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Abstract: Given that the DC-DC buck converter (DDBC) is an example of a nonlinear system,
and also considering the disturbance and changes related to its parameters, the output voltage
control in this DDBC will face several challenges. In this paper, a PD-PI cascaded controller is
designed to control the voltage in the DC-DC buck converter. In this cascaded controller, the PD
controller, as the outer loop controller, is responsible for responding quickly to voltage changes
and damping them, and the P1 controller is responsible for eliminating the error caused by voltage
changes. Considering that the accurate and optimal adjustment of the parameters related to the
cascaded controller is crucial to its performance, the Grey Wolf Optimizer algorithm has been
employed to optimize these parameters. This algorithm offers several advantages, including
intelligent search, parameter fine-tuning, and stable and rapid convergence. To assess the
robustness of the proposed PD-PI(Grey Wolf Optimizer) approach against disturbances and
parameter variations, multiple scenarios were developed and its performance compared with that
of control strategies like PD-PI (Electric Eel Foraging Optimizer) and PD-PI (Flood algorithm).
According to the results, the proposed method outperforms other control methods in terms of
various criteria, including Settling time, Rise time, Peak time, Overshoot, and Steady state error.

Keywords: DC-DC buck converters, output voltage control, cascaded controller, Performance
Improvement
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Abbreviations:
GWO Grey Wolf Optimizer
PD proportional (P) derivative(D)
PI Proportional integral
EEFO Electric Eel Foraging Optimizer
FLA Flood algorithm
ST Settling time
trise Rise time
tpeak Peak time
Os Overshoot
€ss Steady state error
GA Genetic algorithm
WOA whale optimization algorithm
EA evolutionary algorithms
SOA snake optimization algorithm
FDBRUN Fitness-Distance Balance Based Runge Kutta
MPC Model predictive control
SMC Sliding mode controller
HKMG Hybrid k-means Grasshopper Optimization Algorithm
ISE Integral of squared error
ITSE Integral of time multiplied by squared error
IAE Integral of absolute error
ITAE Integral of time multiplied by absolute error
FOPID Fractional order proportional -

integral -derivative

1-Introduction:

In the modern electrical industry, the proliferation of diverse consumer applications has
necessitated a wide spectrum of operating voltage levels [1]. These requirements range from a
fraction of a volt to several volts, depending on the specific demands of power supplies, electric
motor starters, and various household appliances [2]. To provide these regulated voltage levels
from a single source, DC-DC converters have become indispensable components [3]. Generally,
these converters are classified into three primary topologies: buck converters for step-down
applications, boost converters for step-up operations, and buck-boost converters, which offer the
flexibility to either increase or decrease the input voltage [4]. Among these, the Buck DC-DC
Converter (DDBC) is widely utilized for stepping down high DC voltages to lower, regulated
levels with efficiencies often exceeding 90% [5]. The DDBC is highly valued in practical electrical
applications due to its high response speed to load changes, precise output voltage regulation, and
effective filtering of unwanted fluctuations, all of which contribute to minimized energy loss and
reduced heat generation [6]. The DDBC is a nonlinear system characterized by complex dynamics
in capacitor voltage and inductor current, arising from the MOSFET-driven switching mechanism
[7]. If there is no controller in the DDBC, it will have poor performance against load changes,
disturbances, and changes in the parameters of the related elements, such as inductors and
capacitors, and will move the output voltage of DDBC away from its reference value [8-10].
Consequently, various control strategies have been implemented to regulate the DDBC voltage.
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These methods aim to enhance the converter's stability and dynamic response while ensuring
robustness against disturbances and parameter uncertainties. Various control strategies have been
explored in the literatures to regulate the output voltage of the DDBC. Early approaches primarily
employed conventional PI controllers [11-13], which, despite their structural simplicity and
effectiveness against slow-varying disturbances, exhibited poor robustness against sudden changes
in load and input. In [14,15], a PID controller is used to control the voltage in the DDBC. This
controller has a faster response than a PI controller and has a good performance against sudden
changes in load and reference. However, in this method, both damping and response speed
objectives cannot be improved simultaneously. In [16-18], a PID controller is used in a DDBC
structure whose parameters are optimized by GA, WOA, and EA algorithms. The existence of
these algorithms helps the PID controller to have a desirable optimal performance, and in this
method, two objectives (improving response speed and improving damping of voltage
fluctuations) can be achieved simultaneously. These methods have problems such as the presence
of overshoot and large steady-state error in the voltage. In [19], the FOPID controller is used to
control the voltage in the DC-DC buck converter. This controller has advantages over the PID
controller, such as greater resistance to parameter changes, greater flexibility, and greater accuracy
in tracking the reference voltage, but it still has a slow transient response and a large steady-state
error in the output voltage of the DDBC.

In [20-22], the FOPID controller has been used in the DDBC structure, whose parameters have
been optimized by the SOA, FDBRUN, and HKMG algorithms. Employing various optimization
algorithms to tune the FOPID controller parameters in a DDBC enhances key performance
metrics—such as settling time, steady-state error, and voltage overshoot—relative to a
conventional PID controller. But it still has problems, such as computational complexity for
practical design and a lack of separation of steady-state and transient tasks in the DDBC. In [23,
24], the Fuzzy-PID controller has been used for voltage control in the DDBC. This method has
advantages such as inherent compatibility with the nonlinear behavior of the DC-DC buck
converter, simultaneous improvement of transient and steady-state response, but it has many
challenges, including: 1) complex design and adjustment, 2) implementation problems due to high
computational load, and 3) possible increase in overshoot and undershoot related to output voltage
fluctuations of the DDBC if not designed properly. In [25], a Fuzzy-PID controller is used for
voltage control in a DDBC. In [26], neuro fuzzy control controller is used for voltage control in a
DDBC. In this method, a neural network is used for data learning power and automatic adjustment
of membership functions and rule parameters in the fuzzy system, and fuzzy logic is used to
manage uncertainty caused by changes in parameters related to the DDBC, which will improve
dynamic response, reduce overshoot, and provide better resistance to parameter changes than a
fuzzy controller. But it has problems such as complexity in design, high cost for training, and
difficulty in implementing in practice. It is difficult to use this method for DDBC control.

In [27, 28], the MPC controller is used to control the voltage of the DDBC. This control method
improves the steady-state voltage response and reduces the overshoot related to voltage
fluctuations in the DDBC, but it does not perform well against disturbances entering the DDBC.
In [29, 30], the SMC controller is used to control the voltage of the DDBC. This method has good
resistance to disturbances and parameter changes and provides an accurate response for the
converter. However, it has several problems, including the chattering phenomenon, dependence
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on uncertainty bounds, and the need for additional sensors. In [31], voltage regulation of the DDBC
is achieved through a cascaded PI-PD controller, whose parameters are tuned using the EEFO
algorithm. The proposed technique is benchmarked against PID, PIDA, and FOPID controllers,
and its advantages over these methods are validated in terms of overshoot, settling time, rise time,
and steady-state error. The method proposed in [31], in addition to the aforementioned advantages,
also has some disadvantages, such as the EEFO algorithm having a slow convergence speed, and
due to being trapped in a local optimum and high sensitivity to parameter settings, the performance
of the PI1-PD cascaded controller has faced challenges. Therefore, for voltage control in the buck
converter, a robust control method is needed that is resistant to disturbances and parameter changes
and improves the steady-state error, peak time, overshoot percentage, and rise time.

In this paper, a PD-PI cascaded controller is designed to control the voltage in the DDBC. In this
cascaded controller, the PD controller, as the outer loop controller, is responsible for responding
quickly to voltage changes and damping them, and the P1 controller is responsible for eliminating
the error caused by voltage changes. Given that the accurate and optimal adjustment of the
parameters related to the cascaded controller is crucial to its performance, the GWO algorithm has
been employed to optimize these parameters. This algorithm offers several advantages, including
intelligent search, parameter fine-tuning, and stable and rapid convergence. In order to examine
the performance of the proposed method (PD-PI(GWOQ)) against disturbances and changes in
various parameters, several scenarios have been designed and compared with control methods such
as PD-PI(EEFO) and PD-PI(FLA). According to the results, the proposed method has performed
better than other control methods in terms of various criteria, including ST, trise, tpeak, OS, and ess.
In general, the contributions of this paper include the following

e Presenting a PD-PI cascaded controller to improve the performance of the DC-DC buck
converter in voltage control.

e Optimal adjustment of the cascaded controller parameters with the GWO algorithm.

e Evaluation of different algorithms (GWO, EEFO, FLA) to optimize the coefficients of the
PD-PI cascaded controller considering the combined objective function (combination of
transient and settling time).

e Testing the robustness of the proposed method (PD-PI(GWO)) against disturbances and
changes in parameters related to the DDBC.

e Testing the proposed method (PD-PI(GWO)) in tracking the reference voltage related to
the DDBC voltage and comparing it with other control methods.

The paper is organized as follows: Section 2 derives the mathematical model of the DDBC. Section
3 describes the proposed voltage control strategy. Simulation results are provided in Section 4, and
the conclusions are discussed in Section 5

2- Mathematical model of DDBC
This section outlines the configuration of the DDBC and develops its state-space representation.

2-1- Structure of DDBC:
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The mathematical function of the DDBC is to reduce the DC voltage. In Figure 1, the structure of
the DDBC is shown [30, 31]. According to this figure, DDBC includes an input voltage source vy,
an electronic switch (MOSFET), a diode, an inductor (L), a capacitor (C) and a resistive load (R)
[31]. The electronic switch (MOSFET) will be switched on and off with a fixed frequency (fs) and

a period (T; = %) by means of wide-bandwidth modulation (PWM). By switching on and off the
electronic switch (MOSFET), the inductor current can be continuously increased or decreased, and

the output voltage in the DDBC can also fluctuate. Given that this situation will occur over time
for current or voltage and will make the DDBC nonlinear.
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Figure 1. the structure of the DC-DC buck converter [31]

The duty cycle (D), which indicates the fraction of the total switching period that the switch is in
the closed state (7,,), is formulated in Eq. (1) [30, 31]. Eq. (2) specifies the duration the switch
remains open (7o) [30, 31].

T

D=
T (1)
TOff = (l— D)TS

2
2-2-State space model of DDBC

In DDBC, depending on the state of the switch, there will be two different circuits which will be
modeled by second order state space equations. The state equations of DDBC in the switch on state
(0 <t < DTy) are shown by Eq. (3) [30].

C RC 3)
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In equation (3), v, is the voltage across the load, i; is the inductor current, and vy is the input source
voltage. The state equations of the DDBC in the switch-off state (DT < t < Tg) are shown by Eq.

(4) [31].

1
W A
—| "= + v
dtjv,| |1 1 |lv,] [0]"
C RC @)

According to Egs. (3) and (4), the state matrix (4) is the same in the two states of the switch being
on and off, but the matrix B is different. The switching frequency in the MOSFET is much larger
than the bandwidth of the control loop. Considering the weighted average of the state equations in
one period with the duty cycle d and eliminating the second-order nonlinear terms, the small-signal
model of the buck converter will be obtained, which will describe the dynamic behavior of small
changes of the DDBC around the nominal operating point. The main transfer functions are
obtained using the linearized model around the operating point according to Egs. (5) to (8) [30,
31].

Eq. (5) presents the transfer function relating the input voltage to the output voltage.

b
A BTG
h AVg (S) SZ + i + i
RC LC (5)

In Eq. (5), 4V, (s) is the output voltage (capacitor voltage) and AV;(s) is the input voltage. The
transfer function of duty factor to output voltage is shown in Eq. (6).

Vs
G ; (S) — AVO (S) — E
’ AD(s) §2 +i+i
RC LC (6)

Eq. (7) provides the transfer function that maps the input voltage to the inductor current.

D 1
Al LR
AV, () 32+i+i
RC LC (7)

Gig (S)

The transfer function of duty factor to inductor current is shown in Eq. (8).
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v, 1
6.9 LE LR
. AD(s) o, S 1

RC LC (8)

Given that in this paper, the objective is to control the output voltage in the DDBC. The objective
of the proposed method (PD-PI(GWO) cascaded controller) in the DDBC structure is to change
the duty cycle (D). Therefore, the transfer function from the perspective of the proposed method
is according to Eq. (6) and in this case the controller will receive the voltage deviation and produce
the control signal (D). The parameters related to the DDBC are shown in Table (1).

Table (1). The parameters related to the DDBC [30, 31]

parameter value parameter value
Vg 36v D 1/3
Vref 12v fs 40000Hz
R 6() T 25us
L 0.001H C 0.0001F

3- The proposed method:

In this section, the design of the proposed method (PD-PI(GWO) cascaded controller) for voltage
control in the DC-DC buck converter is discussed.

3-1-PD-PI cascaded controller:

The cascaded PD-PI controller is built around a dual-loop architecture, consisting of an outer loop
and an inner loop [32, 33]. This configuration endows it with several advantages over conventional
single-loop controllers:

1) Separation of duties: The PD controller is used as the outer loop in the PD-PI cascaded
controller. The task of this controller is to respond quickly to voltage fluctuations and damp these
fluctuations. Also, in this cascaded controller, the task of the PI controller is to eliminate the
steady-state error caused by voltage fluctuations. The separation of duties by the PD-PI cascaded
controller will simultaneously improve the transient response and steady-state response of the
voltage in the DDBC.

2) Faster response and less overshoot: Given that the derivative (D) of the PD controller is present
at the beginning of the path, the damping speed of voltage fluctuations will be high, and the
overshoot will have its lowest value.

3) Steady-state error close to zero: The steady-state deviation error related to the voltage in the
DDBC will be close to zero by the operation of the PI controller.

4) Higher degree of freedom and more flexibility: Due to this, in the PD-PI cascaded controller
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structure, there are four parameters (Kp, Kp, Kp1, K;) that can be adjusted; this feature helps to
shape the accurate response of the DDBC.

The transfer function of the PD controller is shown as Eqg. (9) [32, 33].
GPD (s)= KP + KDS 9)
Eq. (9) incorporates a proportional gain (Kp) along with a derivative gain (Kp). The proportional
gain (Kp) is used to respond quickly to voltage fluctuations and changes, and the derivative gain
(Kp) is used to predict the trend of error changes and damp the fluctuations. The PI controller
transfer function is shown in Eq. (10) [32, 33].

Gy, (s)= Kps +ﬁ
S (10)

In Eq. (10), a proportional gain (Kp;) and an integrator gain (K;) are used. After receiving the
conditioned signal from the PD controller, the proportional gain Kp, applies an appropriate
amplification to enhance the tracking accuracy of the reference voltage, while the integral
gain K; eliminates the steady-state voltage error of the DDBC by accumulating the error over time.
The architecture of the cascaded PD-PI controller is illustrated in Figure 2.

Figure 2. The architecture of the cascaded PD-P1 controller
In order to ensure the effective and robust operation of the PD-PI cascaded controller against
disturbances and changes in the parameters of the DDBC, the GWO algorithm has been used. The
GWO algorithm has the capability of intelligent search and stable convergence.

3-2-GWO:

The gray wolf algorithm is a nature-inspired metaheuristic that models the social hierarchy and
hunting strategy of gray wolves [34-36]. Due to its high convergence speed, simplicity, and high
efficiency, this algorithm has been used in this paper to adjust the PD-PI controller parameters in
the DDBC structure. In this algorithm, gray wolves are divided into four different categories: 1)
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Wolf « (alpha group leader), 2) Wolf g (helper to the group leader), 3) §: middle members of the
group, 4) w: low-ranking members.

According to this algorithm, the top three wolves (a, 8, 8) will guide the prey position (optimal
answer), and the other wolves (w) will update their position relative to these wolves. First, the
wolves will identify the prey, which is equivalent to the initial search in this algorithm; then, the
wolves will surround the prey by updating their position and attack the prey, which is the local
search [34-36]. First, the prey will be surrounded by the gray wolf, and the distance between the
prey position and the gray wolf is shown by Eq. (11).

In Eq. (11), C: coefficient vector, )?p (t) : prey position, X(t): gray wolf position. In Eq. (12),
represents how the wolf moves towards the prey, and in which the wolf moves towards the new
position.
X(t+)=X,(t)-A-D (12)
In Eq. (12), 4 is the coefficient vector and X (¢ + 1) is the new position of the gray wolf. The
coefficient vector Cwill be calculated by Eq. (13).

C=27F, (13)

where 7, is a random vector in the interval [0,1]. The coefficient vector 4 is also represented by
Eq. (14).

In Eq. (14), 7, is a random vector in [0,1], and a decreases linearly from 2 to 0 during the
iterations, as described in Eq. (15).
2

Maxlter (15)

a=2-t-

Eq. (15) defines MaxlIter as the maximum number of iterations. Since the optimal prey position
is unknown, it is assumed that the top three wolves («, 8, §) have the best knowledge. Their
distances are obtained using Egs. (16), (17), and (18).

D, =[C,- X, - X|

(16)
D, =|C,- X, - X| 17
D, =|C;- X, — X|

(18)
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In Egs. (16), (17), and (18), Ba:distance from wolf «, 5,;:distance from wolf 3, Bg:distance from
wolf §. X,: position of wolf «, )?,;:position of wolf B and X; is the position of wolf &. The vectors

5‘1, 5‘2, and 5‘3 are calculated independently for each of the leader wolves via Eq. (13). The
temporary proposed position for the current wolf to move towards wolf « is obtained via Eq. (19)
(best solution). The temporary proposed position for the current wolf to move towards wolf S is
obtained via Eq. (20) (second solution). The temporary proposed position for the current wolf's
movement towards wolf § is obtained through Eq. (21) (third solution) [34-36].

X,=X,-A-D, (19)
X,=X,—A,-D, 20)
Xy=X,;~A-D, (21)

In Egs (19), (20), and (21), the vectors Afl, ATZ, and AT3 are calculated independently for each of the
leader wolves through Eq. (14). Finally, the position of the new wolf will be obtained through Eq.
(22).
)Z(t+l): X+ X, + X,
3 (22)

In order to ensure the effective and robust performance of the PD-PI cascaded controller against
disturbances and changes in the parameters of the DDBC, the GWO algorithm has been used. In
this paper, the objective function in optimizing the parameters of the PD-PI cascaded controller
has been obtained based on Eqg. (23). The objective function is a combination of the overshoot and
settling time, and by minimizing it by the GWO algorithm, the PD-PI cascaded controller will lead
to a fast response without overshoot.

minObjective Function = (1— p)xm + pxt 23)

In Eq. (23), m is the maximum overshoot percentage and t is the settling time (defined within a
2% tolerance band). The parameter p, which can range from 0 to 1, allows the designer to give
greater weight to either the overshoot or the settling time based on specific requirements. For this
study, following extensive testing over values from 0.1 to 0.99, p was empirically set to 0.95. The
optimization constraints in Eq. (24) show that the allowable range for the PD-PI cascaded

controller parameters is shown.

0.001<K, <3
0.001< K, <3
0.001<K,, <3
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The flowchart of the adjustment of the parameters of the PD-PI cascaded controller used in the
DDBC by the GWO algorithm is shown in Figure 3. In Figure 4, the control structure of the
proposed method (PD-PI(GWOQ)) for voltage regulation in the DDBC is shown.

Determining the parameters
related to the algorithm
L J
Imitializing the Grey wolf
population in the search
space

L

Calculating the objective
function for each Grev wolf
using Eq. (23)

h

Determining
a, # and dwolves based on
Eg. (23)

Yes

t = Maxlter reached?

L

Updating a via Eq. 19
hJ
Calculating C and A based
on Eqs 13 and 14
v
Position update via Eqs 19-
22

Applying restrictions and
the Position
¥
Determining new Eq. (23)
¥
Updating , £ and §
¥
t=t+1
|

Figure 3. The flowchart of the adjustment of the parameters of the PD-PI cascaded controller used in the
DDBC by the GWO algorithm



AUT Journal of Electrical Engineering
10.22060/EEJ.2026.25791.6005

GWo Disturbance

Inner loop

Outer loop

Figure 4. the control structure of the proposed method (PD-PI(GWOQ)) for voltage regulation in the DDBC

In Table (2), the parameters related to the Gray Wolf algorithm for adjusting the PD-PI cascaded
control parameters are shown.

Table (2), the parameters related to the Gray Wolf algorithm for adjusting the PD-PI cascaded
control parameters

parameter value
Number of wolves (N) 50
Number of iterations (Tmax) 50

a 2-0

7, 7o [0,1]

c [0.2]

4-Simulation:

Simulation has been performed in three scenarios to compare the proposed method (PD-PI(GWO))
with other control methods (PD-PI(EEFO) and PD-PI(FLA)). Scenario 1 evaluates the proposed
approach against alternative control strategies for voltage tracking in the DDBC. Scenario 2
assesses the proposed method against alternative control techniques for DDBC voltage tracking
under parameter variations. In scenario (3), the proposed method is compared with other control
methods in DDBC voltage tracking, considering the effect of disturbance.

4-1-Scenario (1):

To identify the most effective optimization strategy, the performance of FLA, EEFO, and GWO
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algorithms was initially evaluated based on the objective function defined in Eq. (23). In this
scenario, first, the reference voltage of the DDBC has been changed in a stepwise manner
according to Figure 5. In Figure 6, the convergence of the proposed algorithm considering the
objective function according to Eq. (23) with the FLA and EEFO algorithms is shown. In Table 3,
the comparison of different algorithms considering criteria such as the objective function (Eg. 23),
IAE, ITAE, ISE, and ITSE has been discussed. According to Table 3, the GWO algorithm has the
best performance in minimizing the objective function (Eq. (23)) compared to other algorithms,
and its value is 3.26x10°. Also, the proposed algorithm (GWO) has the best performance in terms
of four criteria, IAE, ITAE, ISE, and ITSE, compared to other algorithms. Table 4 shows the
optimal values of the cascaded controller parameters (PD-PI using the GWO algorithm. The
closed-loop Bode plot of the frequency response of the converter from the voltage reference to the
output voltage based on different control methods is shown in Figure 7. This plot is a measure of
the bandwidth, resonant peak (indicating damping), and closed-loop frequency behavior. The Bode
diagram analysis was performed based on various control methods as shown in Table (5). The
closed-loop Bode diagram shows that the proposed controller (PD-PI(GWO)) provides the best
performance in the frequency domain (and consequently time domain) with the highest bandwidth
and lowest resonance peak. This controller provides an optimal balance between tracking speed,
oscillation damping, and stability. Figure 8 shows the output voltage in the DDBC based on three
different control methods (PD-PI(EEFO), PD-PI(GWO), and PD-PI(FLA)). Table (6) provides a
general comparison of the proposed control method (PD-PI(GWO)) with other control methods
(PD-PI(EEFO), PD-PI(FLA)) in terms of various criteria such as ST, tise, Os, tpeak, and ess.
According to Table (6), the proposed method and other control methods have zero overshoot (Os),
but in terms of the other four criteria, namely ST, trise, tpeak, and ess, the proposed method performs
better than other control methods.
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Figure 6, the convergence of the proposed algorithm considering the objective function according to Eq. (23)

with the FLA and EEFO algorithms

Table 3. The comparison of different algorithms considering criteria, Scenario (1)
method J(Eq. 23) IAE ISE ITAE ITSE
PD-PI(GWO) | 3.26x10” 1.1x108 5.55%x10” 1.2x10°1° 3.08x10°"7
PD-PI(EEFO) | 3.28x107 1.7x10°® 8.39x10” 1.73x10°1° 7.04x107"7
PD-PI(FLA) 4.1x10°® 2x10°8 9.92x10” 2.1x10°1 9.86x107"7

Table 4. The optimal values of the cascaded controller parameters (PD-PI using the GWO

algorithm)
\ parameter \

value |
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Figure 7: The closed-loop Bode plot of the frequency response of the converter from the voltage reference to
the output voltage based on different control methods

Table (5): The Bode diagram analysis was performed based on various control methods

Characteristic PD-PI(GWO) PD-PI(EEFO) PD-PI(FLA)
Resonant Peak Lowest Moderate Highest
(Magnitude

overshoot)

Closed-Loop Highest Moderate Lowest
Bandwidth (Speed)

Damping (Oscillation | Best Good Acceptable
suppression)

Response Speed Fastest Moderate Slowest
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Relative Stability Excellent Good Acceptable
(Robustness)
Step Response under Nominal
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Figure 8. The output voltage in the DDBC based on three different control methods, Scenario (1)

Table (6). The general comparison of the proposed control method (PD-PI(GWOQ)) with other

control methods (PD-PI(EEFO), PD-PI(FLA)), Scenario (1)

Method ST(sec) trise(SEC) Os(%) tpeak(SEC) ess(%0)
PD-PI(GWO) 4.34x10* 2.44x10™ 0 8.13x10°° 0.0027
PD-PI(EEFO) 6.56x10™ 3.68x10™ 0 3.30x10* 0.0030

PD-PI(FLA) 7.77x10™ 436x10™ 0 3.84x10™ 0.0035

4-2-Scenario (2):

In scenario (2), the proposed method is compared with other control methods in tracking the
voltage of the DDBC by considering the change of parameters. In this scenario, first, the reference
voltage of the DDBC is changed in a stepwise manner as shown in Figure 5. In Figure 9, the output
voltage in the DDBC is shown based on three control methods (PD-PI(EEFO), PD-PI(GWO), and
PD-PI(FLA)) and by considering the change of parameters in the capacitor capacity (C=+10%).
In Figure 10, the output voltage in the DDBC is shown based on three control methods (PD-
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PI(EEFO), PD-PI(GWO), and PD-PI(FLA)) and by considering the change of parameters in the
capacitor capacity (C=-10%). In Figure (11), the output voltage in the buck converter is shown
based on three control methods (PD-PI(EEFO), PD-PI(GWO), and PD-PI(FLA)) and considering
the change in the parameters in the inductor capacitance (L=+15%). In Figure (12), the output
voltage in the DDBC is shown based on three control methods (PD-PI(EEFO), PD-PI(GWO), and
PD-PI(FLA)) and considering the change in the parameters in the inductor capacitance (L=-15%).
In Table (7), the overall comparison of the proposed control method (PD-PI(GWO)) with other
control methods (PD-PI(EEFO), PD-PI(FLA)) in terms of various criteria such as ST, trise, OS, tpeak,
ess, and also considering the effect of changing various parameters is discussed. According to
Table (7), the proposed method has performed well and has been able to outperform other control
methods in terms of various criteria (ST, trise, OS, tpeak, €ss), and the results of this scenario indicate
that the proposed PD-PI(GWQO) method has been able to perform robustly against changes in

parameters related to the DDBC.
Step Response under C+10%

1 ' — e —— — i
sl / / _
. g .r'l“}
E ——— PD-PI(GWO)
0.6 L PD-PI(EEFO) |
£ PD-PI(FLA)
S04t | .
.‘P .I
s |/
2 I
0.2 H |
/
|
0 . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (s) (seconds) 10

Figure 9. The output voltage of the DDBC based on three different control methods, considering the
uncertainty in C=+10%.
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Step Response under C-10%
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Figure 10. The output voltage of the DDBC based on three different control methods, considering the
uncertainty in C=-10%.
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Step Response under L+15%
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Figure 11. The output voltage of the DDBC based on three different control methods, considering the
uncertainty in L=+15%
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Step Response under L-15%
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Figure 12. The output voltage of the DDBC based on three different control methods, considering the
uncertainty in L=-15%

Table (7). The general comparison of the proposed control method (PD-PI(GWO)) with other
control methods (PD-PI(EEFO), PD-PI(FLA)), Scenario (2)

Method ST(sec) trise(SeC) Os(%) tpeak(SEC) ess(%)
PD-PI(GWO)(C=+10%) | 4.78x10* | 2.68x10* 0 8.94x107 0.0027
PD-PI(GWO)(C=-10%) | 3.91x10* | 2.19x10* 0 7.32x107 0.0027
PD-PI(GWO)(L=+15%) | 5x10* 2.80x10* 0 9.35%x107 0.0027
PD-PI(GWO)(L=-15%) | 3.69x10* | 2.07x10* 0 6.91x10 0.0028
PD-PI(EEFO)(C=+10%) | 7.22x10* | 4.05x10* 0 2.83x10* 0.0030
PD-PI(EEFO)(C=-10%) | 5.91x10* | 3.31x10* 0 3.77x10* 0.0030
PD-PI(EEFO)(L=+15%) | 7.55x10* | 4.24x10* 0 2.99x10* 0.0030
PD-PI(EEFO)(L=-15%) | 5.58x10* | 3.13x10** 0 3.62x10 0.0032
PD-PI(FLA)(C=+10%) | 8.54x10* | 4.79x10* 0 3.84x10* 0.0035

PD-PI(FLA)(C=-10%) | 6.99x10* | 3.92x10* 0 4.22x10* 0.0035
PD-PI(FLA)(L=+15%) | 8.93x10* | 5.01x10* 0 3.72x10* 0.0038
PD-PI(FLA)(L=-15%) | 6.60x10* | 3.70x10"* 0 4.08x10* 0.0038

4-3-Scenario (3):
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This scenario evaluates the proposed technique against other control strategies for DDBC voltage
tracking while accounting for the impact of disturbances. Disturbance is applied to the DDBC as
shown in Figure (13). In Figures (14) and (15), the output voltage in the DDBC is shown based on
three control methods (PD-PI(EEFO), PD-PI(GWO) and PD-PI(FLA))) and considering the effect
of disturbance. In Table (8), the three control methods (PD-PI(EEFO), PD-PI(GWO) and PD-
PI(FLA)))) are compared with each other based on the criteria of maximum deviations and
recovery time. According to Table (8), the proposed method (PD-PI(GWO)) has a value of -
2.0002v in terms of the criterion of maximum deviations, which is the lowest value among the
control methods. Also, in terms of recovery time, the proposed method has a value of 2.38x10°%,
which in terms of this criterion also performs better than other control methods.

Applied Output Disturbance (Step of -2% at 1.5 ms)

0
:.E-\.
e
E
5
_2 i i 1 i i
0 0.5 1 1.5 2 2.5 3
Time (ms)
Figure 13. Applied disturbance Output to the DDBC
Disturbance Rejection Performance (Constant Reference 12V)
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Figure 14. The output voltage in the DDBC based on three different control methods, Scenario (3)
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Disturbance Rejection Performance (Constant Reference 12V)
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Figure 15. The output voltage in the DDBC based on three different control methods, Scenario (3)

Table (8). The general comparison of the proposed control method (PD-PI(GWO)) with other
control methods (PD-PI(EEFO), PD-PI(FLA)), Scenario (3)

Method Max Deviation (V) Recovery Time (s)
PD-PI(GWO) -2.0002v 2.38x10*
PD-PI(EEFO) -2.0003v 3.58x10*

PD-PI(FLA) -2.0004v 4.24x10*

5- Conclusion:

This paper investigates the output voltage control of a DDBC, treated as a nonlinear system
susceptible to disturbances and parametric uncertainties. To achieve a fast dynamic response,
effective damping of voltage fluctuations, and the elimination of steady-state error, a cascaded PD-
Pl control architecture is proposed. In this configuration, the outer-loop of the PD controller
manages fast voltage response and damping the fluctuations, while the inner-loop of the PI
controller eliminates the steady-state errors arising from reference voltage variations or load
disturbances. To ensure precise and optimal tuning of the internal parameters, the Grey Wolf
Optimizer (GWO) is employed. Due to its intelligent search capabilities, minimal parameter
sensitivity, also stable and convergence, the GWO facilitates optimal performance. The efficiency
of the proposed PD-PI(GWO) method is validated through comparative analyses against several
control scenarios, including PD-PI(EEFO) and PD-PI(FLA), under disturbances and changes in
various parameters. The simulation results demonstrate significant improvements in performance
metrics:

e Settling time improvement related to voltage deviations in the DDBC by 33%

¢ Rise time improvement related to the DDBC voltage by 34%

e Peak time improvement related to the DDBC voltage by 94%

e Steady state error improvement related to the DDBC voltage deviation by 10%
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