is implemented using a PID controller.
Generally, in design of control systems, the setup of the gain
parameters for Buck converter controllers is typically the largest
challenge. In most controllers in use now, the controller gains
are optimized manually utilizing the trial and error adjusting
method, which requires more time and effort, in addition, there
is no guarantee that this gain setting approach will lead to the
best performance [36]. There is no assurance that this will lead
to the best performance. Therefore, it is necessary to carefully
adjust the controller settings in order to manage the voltage
regulation process of DC-DC Buck converters and provide the
demanded output response.

In [37]-[39] the performance of the voltage-mode Buck con-
verters was enhanced by using conventional tuning procedures.
The authors used traditional frequency response approaches
including Ziegler-Nichols and root locus-type methods to find
optimum values of gain parameters for feedback control sys-
tem. Unfortunately, early convergence or extended computation
times make the typical methodologies offered insufficient for
specific solution procedures. To solve these problems, opti-
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mization algorithms, which are implemented using numerical
techniques, are adopted to achieve a global solution for control
problems under certain restrictions, hence, finding best values
for controller parameters.

Over the past few decades, a variety of intelligent opti-
mization techniques, such as Fuzzy Logic (FL) [40], Genetic
Algorithm (GA) [41], [42], Particle Swarm Optimization (PSO)
algorithm [43], [44], Bacterial Foraging Optimization (BFO)
algorithm [45], [46], Big Bang-Big Crunch (BBBC) algorithm
[1], Aquila Optimizer (AO), African Vultures Optimization
Algorithm (AVOA) and Hunger Gamnes Search optimization
(HGSO) algorithms [47] [48] and Bat Algorithm (BA) [49]
have been utilized to successfully optimize the performance of
the introduced PID controlled Buck converters. Unfortunately,
the implementation of some of these optimization algorithms
has severe flaws and limitations. Complex dynamical systems
cannot be optimized using the GA method since the optimiza-
tion process of these systems using the GA method needs
large numbers of iterations and in addition to the problem of
early convergence. Utilizing the BFO tuning method to tackle
unconstraint systems may result in a local solution rather than
a global solution due to some problems related to the execution
of the algorithm like limitation of chemical step size and weak
bacterial interactions. Concerning the BBBC tuning approach,
its implementation process includes some flaws for instance
slow convergence and a propensity to become trapped at a local
optimal solution. PSO algorithm is adopted by many researchers
to achieve optimization process of the control system in Buck
converters due to its simple concept, fast convergence and the
ability to meet a global solution for control problems [50], [S51].

The researchers in [44] presented a digital PID control
scheme for feedback loop of step-down Buck converter. This
work offers an alternate method of parameter determination for
PID controllers. The setting of the PID parameters is achieved
using four different PSO formulations, which are Direct (tradi-
tional) PSO (D-PSO), Cazy PSO (C-PSO), Constriction-Factor
PSO (CF-PSO) and Inertia Weight PSO (IW-PSO). To verify the
tuned PSO-PID controller, the optimized Buck converter system
is implemented in the real-time domain. The performance of the
hardware Buck circuit based on tuned PSO-PID controller is
assessed under load and line voltage variation conditions. The
experimental results of the system are presented and analyzed
based on transient and steady state performance parameters.
The application results demonstrate the CF-PSO algorithm has
the best tuning performance for PID gain parameters compared
with that of other modified PSO algorithms.

Anjan et al. proposed a control method to improve transient
response and reduce the steady state error of Buck output
voltage [52]. They presented optimal PID controller design for
DC-DC Buck converter system. The selection of the PID gains
coefficients is achieved utilizing the PSO algorithm. In this
study, the authors used a classic PID controller with Low Pass

Filter (LPF) to reject the high frequency signals and clamping
control approach to address up the wind-up issue of integral
controller. The PID controller with the anti-windup control
technique is simulated using MATLAB/Simulink environment.
Four fitness functions are adopted in the PSO algorithm. The
proposed system is verified based on input voltage and load
fluctuation. The Simulink results of the converter under dis-
turbances are presented to assess the behavior of the proposed
control system.

In 2023, the authors in [53] proposed an analog PI controller
in the feedback control system to decrease the input voltage of
Buck converter to 50%. The voltage adjustment action of the
introduced converter with the analog PI controller is further
compared with the digital PI based-Buck converter. The sim-
ulation results demonstrate the capability of the simple analog
PI controller in improvement the stability and accuracy of the
proposed converter. However, the performance of the presented
system is not investigated in the presence of turbulence of
voltage and load.

All the studies presented in the literature review proofed
activity of classic type PID controller in regulation process of
the Buck converter output. However, these studies include many
drawbacks regarding reliability, implementation complexity,
control optimization and test conditions. In some of the pre-
sented Buck converter systems above, a standard PID Simulink
block is used to construct the feedback control system for the
converters that in fact is not realistic model. In addition, digital
implementation of the PID control algorithm in the real-time
domain is not easy to realize as it needs a programmer device
to program the electronic board (Arduino, microcontroller, etc).
Furthermore, the regulation performance of the presented PID
controllers is not evaluated under hard working conditions like
voltage disturbances and varying load. Moreover, in some of the
introduced works, the controller parameters are not set properly
using numerical optimization techniques.

This study contributes to presenting a reliable trustworthy
converter model that effectively overcomes all the design and
implementation flaws mentioned above. The simulation model
of the proposed Buck converter system that is presented in
this article is close to reality and is practically implementable
because it was built using elements after considering all the
factors that support its realistic representation, such as parasitic
capacitors, permittivity, tolerance and internal impedances. In
addition, an easily implementable and simple structure control
system is adopted in the feedback path of the converter using
an electronic model PID controller. The use of analog PID
controllers for voltage regulation task in converters has been
supported by the current developments in the manufacture of
electronic devices and operational amplifiers. The electronic
PID controller can be simply constructed by analog components
from the Matlab/Simscape, which considers more reliable sim-
ulation environment compared to the Matlab/Simulink toolbox
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[54].

PSO tuning method is utilized for allocating best values
for the PID gain coefficients. For the sake of performance
evaluation for the introduced conversion system, the Buck volt-
age regulator with the PSO-PID control is simulated utilizing
the MATLAB/Simscape environment. In this article, five hard
working circumstances, load disturbance and variations in the
supply voltage and desired voltage, are considered to examine
the robustness of the suggested PID controller technique.

Rest of the research paper is embodied as follows; Section
I introduces structure identification and dynamic modeling
of Buck power converter. Then in section III, technique of
PID controller used in the converter system is illustrated.
Implementation of the proposed electronic PID controller is
shown in section I'V. Optimization method of the controller is
presented in section V. Thereafter, design and implementation
of the PID controlled Buck converter system are explained in
section VI. Findings from the system simulation are presented
and analysed in section VII. Finally, conclusive remark and
future works are given in section VIIL.

II. BUCK IDENTIFICATION AND MODELING
A. System Structure and Configuration

Buck converter is a voltage-mode power regulation system.
It is normally called a step-down converter as it provides the
load by an output voltage lower than its input voltage. Fig. 1
depicts the electrical circuit of a conventional Buck converter.

mosfet

Fig. 1. Block diagram of Buck electric circuit

The converter circuit is mainly composed of the following
components:
IGBT transistor. It is employed a power switch device that
is controlled by a command signal provided externally by
a control circuit. The use of this device in this study en-
hances the reliability of the proposed converter as its switching
performance is more efficient at high frequency applications
compared with MOSFET transistor. In addition, this switching
device can operate at zero-voltage case through OFF state,
hence decreasing the power losses of the converter system [55],
[56].
Filter capacitor (C). It is an electric charge storage unit. The
main function of the capacitor is to minimize the overshoot and
the ripples at the voltage signal across the load.
Inductor (L). This electrical element serves a storage energy
unit in the converter circuit. It performs as a voltage source

used to supply DC-voltage to the load as soon as transistor is
in OFF state.

Free-wheeling diode (D). It is used to provide an outlet
through which the inductance current passes through the load
once the transistor is opened.

Load. It is any appliance, which in this study is considered a
resistance element connected across the Buck regulator output.

The presence of inductor and capacitor elements in the circuit
makes the Buck converter a nonlinear system as these elements
are used to store energy and their voltage-current relationships
are nonlinear and differential. [57], [58]. The diode in the Buck
circuit performs as a controllable switch by which the power
can flow in two directions between input and output of the
converter.

In the converter circuit, the current continues to flow through
the load even the power IGBT switch is in cut OFF state, the
source of the current is from the inductor device, which acts
as an energy storage unit. The filter capacitor device is used
to reject the noise and lessen the voltage ripple in the output
signal of the converter. The Buck converter is working based on
a switching time period (T) with duty cycle (d). It is important
to keep in mind that the converter behaves non-linearly since
it incorporates an inductor and capacitor devices. The State
Space Averaging (SSA) technique is a popular method used
to linearize the Buck system and formulate its general model
based on both switching modes.

B. System Modeling

It is assumed in this study that the Buck converter operates
in the Continuous Conduction Mode (CCM) and that every
component in its circuit is ideal. In this working mode, the
inductor’s current passes continuously with low ripple value
through the converter circuit during the full period time (T)
[59], [60].

The operation of the Buck converter system is governed by
the switching state of the power transistor. As a result, two
electrical circuits are taken into account, one for the ON state
and the other for the OFF state of the transistor.

1) Converter Switching States

Switch ON case. In this working case, the IGBT transistor
is switched ON and the diode behaves as an open circuit as
it is reverse biased. The voltage supply of the converter is
connected with the stored power inductor and the resistive load.
The inductor’ s current in the converter circuit passes through
the IGBT device going to the load. Fig. 2 depicts the schematic
diagram of the converter circuit based on the switch ON mode.
During the period of this switching state, 0 < T}, < d, using
Kirchhoft’s rules the inductor’s voltage is derived as follows:

dir,(¢)
dt

L

= Vin - Vo (1)
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Fig. 2. Buck electric circuit converter at ON switch mode

while the capacitor’s current is given by the following expres-
sion:
dVi(t)

O —in(t) -

io(1) 2

The mathematical representation of the Buck converter should
be formulated in a state space representation. The reason for
this is that the state space model of the converter is very easy
to simulate and analyze in the Matlab/Simulink environment
compared to the circuitry model. In addition, running the
optimization algorithm of the control scheme utilizing the Buck
state space model is faster compared to the circuitry model.

The inductor current and capacitor voltage are the state
variables of the converter system. The state vector of system is
assumed as follows: z(t) = [z1(t) z2(t)]T = [ir(t) V.(t)]T.
The supplied voltage to the converter is regarded the control
effort of the Buck system, u(t) = V,(t). State space repre-
sentation is adopted to describe the time-variant buck converter
system in form of linear state matrix model. Using (1) and (2),
the state and output equations that formulate the state space
representation of the Buck system based on switch ON mode
are given below:

e Rt A U
y(t) = Cy [i}%ﬂ )
where A; = [g ;15], B; = [(1)] and C; = [0 1]

Switch OFF state. As shown in Fig. 3, when the switch
is in OFF position, the freewheeling diode creates a way for
the load resistor to serve as a conduit to release the stored
energy in the inductor.

Fig. 3. Buck electric circuit at OFF switch mode

In this operational mode, d < T,;y < T, utilizing Kirch-
hoff’s current and voltage laws, (5) and (6), respectively,
provide the system’s inductor current and capacitor voltage.

dig(t) _ Ve(t)
d L )
dve(t) _ar(t)  Ve(t)
d ~ C RC ©

Using (5) and (6), the state space formulation including state
equation and output equation of the Buck voltage regulator is
given as follows:

o]l mea o
v =cx i) ®

_1
where Ay = [(1) f} , By = [8} and Cy = [O 1]

C RC
2) State Space Averaging (SSA)

The state space averaging technique is a powerful method for
formulating the modeling of non-linear systems. This approach
uses duty cycle of the transistor control signal to average the
state and output equations for ON and OFF switched circuits
and formulating a linear first order state differential equation.
The averaged state and output equations are used in designing
the feedback control scheme of Buck converters [61]. Using
(3), (7) and (8), the general state equation and output equation
of the Buck voltage regulator system are given below in (9)
and (10) respectively.

i(t) = Az(t) + Bul(t) ©9)

y(t) = Cz(t) + Du(t) (10)

where A = dA; + (1 —d)A; = [? __ﬂ ,B =dB; +
C RC

d
(1 — d)BQ = |:L ,C = dCy + (1 —d)CQ = [0 1] and

0
D = 0. The duty cycle of the converter system is given below:
Vo
d=—2 11
v an

The Laplace transform of (11) is used to determine the transfer
function of the step-down chopper system with respect to the
source voltage.

Vo(s)
Vin(s)
Using (9) and (10), the final formula of the transfer function

for the Buck converter based on the duty cycle element is given
below:

=C(sI-A)"'B+D

12)

‘/i'VL
VO(S) _ LC (13)
1 1
d s+ g5+ 10
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III. CONTROLLER TECHNIQUE

In this article, a PID controller is employed to control
the output voltage of the Buck regulator. The PID controller
is still the most widely utilized control method in industrial
engineering, despite ongoing developments in modern control
approaches throughout time. This is due to its easy to realize in
practice and uncomplicated structure, in addition to its ability
to deliver adequate, dependable performance under various
control-related conditions. The reason for that belongs to the
fact that its control action is formulated using proportional,
integral and differential parts that deals actively with previous,
current and future response of the system respectively. The s-
domain transfer function formula of the PID controller is given
below:

U(s)  Kgs*>+ Kps + K;
E(s) s

where U(s)and E(s) are the PID command signal and differ-
ence between the reference signal and the converter’s output
voltage in the s-domain respectively and K, K;, Ky indicate
the proportional, integral and derivative coefficients of the PID
controller respectively.

(14)

IV. ELECTRONIC PID IMPLEMENTATION

In this study, a simple implementation approach is utilized to
realize the feedback PID control system for the Buck voltage
regulator circuit. The implementation of the proposed PID
controller parts is achieved by using analog electronic elements
from the Simscape library.

Proportional term. The electronic circuit of the PID propor-
tional part is shown in Fig. 4. It is basically a simple inverting
amplifier circuit that performs amplification for the error input
signal. This controller parameter deals with the present error
input of the system. The proportional gain element is set
based on the values of the input resistance (R;) and feedback
resistance (R2) through the expression: K, = Ry/R;.
Integral term. Fig. 4 shows the analogue structure of the PID
integral term. This controller gain parameter accumulates errors
of the system response over time and helps eliminate stationary
errors. It acts as a correction factor, so that it can adjust the
control signal based on the accumulated error. A higher Ki
results in a stronger correction and reduce the steady state error,
but it can also cause the system to become sluggish or unstable.
The Integral gain element is calculated using the expression:
K; = 1/R3C4, where (R3) is the input resistance and (C}) is
feedback capacitance.

Derivative term. The derivative part of the PID controller
implemented using electronic components is shown in Fig. 4.
This parameter measures the rate of change of error signal in
the control system. Based on this measurement, the correction
performance of the gain parameter is achieved. K4 gain param-
eter acts as a damping factor by which it can reduce overshoot
and improve the response time of the controlled system.

Proportional

]

put = el —>+ I = out=u(t)

Integral

Derivative

Fig. 4. Electronic circuit of PID control terms

Increasing the setting value of the derivative parameter rises
attenuation process of the control system, limits the overshoot
of the response and also improves the settling time. However,
this action can also increase the system noise. For that, a
trade off between performance elements should be considered
in the setting process of the K, parameter. The derivative
gain parameter of the controller can be determined using the
expression: Ky = R4Cs. Set the input capacitance Co and
feedback resistance R4 in a high value can limit the overshoot
of the response and also improve the settling time. As a result,
proper tuning of PID gain parameters enables the controller to
provide a suitable control signal that can regulate the output
signal of the converter properly and maintain it stable at the
desired value.

V. PSO ALGORITHM

In this article, PSO algorithm is utilized to perform tuning
process of the controller coefficients utilized in the proposed
step-down converter. PSO is a kind of swarm-based stochastic
intelligence algorithm that has the benefits of basic algorithm
theory, easy programming and fewer programmable parameters.
The algorithm’s main idea is to create a swarm of randomly
distributed particles that roam the problem space in search
of the optimum location that best suits their requirements as
determined by a cost function at each iteration [43].

At every iteration, throughout the searching task of each
particle, obtaining a new place is influenced by two different
factors: the first is the best experience the particle has had up
to that iteration and the second is the best experience of all the
particles combined. The place of particle obtained represents the
suggested solution of the control problem, each solution gives
vector of the problem variables [k1ks...k,,], where m is the
dimension of the problem variables. py.s; refers to the particle’s
best position that was discovered at each iteration. while the
best place of all particles is denoted by gpest. Fig. 5 shows
particles movements within the solution space. By using the
previous best personal position py.s; and best solution of entire
population group gpest, the place, which represents solution,
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and velocity of each individual particle are updated using (15)
and (16) respectively.

Fig. 5. Movement of PSO particles in search space

X =XF 4+ v (15)
VI = w. VE 4 (ppesibk — 2F) + ¥, (pgesi6k — zF) (16)

where, i = 1,2,..., Ny, N, is the size of algorithm population,
k=1,2,..., knaz, kmae 18 the maximum number of algorithm
iterations, V;* is the velocity of the i*" bird, w; is the coefficient
of inertial weight c¢; and co are the learning factors, which
represent cognition and social weight respectively, r; and 7
are random numbers between [0,1], Xf is the i*" bird place.

In this work, the PSO tuning method is utilized to obtain
best values for the PID gain elements K, K; and K,. It is
worth mentioning that the effectiveness in obtaining optimal
PID gains depends on the choice of the objective function
and parameters of the used optimization algorithm. The im-
plementation process of the algorithm bases on the concept
of minimization of the objective function, which should be
formulated based of the required performance parameters. The
index function considered in this work is not chosen from the
standard performance indices, which deal with error parameter
only. The proposed objective function is efficiently formulated
to include the transient and steady state response parameters.
This will certainly support the efficiency and reliability of the
optimization algorithm. The objective function is given below:

f = a1 Mo + ast, + azts + asegs 17

where a1, as,a3 and a4 are weight of maximum overshoot,
rise time, settling time and steady state error performance
parameters. The values of these performance weights are set
according to the desired output response: a; is 20% peak
overshoot, ay is 20% rise time, a3 is 30% settling time and aq4
is 30% steady state error. Fig. 6 depicts the flowchart diagram
of the PSO algorithm for the Buck control problem.

VI. CONTROL STRUCTURE AND IMPLEMENTATION

A voltage mode Buck converter is employed to supply the
load with the required DC output voltage. Fig. 7 depicts the
schematic diagram of the closed-loop voltage control system
for the Buck converter system. PID controller technique is

[Initialize group of par‘ticles]

[ Evaluate pBest for J

each particle

urrent position
is better than pBestz

Update pBest

[ Assign pBest to gBest ]—(7

[ Compute velocity ]

v

[ Update particle position

Target reached?
Fig. 6. Flowchart of the PSO tuning algorithm

DC-DC Buck
Converter

Vref

Measuremnt
Unit

Analog PID
Controller

PSO Algorithm

Fig. 7. Block diagram of the PSO-PID based Buck converter system

utilized to implement the feedback voltage adjustment system
of Buck regulator with disturbances. In this research, the
command signal from the PID controller is utilized to generate
an adjustable duty cycle Puls Width Modulation (PWM) control
signal. This PWM command signal is employed to drive the
Buck switching device, hence, control the level of its output
signal.

The Buck regulator circuit is designed based on specific
performance requirements. Table I lists the electrical parameters
and circuit components of the proposed Buck regulator system.
The converter is designed using [62] to provide a resistive load
by a power of 20 W and output voltage of 5 V, hence duty
cycle d of 0.4167, with a current ripple Ai, and voltage ripple
AV, of 4% and 2.5% respectively.

In the implementation process of the control system, a fine
tune for the controller parameters, K, K; and Ky is achieved
using PSO optimization algorithm. In the simulation procedure
of the proposed system, the implementation code of the PSO
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TABLE I. PARAMETERS OF BUCK CONVERTER

Parameter name Symbol | Value | Unit
Source voltage Vi 12 \Y
Resistance R 1.25 Q
Capacitance C 200 uF
Inductance L 72.9 mH
Switching frequency Fs 1000 Hz

algorithm based on the parameters listed in Table II is initially
executed in a Matlab script file (m-file). The Simulink model
of the Buck regulator system is then called from the script
file using the Matlab “Sim” command to run the simulations
syntactically.

TABLE II. PARAMETERS OF THE PSO ALGORITHM

Parameter Name Symbol | Value
Population volume p 50
Iteration number k 100
Cognitive component c1 1.3
Social component c2 1.3
Maximum speed S 10
Maximum iteration weight Wmaz 0.7
Minimum iteration weight Winin 0.4

The controller parameters of the feedback control system
continue to be updated through this interaction between the
two Matlab environments until the best gain parameters are
obtained. The optimum values of the PID controller elements
obtained are, K, = 58.33, K; = 1.75 and Ky = 1.45¢—6. It is
worth noting that these gain parameters will be adopted in all
the suggested system working scenarios presented in the next
section.

The circuits of the PID proportional, integral and derivative
gain parameters are realized using resistors, capacitors and op-
amps devices. Based on the optimized PID gain parameters,
the analog circuits components of the controller coefficients
are calculated using the mathematical expressions stated in the
previous section. In the design of the proportional term circuit,
the input resistance (R;) is chosen 1 k{2 and the feedback
resistance (R2) 58.33 kQ is determined using the previously
mentioned expression K, = Ry/R; based on the optimized
K, 58.33. Table III lists the electrical components values of
the proportional, integral and derivative circuits and resistance
values of PWM drive circuit for the IGBT device. The gain
parameters of the controller are carefully adjusted in this study
using the PSO optimization algorithm.

The ability of the step-down DC-DC converter to regulate
the voltage signal across its load element is evaluated based on
five working scenarios: disturbances in input voltage, reference
voltage and load resistance. This is done in order to verify the
robustness of the proposed PID controller system in tracking
process for the reference trajectories. An examination of the
controller robustness was carried out by analyzing the system

TABLE III. ANALOG COMPONENT VALUES OF PID PARAMETERS AND DRIVE CIRCUIT

Parameter Name Symbol Value | Unit
K Resistancel Ry 1 k(2
K Resistance2 Ro> 58.33 k<)
K; Resistance R3 121.5 k)
K; Capacitance C1 4.7 uF
K4 Resistance R4 1 k2
K 4 Capacitance Co 1.45 nF

PWM Resistancel Rs — R11 100 k)

PWM Resistance2 Ri2 34 k2

performance based on the transient and steady state response
factors: rise and fall time, arrival time, peak overshoot and
steady state error.

The controller is designed to deliver a stable voltage range (2-
10) V across a varying resistive load (0.5-3)$2 of the converter
based on changing supply voltage (8-24) V. The values of
the gain terms (K, K;, Kg) for the electronic PID control
system are optimized efficiently utilizing the PSO method.
During the implementation of the tuning approach, the process
of minimizing the cost function continues until the converter
shows the required output response, which are ¢, = 0.1s, M, =
10%,ts = 0.7s and e,, = 0.02 V.

VII. SIMULATION RESULTS AND DISCUSSION

The MATLAB software is used in this work to model and
simulate the proposed Buck system. For the sake of supporting
the realism of the Buck system and enhancing the reliability
of the proposed PID analog controller, Simscape toolbox is
adopted to create, simulate and evaluate the model of the
proposed system. Fig. 8 depicts the Simscape model of the
suggested power system.

Scenario I: Fixed input and output voltage. The source and
reference voltages of the Buck converter scheme are chosen in
this scenario 12 V and 5 'V, respectively. During this operation
case the proportional, integral and derivative coefficients of
the PID controller as mentioned before are tuned properly
utilizing the PSO method. Fig. 9 displays the output signal
of the regulator system based on the optimized PID parameters
mentioned previously. From the converter response, it can be
seen that the feedback control scheme using the PSO-PID
controller was successful produced a precise and stable voltage
signal across the load’s terminals of the converter. The output
waveform showed a rising time of 22 ms, settling time of 25
ms, peak overshoot of 2% and steady state fluctuation is within
roughly the desired oscillation value that was considered in the
scheme design specifications.

Scenario II: Input voltage disturbance. In this operation
scenario, the input voltage of the converter is adjusted in the
sequence (8-12-18-24) V with a change time of 1s, while the
desired voltage value is set to 5V. Fig. 10 shows the time
response of the output voltage signal for the power converter
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Fig. 8. Simscape schematic diagram of the Buck converter with feedback PID controller
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Fig. 9. Buck output based on constant source and desired voltages

system based on the same PID controller gain parameters stated
previously. From the mini-plot of Fig. 10, it can be said that
despite input voltage uncertainties, the regulated Buck converter
was able to successfully deliver an accurate and constant DC
voltage to the resistive load. The system’s output response
showed a rising time of 0.045s, zero overshoot and small
swinging around the demanded voltage ripple value.

Scenario III: Desired voltage disturbance. During this dis-
turbance state, the step-down DC-DC regulator is powered by
a constant voltage of 12 V and its response is evaluated under
varying demand voltage sequence (4,6,8,10) V with a change
time of 1s. Fig. 11 depicts the converter’s output voltage under
reference voltage disturbance. It can be noted from system

Vout Value
=
Output Response

PID control signal

R Value

Fig. 10. Buck output based on varying source voltage

response that the optimizing PSO-PID controller guided the
regulator’s output through the trajectory of the changing desired
voltage efficiently. At initial step of the desired voltage (4V), the
rising time of the converter output is approximately 20 ms and
for the other reference steps the rising time is slightly increased
to 30ms, which is considered an acceptable and reasonable
value. The overshoot and oscillation values of the converter
response over the whole reference value range are roughly zero.
Scenario 1IV: Load disturbance. In this working case, the
voltage regulator is evaluated based on variable resistive load
under 12 V supply voltage and 5 V desired voltage. Fig. 12 and
13 show smooth variation of resistive load and output voltage
response of the step-down DC-DC converter respectively. It
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ol b

Fig. 11. Output response of Buck converter based on varying reference voltage

is obvious from Fig. 13 that despite of the changing in the
load resistance value, the optimized proportional, integral and
derivative gain parameters of the PID control system enabled
the converter to supply the load efficiently with an accurate and
stable DC voltage signal.
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Fig. 12. Smooth variation of load resistance for Buck converter

Fig. 13. Buck output response based on smooth varying resistive load

In this study, further hard disturbance in load resistance is
considered in robustness test of the proposed converter system.
Under a sudden change in load resistive shown in Fig. 14,
the output response of the PSO-PID based Buck converter is
illustrated in Fig. 15. The simulated response of the system
demonstrated the robustness of the presented controller through
its ability to force the regulator output to effectively track

the demanded voltage trajectory despite a sharp change in the
resistance. The system showed a fast transient response (17 ms
rise time, 21 ms settling time) and minimal steady-state error.
However, there are overshoots appeared at the resistance change
times, which have been decreased significantly with increasing
time.

Resls b £

¥

Fig. 14. Sharp change sequence of resistive load of Buck converter

Fig. 15. Output response of Buck converter based on sharp changing resistive load

Scenario V: Supply, reference and load disturbance. In this
working circumstance, an additional hard test is taken into
account in the investigation process of the durability of the
proposed system. The voltage adjustment robustness of the pro-
posed converter is examined based on uncertainties conditions
of load, source voltage and desired voltage. The performance
of the controller in tracking the path of the desired reference
voltage (4,6,8 and 10) V is investigated based on the same
source voltage sequence and smooth load variation considered
in the scenario II and III respectively. Fig. 16 depicts the
waveform of the converter’s output using the optimized PID
gain parameters. It is evident from the miniplotes in Fig. 16 that
the optimizing PSO-PID control system guided the converter’s
output signal through the varying reference voltage trajectory
efficiently. The optimized controller delivered a quick transient
output voltage (20 ms rise time, 24 ms settling time) with low
oscillation steady state response. However, an overshoot of 35%
was seen at response times in which there were no simultaneous
changes in the values of load resistance and reference voltage.
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More hard-working circumstance is also adopted in this study
to examine the robustness of the presented electronic PID
controller strategy.
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Fig. 16. Converter response based on supply and reference disturbances and smooth
load variations

By utilizing the same sharp change in the reference signal,
applied voltage, and load resistance that was considered in
the previous working scenarios II, III and IV respectively,
the output signal of the converter is shown in Fig. 17. It is
clearly evident from the miniplots in Fig. 17 that the Buck
regulator under the influence of the PID controller is capable of
equipping a variable resistive load with a constant DC voltage.
The optimized PID controller is also sent to the load a fast
transient DC voltage (13 ms rise time, 16 ms settling time)
with low fluctuating steady state output voltage. However, there
are overshoots with maximum value of 1 V appeared at the
resistance change times, which have been reduced significantly
with increasing time.
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Fig. 17. Converter response based on reference and source voltage disturbances with
sharp changing load

VIII. CONCLUSIONS AND FUTURE WORK

This study proposed a step-down Buck converter system
with disturbances used to provide a resistive load by DC
voltage. The output voltage of the Buck converter was regu-
lated using an electronic PID controller. The controller circuit
is constructed using analog components. The realism of the
introduced regulator scheme was enhanced through utilizing

the MATLAB/Simscape toolbox, which is employed to build
circuits of the Buck regulator and its analog PID feedback
controller. The circuit of the system was realized through taking
into account practical factors, (tolerance, series resistance, para-
sitic capacitors) in modeling process of the PID-based converter.

PSO algorithm was adopted to find optimum value for
PID proportional, integral and derivation parameters. Based
on the optimized values of the gain parameters, the electronic
circuit of the PID controller was designed. The Buck regulator
circuit and analog PID control system were simulated utilizing
MATLAB/Simscape toolbox to validate the proposed power
system.

In this work, to certify the robustness of the introduced
power scheme, the voltage adjustment action of the Buck
regulator under the influence of the analog PID controller was
tested at hard uncertain working conditions. The findings of the
system simulation demonstrated the activity and robustness of
the analog PID controller in rejecting the influence of system
uncertainties and providing a fast and stable output response.
Based on the hard working scenario, voltage changes and load
disturbance, the results obtained from the system showed good
response with rise time of 20 ms, settling time of 24 ms,
minimal steady state error, zero overshoot voltage through soft
change case in the resistive load and transient overshoot voltage
of no more than 1 V in times of sharp change in resistive load.

In the prospective work, the presented Buck converter system
under voltage turbulence and load uncertainty conditions will
be implemented experimentally to confirm the efficiency of the
introduced analog PID controller and show the adaptability of
the presented converter in the industrial and renewable energy
applications.
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