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Abstract-The voltage controlled buck converter by constant-
frequency pulse-width modulation in continuous conduction
mode gives rise to a variety of nonlinear behaviors depending on
the circuit parameters values, which complicate their analysis
and control. In this paper, a description of the DC/DC buck
converter and an overview of some of its chaotic dynamics is
presented. A solution based on the optimized PID controller is
suggested to eliminate the observed nonlinear phenomena and to
enhance the dynamics of the converter. The parameters of the
controller are optimized with the Spotted Hyena Optimizer
(SHO) which uses the sum of the error between the reference
voltage and the output voltage as well as the error between the
values of the inductor current in every switch opening instant to
determine the fitness of each solution. The simulations results in
MATLAB proved the efficiency of the proposed solution.

Keywords-buck converter; nonlinear behavior; optimized PID
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1. INTRODUCTION

DC-DC switched mode power converters have been widely
used in many industrial and domestic applications such as
hybrid cars, photovoltaic solar energy applications, cell phones
chargers, etc. due to their high efficiency compared to the
conventional linear regulators. To achieve the desired
performance, the DC-DC converters can be either current
controlled or voltage controlled. Controllers based on linear
theory can be used due to their easy and low implementation
cost and the good performance around the operating point [1,
2]. However, they do not take into consideration the nonlinear
phenomena that can occur in the converter in high frequencies
or when one of the parameters of the converter changes [3-6].
Recent research has proposed numerous solutions to address
the above-mentioned problems. For instance, in [7], boost
converter discrete-time models were used as an example to
present an analytical solution that allows the prediction of
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nonlinear phenomena in digital current mode controlled power
converters. Meanwhile, in [8] the authors proposed a new
method for the design of a stable and robust feedback control
using the bifurcation analysis of the bilinear averaged model of
boost converter and constrained stabilization principles.
Another approach for designing a controller that guarantees the
system's global stability was introduced in [9]. The approach is
based on the principles of the contraction theory of switched
systems. Nonetheless, the aforementioned works are based on
analytical solutions and are a bit complex, and hard to
implement in real plants. Fuzzy logic-based controllers have
been used to control chaos in many studies [10-18]. However,
the use of fuzzy logic complicates the control system and
requires considerable computation time and a large memory
space, while the use of the controllers based on metaheuristic
algorithms ensure, at least, the same performance as the fuzzy
controllers with less complexity and implementation cost [19-
21]. Nonetheless, most of previous works that use this type of
controller are using the Integral Absolute Error (IAE) as an
adaptation coefficient which is insufficient to estimate the
fitness of each solution during the search.

Nonlinear phenomena elimination in power converters is
still an open research subject, although good results have been
achieved in the literature. In this paper, we propose a method of
shifting the nonlinear phenomena and expand the stability
range of the converters without the need of complicated
analysis methods or additional circuits. Using the powerful
tools of MATLAB and the state-space model of the buck
converter as an example, we designed a PID regulator that
guarantees both global stability of the system and parameter
disturbance rejection (load, input voltage, reference voltage).
This design is based on the Spotted Hyena Optimizer (SHO) to
determine the optimum gains of the controller using
appropriate adaptation coefficients.
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II.  SYSTEM DESCRIPTION

A. Buck Converter

A buck converter is a Switch Mode Power Supply (SMPS)
that converts a DC voltage into a lower DC voltage through the
commutation between different configurations [22, 23]. Buck
converters are generally controlled via voltage mode control. In
this control mode, the error (&) between the output voltage
(V,(t)) and the reference voltage (V;f) is used to obtain the
control signal (Cm(t)). The latter is compared with the
sawtooth signal to generate the PWM signal needed to derive
the switch. The proposed study circuit is illustrated in Figure 1.

sawtooth
Vier
‘ (*
PID
PWM -
cm U/

Fig. 1. Voltage controlled buck converter.

The state of the system is expressed by the vector
X = [i,, V] with:

X, =A4X;+B; (1)

where the state matrices A; and B; for each configuration are:
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Equation (5) represents the solution of (1):
X;(t) = et~ (X,(t,) + A7*B) — A7'B;  (5)

The behavior of the system is described in each
configuration using (5) where the final state of the system in
the current configuration is considered as the initial state X; (¢,)
for the next one.

B. Spotted Hyena Optimizer

SHO imitates the natural hunting behavior of the spotted
hyenas to find the optimum solution for an optimization
problem [24, 25]. A pack of spotted hyenas follow an

organized group hunting technique that can be divided into
three main behaviors:

1) Searching and Encircling Prey

When the hunt begins, the pack of the spotted hyenas has
no information about the position of the prey, therefore the
current fittest search agent will decide the possible location of
the prey in the search space. Then, the rest of the pack will
surround this position.

2) Hunting
The group hunting behavior of the spotted hyenas is based

on a cluster of trusted friends that guide the members of the
pack during the hunt.

3) Attacking

All search agents will be forced to move towards the
position of the prey.

More details on the mathematical model of the SHO
algorithm can be found in [24, 25].

C. SHO Application

In this study, the SHO algorithm was applied to determine
the optimal parameters of a PID controller that would improve
the dynamics of the converter. It is based on the minimization
of the steady state error between the reference and the
measured voltage, and the error between the successive values
of the inductor current (measured in each switch opening
instant) which are the peaks of the inductor current. Equation
(6) represents the proposed objective function.

F(t) =wiF; + w,F,  (6)

N Pi—p)?
=y~ D

F, = [J1e@®]dt (8)

where F; is the standard deviation of inductor current values
measured in each switch opening instant, and F, represents the
Integral Absolute Error (IAE).

e Peaks
SHO detection <

K| K4 I

F

Cm = V.
N Buck
“| converter

PID

controller

v

Fig. 2. Closed loop system with SHO.

Figure 2 presents the control block diagram of the system,
where K, K; and K, are respectively the proportional, the
integral, and the derivative gains obtained by the SHO.

III.  RESULTS AND DISCUSSION

The mathematical model of the proposed circuit presented
in Figure 1 was simulated in MATLAB using (2)-(5). The
converter and controller parameters are presented in Table I.
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TABLE L. PARAMETERS OF THE PROPOSED CIRCUIT
Yy 24 Q
F 2500 Hz
Ry =Rp 0.0177V
L 0.02 H
Converter R, 20
C 47 uF
R, 02Q
R 22Q
wy 100
- w. 1
Optimizer Iteratzions 100
Search agents 20
K, 8
Controller K; 800
K, 0.0001

A. Original Behavior

In this study, the input voltage was chosen for study and

The input voltage 1, was set to start from 20V, and then it
increased gradually to 80V. The converter exhibits the stable
Period 1 behavior when V; < 26V followed by the unstable
period 2 behavior when 26 <V, < 33.25V. Afterwards, the
converter exhibits the unstable Period 4 when 33.25 <V, <
34.75V . Finally, the converter shows irregular behavior
(chaos) when V; > 34.75V. Figures 3(b), 3(c), 3(d) and 3(e)
show the phase plan diagram V,, — i; and the inductor current
i, (t) of the aforementioned behaviors respectively.

B. Optimized Behavior

As shown in the convergence curve in Figure 4, the SHO
algorithm finds the optimal gains of the controller after a few
iterations. Figure 5 is the voltage wave diagram obtained before
and after the optimized PID controller was implemented, where
the latter begins after 0.06s. It is clear from the wave form of
the output voltage and the phase plan diagram V,, — i; that the
converter returns to the stable Period 1 behavior at 0.067s.

observation while the other parameters had fixed values. As
shown in Figure 3, the converter dynamics clearly changed
from Period 1, to Period 2, to Period 4, and then to chaotic
dynamic behavior.
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Fig. 3. (2) Bifurcation diagram varying V. (b) Phase plan diagram V, — i,
and the inductor current i, (t) of Period 1 when V; = 24V . (c) Phase plan
diagram V;, — i, and the inductor current i; (t) of Period 2 when V; = 30V (d)

Phase plan diagram V, — i; and the inductor current i; (t) of Period 4 when
V; = 34V. (e) Phase plan diagram V, — i, and the inductor current i, (t) of
chaos when Vj; = 40V.
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Fig. 5. V, after applying the optimized parameters.

The bifurcation diagram in Figure 6 proves that the
optimized controller is able to extend the stability range of the
converter up to 80V of V;. For more efficiency evaluation, the
robustness of the control to the sudden changes in the
parameters of the converter has been tested. The response of
the output voltage V, to a sudden change in the input voltage,
the reference voltage and load are presented in Figure 7.
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Fig. 7. System response to changes in: (a) Input voltage, (b) reference
voltage, (c) load.

In the first 40ms, the system is subject to the parameters
given in Table I, as shown in Figure 7(a). Steady state is

reached in 6ms with no overshoot. At =40ms, the input voltage
is increased to 30V, as it is remarked, and the controller was
able to stabilize the system. At the same instant as before, we
repeated the same scenario by inducing a sudden change in the
reference voltage. At t=40ms, the reference voltage changed to
5V, and the controller adapts with the change and stabilizes the
system to the new operating point. The results are shown in
Figure 7(b). The same scenario is repeated again to test the
response of the system to the change in load. At t=40ms we
changed the load to 35Q. From Figure 7(c), it can be seen that
the system remains stable and tracks the reference voltage.

IV. CONCLUSION

In this paper, PI D controller gain tuning for a voltage
controlled DC-DC buck converter is formulated as an
optimization problem. This optimization is aimed to produce
gains for the controller that would guarantee a robust closed
loop. In addition, the objective function used to evaluate the
fitness of the gains during the optimization is based on the sum
of the error between the reference voltage and the output
voltage as well as the error between the values of the inductor
current in every switch opining instant. The SHO was used to
solve this problem.

To evaluate the efficiency of the designed controller to shift
nonlinear phenomena, the bifurcation diagram obtained using
the optimized controller is compared to that presented in the
literature. We also tested the capability of the controller to
reject the disturbance in the parameters of the converter (load,
input voltage, and reference voltage). The obtained results
prove the efficiency of the proposed solution to shift the
nonlinear phenomena and to expand the range of the desired
period 1 behavior. In addition to its high efficiency, this
solution offers a simple control circuit and low implementation
cost without the need of additional circuits.
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