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Abstract

In this work, a new PID controller design structure is developed for the DC/DC
Boost converter’s output voltage control. The DC/DC Boost converter model is
an electronic circuit that gives output Direct Current (DC) voltage higher than its
input DC voltage. In this work, the Boost converter system is assumed to operate
in the Continuous Conduction Mode (CCM) condition. The design structure of
the PID controller is developed using a modified EIman neural network to form
a Modified ElIman-PID Neural (ME-PIDN) controller. The design coefficients of
the ME-PIDN controller have a direct impact on the performance of the
controlled system. Therefore, this paper used a Bat optimization algorithm for
off-line tuning these design parameters toward the better performance of the
proposed controller. A comparative study has demonstrated the superiority of the
optimized ME-PIDN controller compared to the traditional optimized PID
controller in reducing rising time, peak time, settling time, and peak overshoot.
The effectiveness of the two optimized PID controllers is verified via computer
simulation within the MATLAB environment.

Keywords: Bat optimization technique, Boost converter model, Continuous
Conduction Mode (CCM), Modified EIman-PID neural (ME-PIDN)
controller, PID controller.
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1. Introduction

In the last few decades, DC/DC converters have attracted a lot of attention due to
their various features and essential use in many industrial and residential
applications. The DC/DC converters are extensively utilized in almost every sector,
including electronic processor cards, robotics, cell phones, hybrid vehicles, etc.
This is primarily due to new power semiconductor devices, new circuit structures,
and modern control techniques.

The DC/DC converters are electronic devices that take a DC source and convert
it from one voltage level to another. In recent decades, these DC/DC converters
have played a vital part in our lives because of their important usage in vast
applications. The topologies of such DC/DC converters are varied, such as Boost,
Buck, Buck-Boost, Flyback, Sepic, etc. [1, 2].

The DC/DC Boost converters convert the specified input DC voltage value into
a higher desired DC output value. Therefore, they are also known as step-up
converters. Following the necessity of these Boost converters in various domestic
and industrial applications, a comprehensive variety of control techniques were
dedicated to their control to attain the desired output voltage with variable load
current and fast dynamic response. For instance, fuzzy logic controller [3], sliding
mode controller [4], PID controller [5], neural network controller [6], LQR
controller [7], backstepping controller [8], PID-neural network controller [9],
output feedback controller [10], sensorless Control [11], adaptive output feedback
controller [12], and direct model reference adaptive control [13].

The motivation of this paper is to handle the problems that affect the portable
devices’ operation by controlling the closed-loop dynamic behaviour of the Boost
converter system, such as variable output voltage values and a wide range of the
loading current. Thus, the off-line Bat algorithm (BA) with the ME-PIDN
controller has been presented in this work. The contributions of this work are
represented below:

+ The performance of the optimal PID controller has been developed for output
voltage control of the DC/DC Boost converter model using the modified
Elman neural network structure.

» The BA has been employed because it has fast searchability in the local and
global regions and quickly off-line tunes the weight parameters of the ME-
PIDN controller. These optimized weight parameters result in the best voltage
control action, which enables the output voltage of the Boost system to reach
the desired output voltage level rapidly.

* The performance of the BA based ME-PIDN controller has been tested by
varying the desired output voltage values and also changing the load resistance
value of the Boost converter circuit as a parameter uncertainty problem.

The rest of the paper is summarized as follows: Section 2 includes the dynamic
equations of the Boost converter system. Section 3 demonstrates the design of the
PID controller and the ME-PIDN controller. The BA is presented in Section 4.
Section 5 provides for the optimal controllers the simulation results and discussion.
Finally, the conclusion is discussed in Section 6.
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2.System Model

The DC/DC Boost converter system is described as a form of a step-up chopper
circuit voltage that provides an output voltage that is higher than its supplied
voltage. Therefore, it is also called a step-up converter. The elementary circuit of
the Boost converter system operating with the CCM condition and has one n-
channel MOSFET controllable switch S is presented in Fig. 1 [14].
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Fig. 1. Basic circuit of the Boost converter model [14].

The Boost converter includes an inductor (L), a capacitor (C), and a resistor (R)
that works as a load; thus, the system is nonlinear. This system is described by using
the State-Space Averaging (SSA) technique as a linear system within a certain
range and time period. In CCM condition, the Boost converter model works in two
switching modes as explained below [4, 14]:

(@) When the MOSFET switch is in the ON state and the diode is in the OFF state
for the time interval 0 < t < ZT:

During this period, the inductor L is connected to the supply voltage and stores
the energy, whereas the output stage is isolated from the supply voltage because of
the diode condition. The capacitor voltage, inductor current, and output voltage
equations in this period are given as follows:

i, _ Vin

de L @)
ave _ Ve

at ~  RC 2
V, =V, @)

(b) When the MOSFET switch is in the OFF state and the diode is in the ON state
for the time interval zT <t <T:

In this switching mode, the energy from the supply voltage and the energy
stored in the inductor is fed to the load. As a result, the equations for capacitor
voltage using Kirchhoff’s Current Law (KCL) and the inductor current are given
as follows:

diy, _ Vin Ve

a L L @
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We _iL_ Ve
dt € RC ®)

The output voltage equation for this period is given by Eq. (3).

In this paper, the output voltage to the duty cycle transfer function is required
to design the optimal PID controllers for the DC/DC Boost converter system.
Therefore, the technique of the SSA is employed to find the general state space
model of the converter for both ON and OFF switching states. The Boost converter
system equations are denoted by Egs. (1), (2), (3), (4), and (5) are expressed in the
form of matrices as follows [15-17]:

In the switching mode (a),

d x(t)
dt

= A;x(t) + Byu(t) (6)

y1(t) = Cyx(6) + Dyu(t) @)
In the switching mode (b),

d x(t)

8 = A,x(8) + Byu(t) (®)
y2(t) = Cx(t) + Dou(t) )
where

2@ = XD ® = Vi v =¥

Jury

[0 0 ] :
A =, 1 ,Bl=H,Cl=[0 1],and D; =0

o

[y

o

A ,
A=, : vBZ=[L]:C2=[0 1],and D, =0
| C

The averaged small-signal model of the Boost converter operating in CCM and
relating to the ON state and OFF state is given by Egs. (10) and (11).

d;{—it) = Arx(t) + Bru(t) (10)
y(t) = Cex(t) + Dru(t) (11)

where Ay, By, C¢, and Dy are defined as:

A = Agz(t) + A, (1 — z(1)) (12)
Br = Byz(t) + B, (1 — z(t)) (13)
Cr = Ciz(t) + C,(1 — z(1)) (14)
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0 (z()-1) 1
where Ay = (1-z2(t) _LL , By = [(L)] C,=[0 1],D =0, and z is the
Cc RC

duty cycle.

The system is linearized based on the classic method, so our variables are
divided into two parts. The first part is the static part (a fixed DC level), and the
second is a small amplitude that modulates the DC level. On this basis, it is possible
to define the variables in the state equations as follows:

x(t) = x(t) + 2(t) (16)
z(t) = z(t) + 2(t) (7)
u(t) = u(t) + ) (18)

A

where £ , Z , and @ denote the small change of the system’s state, duty cycle, and
input voltage, respectively. Thus, Eq. (10) is converted into:

(x@® + 2(®) =[(z®) + 2(0)A; + (1 — z(t) — 2())A,][x(®) + 2] +
[(z(®) + 2(£))B;y + (1 — z(t) — 2(£)) B, ] [u(®) + 2()] (19)

To simplify Eq. (19), the static part (x = 0) and the product of the nonlinear
terms are very small and can be neglected, such as d% and dii. Therefore, Eq. (19)
is rewritten as in Eq. (20).

2(t) = AR(t) + Ba(e) + [(A; — A)x(8) + (By — Bu()]2(t) (20)

Similarly, Eq. (11) can be written as follows:
(@) = Cx(®) + DU(t) + [(Cy — C)x(®) + (D — D)u(®)]2(t) (21)
The transfer function of the Boost converter system is derived via solving Egs.

(20) and (21) and employing Laplace Transformation with few rearrangements.
Consequently, the transfer function of the system is described as follows:

T = COI =7 (A = A)X () + By = BYU(S)] (22)

3.Controllers Design

PID controllers are widely used in various industrial applications such as process
control, robotics, power systems, motion control, etc. Presently, PID Controllers
are considered one of the most popular control devices because of their simplicity,
ease of understanding, and effective performance. Besides, their gains can be
simply adjusted and separately [9, 18].

3.1.Optimized PID controller

In the time domain, the output equation of the PID controller is symbolized in Eq.
(23) [9, 19, 20]:
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der(t)
dt

uc(t) = kp er(t) + ki [, er(t) dt + kd (23)

where kp represents the coefficient for the proportional term, ki represents the
coefficient for the integral term, kd represents the coefficient for the derivative term,
u.(t) represents the control signal, and er(t) represents the error tracking signal.

The discretization of the continuous PID controller equation is derived by using
the first derivative of Eqg. (23), as follows:

u.(t) = kper(t) + kier(t) + kd ér(t) (24)

Employing the Backward difference method to u.(t) , er(t) and &(t) as follows:
uc(kk)-uc(kk—1) (25)

ts

U ® =

er(kk)—er(kk—1)
ts

er(t) = (26)

er(kk)—eér(kk—1) (27)

ts

ér(t) =

where kk represents the current sample and ts represents the sampling time.

Solving for u.(kk), the discrete-time equation of the continuous PID controller
is described as follows:

uc(kk) = u.(kk — 1) + Kp (er(kk) — er(kk — 1)) + Ki er(kk) +
Kd (er(kk) — 2er(kk — 1) + er(kk — 2)) (28)

where
. ) kd
Kp = kp, Ki = ki = ts, and Kd=g

According to Eq. (28), the structure of the digital PID controller is illustrated in
Fig. 2. In this work, the optimal design coefficients Kp, Ki, and Kd are determined

using BA.

\/\ w(kk)

Fig. 2. The structure of the PID controller.

e(kk) «

e(kk — 1)

e(kk — 2)

Finally, the schematic representation of this controlled system is depicted in
Fig. 3, which includes the PID controller and BA.
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Fig. 3. The block diagram of the optimal BA
based PID controller for the DC/DC Boost converter model.

3.2.Optimized ME-PIDN controller

The ME-PIDN structure that is shown in Fig. 4 is considered a new design structure
of the PID controller, and it is composed of four layers, each of which works as
illustrated below [21-23]:

» The input layer: it operates as a buffer that allows the input data to be passed
without changes.

« The hidden layer: it represents the active layer with sigmoid activation
functions.

+ The context layer: it represents a memory layer without activation functions.

» The output layer: it works as a linear collector unit that adds all the fed signals.

The weights of the network are Kp, Ki, and Kd as hidden layers weights, and
Kc isthe context layer weight. The layers and the outputs of the ME-PIDN structure
are explained as follows:

H: is represented as a sigmoid nonlinear node, V: is described as a linear node
that works as a scaling factor and equals 1, hc(kk) is the context layer output,
h(kk) is a hidden layer output, « is a self-connection feedback gain which is
randomly represented in the range of (0 to 1), 8 is a connection weight from the
output linear layer to the context layer, and it is randomly represented in the range
of (0to 1), er(kk) represents the input error tracking signal, and u.(kk) represents
the control action.

The proposed control signal of the ME-PIDN controller for the Boost converter
model is given as in Egs. (29) and (30):

u (kk) = g(kk) + u,(kk — 1) (29)
g(kk) = h(kk) X V (30)

The output h(kk) of the neural network utilizes a sigmoid activation function
as follows:
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2
1+e—net(kk) -

The net(kk) is calculated from Egs. (32) and (33):

net(kk) = Kp (er(kk) —er(kk — 1)) + Kier(kk) + Kd (er(kk) -
2er(kk — 1) + er(kk — 2)) + (Kc X hc(kk))

hc(kk) = ahc(kk — 1) + Bu.(kk — 1)

h(kk) = 1

. 887

(31)

(32)
(33)

Figure 4 shows the structure of the ME-PIDN controller based on Egs. (29-33).
In this work, the optimal design coefficients Kp, Ki, Kd, and Kc are determined

using BA.
u (kk — 1)
[z ]
e(kk)
h(kk ki = (k)
e(kk — 1) ( )@g( ) ’\C*/ )
e(klk — 2) Hidden Layer Output Layer

Input Layer

Fig. 4. The structure of the ME - PIDN controller.

Finally, the schematic representation of this controlled system is depicted in

Fig. 5, which includes the ME-PIDN controller and BA.
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Fig. 5. The block diagram of the optimal BA based
ME-PIDN controller for the DC/DC Boost converter model.
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4.Bat Optimization Algorithm

The BA was presented and modified by Xin-She Yang in 2010 and is frequently used
in solving global optimization problems. This meta-heuristic algorithm is based on
the bi-sonar/echolocation signals generated by the microbats with different pulse
emission rates and loudness. The BA can be illustrated in three main rules:

(i) The bat uses the echolocation signal to estimate the optimal distance to the
prey/food. (ii) To search for the prey/food, the bat at a specific position flies
randomly with a certain velocity and fixed frequency but the varying wavelength
and loudness. The bat can automatically modify the wavelength (or frequency) of
its emitted pulses and the pulse emission rate based on its closeness to the
prey/food. (iii) The bat linearly decreases its loudness from a large to a minimum
constant value [24].

The BA parameters are the population size (N), the maximum number of
iterations (Iter), the minimum frequency (fi,in), the maximum frequency (fiax)
the initial velocity of bats (v), the initial rate of Pulse emission (ro), the problem
dimension (dims), the bats’ pulse emission rate (Y¥'), and the bats’ loudness (4;).
The initial position of bats can be randomly generated as in Eq. (34). According to
this equation, the position of each bat represents a feasible solution [25, 26].

xpij = xpj + rand() = (xp}’ — xpj) 59

where i = 1,...,N, N represents the population size, j = 1, ..., dims, and x;* and
sz are the upper and lower position boundaries of the bat with j dimension,
respectively.

The Mean Squared Error (MSE) objective function is calculated as follows:

MSE (i) = = 2y (Vye (k) — V, (kk))? (35)

where i = 1,...,N, N represents the population size, kk represents the current
sample, K represents the maximum number of samples, V,., represents the
reference voltage, and V, represents the actual output voltage.

The bat with the minimum MSE value amongst all the bats has the optimal
position (xp*). The (MSE) value of this bat is placed as (fpin)- Thus, the
frequency, velocity, and position of the bats are updated as displayed in Egs. (36),
(37), and (38), respectively.

fi:fmin + U:max - fmin) * Tand() (36)
vl = vt (kT —x)  f; (37)
xp = xp T+ v (38)

where ii = 1, ..., Iter.

For each bat, if the pulse emission rate (V;) is less than a random number, a local
search is carried out, and a new solution is produced by a random walk for each
bat. This new solution is used to enhance the diversity of the solutions as described
in Eq. (39).
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xpl®” = xp* + eps x< A, >U (39)
where eps represents a scaling factor produced randomly in the range between -1
and 1, and < A; > represents the average loudness at ii iteration for all bats.

The loudness and Pulse rate are updated according to the Egs. (40) and (41),
respectively.

Ali = 6 * Ali (40)
Y; =710 * (1 —exp(—6 * ii)) (41)

where 6 and & are bat parameters in the range of [0, 1].

The Pseudocode of the BA for controlling the DC output voltage of the Boost
converter system using the optimal controllers is described as follows:

Pseudocode of BA

Define the objective function (MSE).

Begin

Initialize the bat population xp; and velocity v; (i = 1,2, ... ... ,N).

Initialize the max. number of iterations (Iter), the min. frequency (finin), the max.
frequency (finax), the initial rate of pulse emission (ro), the problem dimension
(dims), the bats’ pulse emission rate (Y), and the bats’ loudness (4,).

For each bat evaluate the objective function (MSE) as in Eq. (35).

Generate the optimal position (xp*) as the bat that has a minimum (MSE) among
all bats.

While (ii < Iter)

Update the frequencies, velocities, and positions for all bats using Egs. (36), (37),
and (38).

If (rand() > Y;)

Generate a local solution around the selected optimal solution (x*) as in Eq. (39).
End if

For each bat evaluate the objective function (MSE) as in Eq. (35) and store the
results in MSE_new vector.

If (MSE_new; <= MSE;) && (rand() <A,,)

MSE; = MSE _new;

Reduce 4; and increase Yas in Eqgs. (40) and (41).

End if

If (MSE_new; <= f,in)

finin = MSE_new;

xp* = x;

End if

ii=ii+1

End while

Output the result.

END
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5.Simulation Results and Discussion

In this study, the BA based PID and BA based ME-PIDN controllers’ performances
are demonstrated using a MATLAB simulation environment. The performance of
these controllers is compared using BA. The overall system block diagram for
controlling the output voltage of the Boost converter model using the optimal
controllers is shown in Fig. 6 [14].

The parameters of the BA and the design parameters values of the Boost
converter model are listed in Tables 1 and 2, respectively [27]. The transfer function
of the Boost model is illustrated in Eq. (42) depending on the parameters’ values
of the Boost converter system and Eq. (22) [28].

Vo(s) _ —200005+50000000
2(s)  S2+10005+2500000

(42)

According to the Boost converter’s transfer function, the damping ratio ({)
equals 0.3162, the natural frequency (wn) equals 1581.14 rad/sec , and Boost
converter’s time constant is equal to T = 0.002 sec. Thus, the Boost converter’s
sampling time is equal to 0.000345 sec according to the Shannon theorem.

)00 »

L D

T L A
Vi 4 :1 s c== Vo RS

[_U_]\’— S SET Q o
7 . ] Amplifier
Clock - Comparator e J Vo
R @ L | Controller —<_ :
ik | 5 Jd— Vref

Vramp
Fig. 6. Closed-loop control circuit of the Boost converter model [14].

The simulation results with the desired output voltage as (10) volt of the
controlled system are shown in Figs. 8 to 12. The optimal tuning gains and the
dynamic behaviour of the closed-loop system, such as rising time, peak time,
settling time, overshoots, and steady-state error after utilizing the optimal
controllers, are illustrated in Figs. 8(a) and (b) and Table 3. Figure 7 shows the
open-loop step response of output voltage of the Boost converter model. This figure
demonstrates that the Boost system has a stable response.
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Table 1. The BA parameters.

Performance / Controller Value
Population Size 30
Problem Dimension 3 - For BA based PID Controller

4 - For BA based ME-PIDN Controller
Maximum Iteration Number 100

Maximum Frequency 1
Minimum Frequency 0 Hz
Pulse Emission Rate 0.0001
Loudness rand ()
(7] 0.5

é 0.5

Table 2. The design values of the Boost converter [27].

Parameter Value Unit
Input Voltage (Vi) 5 \Y
Inductance (L) 1 mH
Capacitance (C) 100 uF
Load Resistance (R) 10 Q
Switching frequency (f) 50 KHz
Duty Cycle (2) 50 % -
Output Voltage (V,) 10 \

w2
=]

—
)

—
wn
T

L

—_
=
T

1

wn
T
I

Boost Converter Output Voltage (Volt)

10 | | L | | | | | |
0 0.005 001 0.015 0.02 0.025 0.3 0.035 0.04 0.045 0.05

Time (Second)

Fig. 7. The open-loop response of the Boost converter model.

From Figs. 8(a) and (b) and Table 3, the time response of the Boost converter
output voltage using the BA based ME-PIDN controller has a smaller rising time,
peak time, settling time, no overshoots, and zero steady-state error in comparison
with that using the BA based PID. Thus, this is clear evidence that the
performance of the optimal PID controller is successfully developed using the
PID controller with the modified EIman neural network structure and the same
optimization algorithm.
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Fig. 8. (a) The plant’s response using the optimal controllers against time, (b) A
zoomed-out view of the plant’s response using the optimal controllers against time.

Table 3. Evaluation of the transient performance of the controlled system.

BA based PID BA based ME-PIDN

Performance / Controller
Controller Controller

Rising Time (Tr) 6.55 ms 6 ms
Peak Time (Tp) 7.24 ms 0 ms
Peak Overshoot (0.S) 5% 0%
Settling Time (T's) 20 ms 10 ms
Steady State Error (Es. s) 0 0
Kp 0.0081 0.0016
Ki 0.0072 0.0034
Kd 0.0066 0.0083
Kc - 0.0009
a - 0.005
B - 0.008
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Asillustrated in Fig. 9, the control signals of both optimal controllers are within
the acceptable range, smooth without overshoot, and have no oscillation response.
The comparator output shown in Fig. 6 is generated by comparing the control signal
u, for each optimal controller with the periodic saw-tooth waveform with a period
T,. The comparator follows a S-R latch circuit which is set by the rising edge of the
switching frequency clock f; and reset by the comparator output. Finally, the
output of the S-R latch circuit represents a Pulse Width Modulation (PWM) control
signal that is applied to the MOSFET switch of the Boost converter circuit. The
cost function (MSE) has clearly improved the performance of both optimal
controllers-based BA by showing the voltage error convergence for the Boost
converter system at 100 iterations, as shown in Fig. 10.

0.55

|=BA based PID Controller =—BA based ME-PIDN Controller |

|

Control Action (uc) (Volt)
> >
S W 2 on
w2 n - wn

=
1)
Y

L L L L L L Il
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (Second)

S
o

Fig. 9. The control action using the optimal controllers against time.

[=BA based PID Controller =BA based ME-PIDN Controller |

=
—
=
T
1

0.09 ‘ ‘
10 20 30 40 50 60 70 80 90 100

Number of Iteration

Fig. 10. The behaviour of the cost function (MSE)
using the optimal controllers against iterations.

The robustness tests were performed to assess the ability of the optimal
controllers to deal with the unexpected conditions that the control system might
encounter. Such conditions include changing the desired output voltage in the
sequence (6, 8, 10) volt respectively with fixed input voltage. In addition, the
resistance of the Boost system (load) is reduced suddenly by 10% of its value at the
moments 0.1 to 0.13 sec, and then it is returned to its nominal value with fixed
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input voltage. The transfer function of the Boost converter model after decreasing
the load resistance by 10 % is illustrated in Eq. (43) depending on the parameters’
values of the Boost converter system and Eq. (22).

Vo(s) _ —222225+50000000
2(s)  S2+11115+2500000 (43)
According to the Boost converter’s transfer function, the damping ratio ({)
equals 0.3514, the natural frequency (wn) equals 1581.14 rad/sec , and Boost
converter’s time constant is equal to T = 0.0018 sec. Thus, the Boost converter’s
sampling time is equal to 0.000345 sec according to the Shannon theorem.

It can be seen from Figs. 11(a) and (b) that the Boost converter output voltage
using BA based ME-PIDN controller has a smaller overshoot during changing the
value of the load resistance in comparison with that of BA based PID controller,
which also has generally small oscillation. The steady-state error equals zero value
at the steady-state response of the Boost converter response using both optimal
controllers.
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Fig. 11. (a) The plant’s response using the optimal controllers against time
under load resistance disturbance, (b) A zoomed-out view of the plant’s response
using the optimal controllers against time under load resistance disturbance.
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The control signals of both optimal controllers are within the acceptable range,
smooth without overshoot, and have no oscillation response. In addition, the control
signals of both optimal controllers have the ability to reduce the effect of the load
resistance disturbance due to the strong adaptability and performance of the optimal
controllers trained by a powerful Bat tuning control algorithm, as shown in Figs.
12(a) and (b).
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Fig. 12. (a) The control action using the optimal controllers against time
under load resistance disturbance, (b) A zoomed-out view of the control action
using the optimal controllers against time under load resistance disturbance.

In order to extend this study for future work, other optimization techniques like
Particle Swarm Optimization (PSO), Butterfly Optimization Algorithm (BOA),
Social Spider Optimization (SSO), Grey-Wolf Optimization (GWQO), Spider
Monkey Optimization (SMO), and Wale Optimization Algorithm (WOA) can be
suggested for future tuning and optimization of proposed controller’s design
parameters in this application [29-34]. This study can also be extended for future
work by proposing other control strategies for the output voltage control of the
Boost converter model to show their effectiveness and performance as compared
to the proposed controller. [35-45].
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6.Conclusion

In this paper, a PID controller-based optimization algorithm has been developed to
control and regulate the DC/DC Boost converter’s output DC voltage. The
numerical simulation results showed that the BA based ME-PIDN controller could
successfully control and stabilize the output DC voltage of the DC/DC Boost
converter system. The numerical simulation results also showed that the BA based
ME-PIDN controller has a better performance in comparison with that of the PID
controller in terms of reducing the rising time by 8.39 %, the peak time by 100 %,
the settling time by 50 %, and the peak overshoot by 100 %. The robustness
performance of the controlled system has been proved by changing the desired
output voltage of the Boost converter model in the presence of the load resistance
disturbance in the simulation results. This study provides new scope for improving
the design structure of the PID controller to enhance and develop the performance
of the DC/DC Boost converter system in the absence and presence of load
resistance disturbance.

Nomenclatures

Af The system matrix relates to the (a) and (b) switching
modes in Egs. (10) and (12).

A The bats’ loudness in Eq. (40).

A The system matrix in (a) switching mode in Eqg. (6).

A, The system matrix in (b) switching mode in Eq. (8).

By The input matrix relates to the (a) and (b) switching
modes in Egs. (10) and (13).

B; The input matrix in (a) switching mode in Eq. (6).

B, The input matrix in (b) switching mode in Eg. (8).

C Capacitance in Egs. (2) and (5), pF.

Cr The output matrix relates to the (a) and (b) switching
modes in Egs. (11) and (14).

C; The output matrix in (a) switching mode in Eq. (7).

C, The output matrix in (b) switching mode in Eq. (9).

Dy The feedforward matrix relating to the (a) and (b)
switching modes in Egs. (11) and (15).

dims Problem dimension.

D, The feedforward matrix in (a) switching mode in Eq. (7).

D, The feedforward matrix in (b) switching mode in Eq. (9).

eps A scaling factor produced randomly in the range between
-land 1in Eq. (39).

er(kk) The error signal in Egs. (23), (24), (26)-(28), and (32).

frnax Max. frequency in Eq. (36), Hz.

fmin Min. frequency in Eg. (36), Hz.

g(kk) The output of the linear node in Eq. (30).

h(kk) The output of the sigmoid nonlinear node in Egs. (30) and
(312).

hc(kk) The context layer output in Egs. (32) and (33).

Iter Max. number of iterations.

i The inductor current in Eq. (5), Amp.
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Kc The context layer weight in Eq. (32).

Kp, Ki,and Kd Gains of the PID controller in Egs. (23), (24), (28), and
(32).

L Inductance in Egs. (1) and (4), mH .

N Population size.

net(kk) The net term in the sigmoid nonlinear node in Egs. (31)
and (32).

R Load resistance of the Boost converter model in Egs. (2)
and (5), Q.

ro The initial rate of pulse emission in Eq. (41).

u(t) The input voltage in Egs. (6)-(11) and (18)-(22), V.

u.(t) The control signal in Egs. (28) and (29).

i(t) The small variation of the input voltage in Egs. (18)-(21).

\% A linear node that works as a scaling factor and equals 1
in Eq. (30).

V. The capacitor voltage in Egs. (1)-(4), V.

Vin Input voltage in Eq. (1), V.

A Actual output voltage in Eq. (35), V.

Vier Reference voltage in Eq. (35), V.

v The bat velocity in Eq. (37).

wn Natural frequency, rad/s.

x(t) The state vector in Egs. (6)-(11) and (16).

() The small variation of the state variable in Egs. (16) and
(19)-(21).

xp(t) The bat position in Eqgs. (34) and (38).

xp” The optimal bat position in Eg. (39).

xpire” The new (local solution) bat position in Eq. (39).

y(t) The output vector in Eq. (11).

1 (t) The output vector in (a) switching mode in Eq. (7).

v, (t) The output vector in (b) switching mode in Eq. (9).

z(t) The duty cycle in Egs. (12)-(15), (17), and (19).

2(t) The small signal variation to the duty cycle in Egs. (17)
and (19)-(22).

Greek Symbols

a A self-connection feedback gain in Eq. (33).

B A connection weight from the output linear layer to the
context layer in Eq. (33).

6 Bat parameters in the range of [0, 1] in Eq. (41).

Y Pulse emission rate in Eq. (41).

4 The damping ratio.

6 Bat parameters in the range of [0, 1] in Eq. (40).

T The time constant of the Boost converter circuit, s.

Abbreviations

BA Bat Algorithm.

BOA Butterfly Optimization Algorithm.

CCM Continuous Conduction Mode.

DC Direct Current.
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GWO Grey-Wolf Optimization.
ME-PIDN Modified EIman- Proportional, Integral and Derivative
Neural.
MSE Mean Squared Error.
PID Proportional, Integral and Derivative.
PSO Particle Swarm Optimization.
PWM Pulse Width Modulation.
SSO Social Spider Optimization.
SMO Spider Monkey Optimization.
WOA Wale Optimization Algorithm.
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