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The Boost converter is a DC-to-DC step-up converter that uses the characteristics of an
inductive choke and a capacitor as energy storage to boost the current of the power supply
and use it to inject it into the load, producing higher voltage levels at the output. This DC
transformer has nonlinear dynamics due to its switching, which makes its controller design
complex. In this paper, two control schemes are designed, implemented and evaluated for
this power converter, a linear PID controller and a fuzzy controller. For the first case, the
frequency response of the converter is considered, while the fuzzy controller is based on the
converter’s behaviour with trial-and-error tuning. The results show a better performance in the
fuzzy scheme, both in steady state and against transient changes.
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El convertidor elevador o tipo Boost es un convertidor DC a DC elevador de tensién
que usa las caracteristicas de un choque inductivo y un capacitor como almacenadores de
energia para elevar la corriente de la fuente de alimentacion, y usarla para inyectarla a la
carga, produciendo niveles de voltaje mayores en la salida. Este transformador DC tiene
una dindmica no lineal debido a su conmutacién, lo que hace complejo el disefio de su
controlador. En este articulo se disefian, implementan y evalian dos esquemas de control para
este convertidor de potencia, un controlador PID lineal y un controlador difuso. Para el primer
caso se considera la respuesta en frecuencia del convertidor, mientras que el controlador difuso
se soporta en el comportamiento del convertidor con sintonizacién por ensayo y error. Los
resultados muestran un mejor desempefio en el esquema difuso, tanto en estado estacionario
como frente a cambios transitorios.
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Introduction

A boost converter is a DC-to-DC converter used to
increase the voltage of a DC input signal (Hasanpour et al.,
2020). It works by using a switching element, such as a
transistor or an inductor, to periodically charge a storage
element, such as a capacitor or an inductor, and then release
that stored energy back to the output load (Ganjavi et al.,
2020).

The basic operation of a boost converter can be described
in the following steps:

1. The switching element is turned on, allowing current
to flow from the input voltage source to the storage
element.

2. The storage element accumulates energy while the
switching element is on.

3. The switching element is turned off, disconnecting the
input voltage source from the storage element.

4. The stored energy in the storage element is released
back to the output load through the switching element.

5. The switching element is turned on again, and the
process repeats (Chakravarthi & Rao, 2020).

The output voltage of a boost converter is controlled by
the duty cycle of the switching element, which is the ratio of
the time that the switching element is on to the total period of
the switching cycle (Sadighi et al., [2020; Zhao et al., 2020).
Therefore, adjusting the duty cycle can increase or decrease
the output voltage as needed.

Boost converters are commonly used in applications
where the input voltage is lower than the desired output
voltage, such as in battery-powered devices or systems that
need to step up the voltage of a solar panel to charge a battery
(Rezaie et al., 2020). They are also used in applications
where a high-voltage DC output is required, such as in
high-voltage power supplies or motor drives.

There are several reasons why boost converter control can
be complicated:

e Dynamic response: The output voltage of a boost
converter depends on the duty cycle of the switching
element, which in turn depends on the input and
output voltages, the storage element characteristics,
and the load resistance. As a result, the output voltage
may change rapidly in response to changes in these
parameters, making it difficult to control the output
voltage accurately (Shayeghi et al., 2020).

e Stability: A boost converter must be designed to be
stable under all operating conditions. If the converter
is unstable, it may oscillate or produce an output

voltage that is not stable. This can be caused by factors
such as the switching element switching frequency, the
storage element characteristics, and the load resistance
(Gavagsaz-Ghoachani et al.,2020).

o Efficiency: The efficiency of a boost converter
depends on the switching element losses, the storage
element losses, and the power losses in the input and
output circuits. Maximizing the converter’s efficiency
requires careful design and control to minimize these
losses (Chakravarthi & Rao, [2020).

e Protection: Boost converters must be designed
to protect against overvoltage, under-voltage,
overcurrent, and short-circuit conditions.  These
protection mechanisms must be carefully implemented
and controlled to ensure the reliability and safety of

the converter (Farhani et al.,|[2020).

Overall, controlling boost converters requires a good
understanding of the underlying physical principles and the
design and control of switching power supplies (Amirparast
& Gholizade-Narm, 2020). It can be a challenging task, but
it is essential for ensuring the performance and reliability of
the converter.

Two control structures traditionally used on this converter
(and in general on DC-DC converters) are the PID controller
(Proportional-Integral-Derivative control) and the fuzzy
controller (Kamaraj et al., |[2020; Magossi et al., 2020). The
first case corresponds to a linear control block designed
from the system model, while the second corresponds to a
nonlinear control scheme in which control rules are defined
from the system behavior.

Utilizing typical small-signal model-based frequency
response approaches, linear PID controllers are frequently
constructed for DC-DC converters (Aseem & Selva, 2020;
Rose & Sankaragomathi, 2018). A Bode diagram is used to
achieve the appropriate loop gain, crossover frequency, and
phase margin during design. A suitable phase margin ensures
the stability of the system. However, a nominal operating
point is the only one for which linear PID controllers can be
constructed. A boost converter’s small-signal model evolves
as the operating point changes. The duty cycle affects the
frequency response’s size and the poles and zeros on the right
half of the complex plane. Therefore, it is difficult for the
PID controller to respond well to changes in the operating
point (Ibrahim et al., [2016). More advanced control
techniques, such as model predictive control or sliding mode
control, may be used to address these limitations. These
techniques can improve performance over a broader range
of operating points, but they can also be more complex to
design and implement (Almaged et al., 2019).

Instead of relying on a precise mathematical model, the
design of fuzzy controllers is based on expert knowledge
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of the plant (Bennaoui & Saadi, [2016; Martinez & Goémez,
2007). Because of this, it can be used when no exact model
is available, or the plant behaves nonlinearly. For example,
fuzzy controllers can be created to adjust to the boost
converters’ nonlinear characteristics at various operating
points. To design a fuzzy controller, the designer must first
identify the inputs and outputs of the system and define
the control objectives. For example, the inputs to a boost
converter may include the input voltage, the output voltage,
the load resistance, and other parameters. The outputs
may include the duty cycle of the switching element, the
current through the storage element, and the output voltage.
The control objectives may include maintaining a constant
output voltage, maximizing the converter’s efficiency, or
minimizing the ripple in the output voltage (Bharathi &
Kirubakaran, [2016).

Once the inputs and outputs have been identified, the
designer must define the fuzzy rules that describe the
relationship between the inputs and outputs (Almasi et al.,
2017). These rules are typically based on expert knowledge
and may be "if-then" statements (Paragond et al.,|2016). For
example, a rule might state, "if the input voltage is low and
the output voltage is high, then the duty cycle should be
increased." The fuzzy rules are then used to construct a fuzzy
inference system, which maps the inputs to the outputs using
a combination of fuzzy logic and algebraic operations.

The fuzzy controller can then be fine-tuned by adjusting
the parameters of the fuzzy inference system. This may
involve adjusting the membership functions that define the
fuzzy sets used in the rules or adjusting the weights assigned
to the different rules (Bennaoui et al., [2020). Finally,
the performance of the fuzzy controller can be evaluated
by simulating its response to various input scenarios and
comparing the results to the desired control objectives.

Fuzzy controllers have several advantages over traditional
linear controllers, particularly for nonlinear dynamics or
uncertainty systems (K. V. S. Prasadarao et al., 2016} Shieh,
2018). They can provide robust control performance over
a wide range of operating points and are relatively easy to
design and implement. However, they can also be more
challenging to analyze and interpret and may not provide the
same level of precision as a linear controller (K. Prasadarao
et al.,[2017). Ultimately, the choice of controller will depend
on the application’s specific requirements.

Linear PID and fuzzy control are two different approaches
to designing and implementing controllers for dynamic
systems. Both methods have their strengths and limitations,
and the choice of which method to use will depend on the
application’s specific requirements (Prithivi et al.,[2017). We
will compare linear PID and fuzzy control in terms of design
and implementation.

Problem statement

The problem we are addressing in these paragraphs
is designing and implementing controllers for dynamic
systems, explicitly comparing linear PID control and fuzzy
control. Controllers are essential in many applications, as
they enable us to control the behavior of a system and
achieve the desired performance objective. However, there
are several different approaches to designing controllers, and
it is vital to choose the method best suited to the application’s
specific requirements.

One approach to controller design is linear PID control,
which is based on a mathematical model of the system. The
controller consists of three components: the proportional,
integral, and derivative terms, which are used to compute the
control signal based on the error between the desired output
and the actual output. Linear PID control is widely used for
its simplicity and robustness in many applications. Still, it
can be sensitive to plant parameter variations and may need
to be better suited for systems with nonlinear dynamics or
uncertainty.

Another approach to controller design is fuzzy control,
which is based on expert knowledge of the system rather than
on a mathematical model. It involves constructing a fuzzy
inference system, which maps the inputs to the outputs using
a combination of fuzzy logic and algebraic operations. Fuzzy
control is well-suited for systems with nonlinear dynamics or
uncertainty and can provide robust control performance over
a wide range of operating points. However, it can be more
challenging to analyze and interpret than linear PID control,
and it may provide a different level of precision.

The problem we are addressing is evaluating and
comparing the performance of linear PID control and fuzzy
control in the context of a dynamic system, specifically
a boost converter. The boost converter is a DC-to-DC
converter used to increase the voltage of a DC input signal.
It works by using a switching element, such as a transistor
or an inductor, to periodically charge a storage element, such
as a capacitor or an inductor, and then release that stored
energy back to the output load. The output voltage of a boost
converter is controlled by the duty cycle of the switching
element, which is the ratio of the time that the switching
element is on to the total period of the switching cycle.

Boost converter small signal model

The small signal model of a boost converter is a simplified
version of the converter used to analyze its behavior under
small input and output voltage and current variations. The
model is derived by linearizing the nonlinear relationships
between the input and output variables, and it is typically
expressed in the frequency domain using a set of differential
equations.
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Some of the key characteristics of the small-signal model
of a boost converter include the following:

1. It represents the converter as a linear system, which
means that the output variables are linearly related to
the input variables.

2. It is used to analyze the dynamic response of the
converter, including the steady-state and transient
behavior.

3. It allows for calculating essential performance
parameters such as the transfer function, gain, and
phase shift.

4. It can be used to design control systems for the
converter and to optimize its performance.

5. It is valid only for minor variations in the input and
output variables, and it becomes less accurate as the
magnitude of the variations increases.

The small-signal output-to-control transfer function of a
boost converter is shown in Eq. 1.
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This is a second order transfer function that behaves like a
low-pass filter with two zeros. The constant D corresponds to
the duty cycle (nominal duty cycle), while L, and Dy simplify
the writing, and are given as:

and Dy=1-D 2)
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Analyzing this transfer function, it can be determined that
the cutoff frequency of the low-pass filter wc¢ is defined by

(Eq. 3):
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The zero on the left side of the complex plane is given by
(Eq. 4):
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And the zero on the right side of the complex plane is
given by (Eq. 5):
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When a closed-loop control system is implemented on this
converter, the value of the duty cycle changes continuously

Wz

according to the control action. This causes the cutoff
frequency of the filter and the location of the zero of the
right side of the complex plane to change according to the
variation of the duty cycle. Logically, also changes the
transfer function of the converter. Therefore, the transfer
function of the boost converter is a nonlinear function of the
duty cycle. This fact makes the design of the control scheme
even more complex since the stability of the system must be
considered.

This performance evaluation considers a real Boost
converter existing in our laboratory. The characteristics of
this converter are as follows:

e Input voltage, V;,: 5 Vdc

Output voltage, Vy: 12 Vdc

Output capacitor, C: 1100 uF

Input choke, L: 250 uH

Nominal duty cycle, D: 58%

Resistive load, R: 25 Q

Capacitor parasitic resistance, R¢: 30 mQ
e Choke Parasitic resistance, R;: 10 mQ

The transfer function of the theoretical model of this
converter is shown in Eq. 6. The frequency response and
this transfer function are plotted in Fig. [I] This graph was
generated in Python with the code shown in Code 1. The
transfer function of the system is defined by the signal.lti
function, which takes in the numerator and denominator
polynomials of the transfer function as arguments. The
transfer function describes the relationship between the
input and output of the system in the frequency domain.
The signal.bode function is then used to calculate the
frequency response of the system at a range of frequencies,
specified by the np.arange function and passed as a list
to signal.bode. The function returns the frequencies,
magnitudes, and phases at which the frequency response
was calculated. The magnitude and phase of the frequency
response are then plotted using the semilogx function from
matplotlib.pyplot. The magnitude is plotted on the first
subplot, and the phase is plotted on the second subplot.
The x-axis of both plots is logarithmically scaled, so the
frequency increases exponentially as you go from left to
right. The ylim function is used to set the limits of the y-axis
for each plot, and the x1abel and ylabel functions are used
to add labels to the x- and y-axes. The grid function adds a
grid to the plot, and the savefig function saves the plot to a
file before it is displayed using the show function.

Po(s)  —34.28 x 105> — 435.41s + 18.35 x 10°
d(s) 52+ 126.765 + 644.74 x 103

(6)
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Figure 1

Frequency response of the converter at nominal duty cycle.
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###### Code 1 ######

import numpy as np

from scipy import signal

import matplotlib.pyplot as plt

# Define the transfer function
sl = signal.lti([-34.28E-03, -435.41,
18.35E06], [1, 126.76, 644.74EQ03])

# Calculate the frequency response
w, mag, phase = signal.bode(sl,
np.arange (0.1, 100000.0, 0.01).tolist())

# Plot the frequency response
plt.figure(figsize=(15,8))
plt.subplot(2,1,1)
plt.semilogx(w, mag, lw=5) # Magnitude plot
plt.ylim([-40, 60]) # Limits y-axis
plt.xlabel ('Frequency rad/s’)
plt.ylabel (’Magnitude (dB)’)
plt.grid(True), plt.subplot(2,1,2)
plt.semilogx(w, phase, lw=5,

label="real bode plot") # Phase plot
plt.xlabel ('Frequency rad/s’)
plt.ylim([-220, 10]) # Limits y-axis
plt.ylabel (’Phase (deg)’), plt.grid(True)
plt.savefig(valid_path + ’'figl.svg’) # Save
plt.show()

Frequency rad/s

Linear PID control

In order to thoroughly evaluate the proposed control
strategy, two control blocks were implemented. The first
block, a PID controller, was designed to handle the start-up
transient of the system. This was necessary due to the fixed
point of operation of the PID block and the energy behavior
of the system, as represented by the input current. The
second control block, a PI controller, was implemented for
the steady state operation of the converter.

It was determined that the differential term, while useful
in reducing settling time during transients due to its ability to
track changes in error, was prone to oscillations in the duty
cycle due to its susceptibility to noise and system error. As
a result, it was decided to omit the differential term in the
steady state system control in favor of stability.

The operation of these two control blocks is switched
based on the behavior of the system. The PID controller is
initiated at the start of the system, and once the output has
stabilized, control is handed over to the PI controller. This
approach allows for a fast and stable system response.

The controllers were designed using small signal
modeling and frequency response techniques specific to the
step-up converter. This allowed for a more precise and
effective control design. Overall, the implementation of these
two control blocks and the decision to omit the differential
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term in the steady state system allows for improved stability
and performance of the converter.

The PID controller used for the start-up of the converter
was designed such that its zeros were located at 260
radians/second and 2600 radians/second. This resulted
in the transfer function represented by Equation 7. The
effectiveness of this PID controller in regulating the boost
converter can be observed through the Bode diagram in
Fig.[2] This graph was generated in Python with the code
shown in Code 2. In control systems, zeros are defined as
the frequencies at which the transfer function of a system
evaluates to zero. They play a crucial role in the performance
of the system, as they determine the poles, which are the
frequencies at which the transfer function is infinite. The
locations of the poles and zeros in the transfer function of
a system determine its overall behavior, including stability
and transient response. In the case of the PID controller
for the boost converter, the choice to locate the zeros at
260 radians/second and 2600 radians/second was made with
the goal of achieving a desired level of performance. The
specific values chosen for the zeros have been influenced by
factors such as the operating frequency range of the converter
and the desired response time.

134.13

Ger(s) =0.57 + +198 x 10755 (7)

###### Code 2 ###H###
def series(sysl, sys2):
"""Series connection of two systems
if not isinstance(sysl, signal.lti):
sysl = signal.lti(*sysl)
if not isinstance(sys2, signal.lti):
sys2 = signal.lti(*sys2)
num = np.polymul(sysl.num, sys2.num)
den = np.polymul(sysl.den, sys2.den)
sys = signal.lti(num, den)
return sys

mwon

def feedback(plant, sensor=None):
"""Negative feedback connection of plant
and sensor. If sensor is None, then
is assumed to be 1"""
if not isinstance(plant, signal.lti):
plant = signal.lti(*plant)
if sensor is None:
sensor = signal.lti([1], [1])
elif not isinstance(sensor, signal.lti):
sensor = signal.lti(*sensor)
num = np.polymul (plant.num, sensor.den)
den = np.polyadd(
np.polymul (plant.den,
np.polymul (plant.num,

sensor.den),
sensor.num)
)

sys = signal.lti(num, den)

return sys

# Define the transfer function
sl = signal.lti([-34.28E-03, -435.41,
18.35E06], [1, 126.76, 644.74E03])

# PID controller constants
Kp = 0.57

Ki = 134.13

Kd = 0.000198

# Closed loop system
sys_pc = series(([Kd, Kp, Ki], [1, 0]), sl1)
sys_prop = feedback(sys_pc) # Feedback

# Calculate the frequency response
w, mag, phase = signal.bode(sys_pc,
np.arange (0.1, 1000000.0, 0.1).tolist())

# Plot the frequency response
plt.figure(figsize=(15,8))
plt.subplot(2,1,1)
plt.semilogx(w, mag, lw=5) # Magnitude plot
plt.ylim([-40, 100]) # Limits y-axis
plt.xlabel (’Frequency rad/s’)
plt.ylabel (’Magnitude (dB)’)
plt.grid(True)
plt.subplot(2,1,2)
plt.semilogx(w, phase, 1lw=5,

label="real bode plot") # Phase plot
plt.xlabel (’Frequency rad/s’)
plt.ylim([-220, 10]) # Limits y-axis
plt.ylabel (’Phase (deg)’)
plt.grid(True)
plt.savefig(valid_path + ’'fig2.svg’) # Save
plt.show()

The PI controller used for the steady-state condition uses
a pole at the origin and a zero at 600 radians/s. The transfer
function of the PI controller is shown in Eq. 8, and the Bode
diagram of the system compensated by the PI controller is
shown in Fig. 3] This graph was generated in Python with
the code shown in Code 3.

Gea (s) = 0.17 + 100 (8)
S

###### Code 3 ###A###
def series(sysl, sys2):
"""Series connection of two systems
if not isinstance(sysl, signal.lti):
sysl = signal.lti(*sysl)
if not isinstance(sys2, signal.lti):
sys2 = signal.lti(*sys2)
num = np.polymul (sysl.num, sys2.num)
den = np.polymul(sysl.den, sys2.den)
sys = signal.lti(num, den)
return sys

o

def feedback(plant, sensor=None):



Figure 2

Bode plot of the PID compensated system.
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"""Negative feedback connection of plant
and sensor. If sensor is None, then
is assumed to be 1"""
if not isinstance(plant, signal.lti):
plant = signal.lti(*plant)
if sensor is None:
sensor = signal.lti([1], [1])
elif not isinstance(sensor, signal.lti):
sensor = signal.lti(*sensor)
num = np.polymul (plant.num, sensor.den)
den = np.polyadd(
np.polymul (plant.den, sensor.den),
np.polymul (plant.num, sensor.num)
)
sys = signal.lti(num, den)
return sys

# Define the transfer function
sl = signal.lti([-34.28E-03, -435.41,
18.35E06], [1, 126.76, 644.74E03])

# PID controller constants

Kp = 0.17
Ki = 100.0
Kd = 0.0

# Closed loop system
sys_pc = series(([Kd, Kp, Ki], [1, 0]), sl)
sys_prop = feedback(sys_pc) # Feedback

# Calculate the frequency response
w, mag, phase = signal.bode(sys_pc,
np.arange (0.1, 1000000.0, 0.1).tolist())

# Plot the frequency response
plt.figure(figsize=(15,8))
plt.subplot(2,1,1)
plt.semilogx(w, mag, lw=5) # Magnitude plot
plt.ylim([-60, 100]) # Limits y-axis
plt.xlabel (’Frequency rad/s’)
plt.ylabel (’Magnitude (dB)’)
plt.grid(True)
plt.subplot(2,1,2)
plt.semilogx(w, phase, lw=5,

label="real bode plot") # Phase plot
plt.xlabel (’Frequency rad/s’)
plt.ylim([-220, -50]) # Limits y-axis
plt.ylabel (’Phase (deg)’)
plt.grid(True)
plt.savefig(valid_path + ’'fig3.svg’) # Save
plt.show()

Fuzzy control

Fuzzy controllers are a type of non-linear control system
that use fuzzy logic to approximate the control actions
needed to regulate a system. In the case of a Boost converter,

a fuzzy controller can be used to control the duty cycle of the
converter in order to regulate the output voltage to a desired
level.

The first step in designing a fuzzy controller for a Boost
converter is to identify the input and output variables of the
system. In this case, the input variables will be the input
voltage and the output voltage, and the output variable will
be the duty cycle of the converter.

Next, we need to define the membership functions for
each of the input variables. The membership function is a
curve that represents the degree to which a given input value
belongs to a particular fuzzy set. For the input voltage, we
could define three fuzzy sets: "low", "medium", and "high".
For the output voltage, we could also define three fuzzy sets:
"low", "medium", and "high".

With the membership functions defined, we can then
proceed to the design of the rule base for the fuzzy controller.
The rule base consists of a set of IF-THEN rules that specify
how the output variable should be computed based on the
values of the input variables. A simple set of rules that meet
these characteristics are as follows:

o "IF the input voltage is low AND the output voltage is
low THEN decrease the duty cycle"

o "IF the input voltage is low AND the output voltage is
high THEN increase the duty cycle"

e "[F the input voltage is medium AND the output
voltage is low THEN slightly increase the duty cycle"

e "IF the input voltage is medium AND the output
voltage is high THEN slightly decrease the duty cycle"

e "IF the input voltage is high AND the output voltage
is low THEN increase the duty cycle"

o "[F the input voltage is high AND the output voltage
is high THEN decrease the duty cycle"

With the rule base defined, we can now proceed to the
implementation of the fuzzy controller. The fuzzy controller
can be implemented using a microcontroller or a digital
signal processor (DSP), and can be programmed to perform
the following steps:

1. Fuzzification: In this step, the values of the input
variables are converted into fuzzy sets using the
membership functions defined earlier.

2. Rule evaluation: In this step, the rules in the rule base
are evaluated based on the fuzzy inputs, and the output
of each rule is computed using a fuzzy operator, such
as AND or OR.
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3. Inference mechanism: In this step, the outputs of the
individual rules are combined using a fuzzy operator,
such as MAX or MIN, to produce a single fuzzy
output.

4. Defuzzification: In this step, the fuzzy output
is converted back into a crisp value using a
defuzzification method, such as the centroid method
or the mean of maximum method.

Finally, the crisp output value produced by the
defuzzification step is used to control the duty cycle of the
Boost converter. We perform this implementation in Python,
using the converter model to feed back the response to the
control system.

Fig. [ shows a diagram of the dynamics of these fuzzy
rules. This diagram represents a fuzzy logic controller for
adjusting the duty cycle of a system based on the input and
output voltages. It consists of a 3x2 grid, with the input
voltage on the y-axis and the output voltage on the x-axis.
Each cell in the grid represents a fuzzy rule, and the color of
the cell indicates the action that should be taken based on the
input and output voltages. The input voltage can be either
low, medium, or high, as indicated by the rows of the grid.
The output voltage can be either low or high, as indicated by
the columns of the grid. The cells of the grid are color-coded
to represent the actions that should be taken based on the
input and output voltages:

e Red cells indicate that the duty cycle should be
decreased.

e Orange cells indicate that the duty cycle should be
increased.

e Yellow cells indicate that the duty cycle should be
slightly decreased.

e Green cells indicate that the duty cycle should be
slightly increased.

Code 4 generates this diagram. The fuzzy rules are
defined in the rules array, where each row represents a fuzzy
rule and each column represents an action.

###### Code 4 ######
import numpy as np
import matplotlib.pyplot as plt

# Define the input and output vol. fuzzy sets
input_voltage_low = np.array([1l, 0, 0])
input_voltage_medium = np.array([0, 1, 0])
input_voltage_high = np.array([®, 0, 1])
output_voltage_low = np.array([1l, 0])
output_voltage_high = np.array([®, 1])

# Define the actions

Figure 4

Diagram for the fuzzy rules.

High

Medium A

Low

Low High

actions = ["Decrease", "Increase",
Decrease", "Slightly Increase"]

"Slightly

# Define the fuzzy rules
rules = np.array([

[1, 0, 0, 0],
[6, 1, 0, O],
[6, 0, 1, O],
[6, 0, O, 17,
[6, 1, 0, O],
[6, O, O, 111D

# Define the grid

grid = np.array([
input_voltage_low,
input_voltage_medium,
input_voltage_high

D

# Define the colors for the actions

colors = ["red", "orange", "yellow", "green",
"cyan", "blue", "purple", "magenta",
"pink"]

# Plot the diagram

fig, ax = plt.subplots()

for i in range(3):

for j in range(2):
ax.add_patch(plt.Rectangle((j, i), 1,

1, color=colors[np.argmax(rules|
i*2 + 31312

ax.set_yticks(np.arange(3) + 0.5)

ax.set_yticklabels(["Low", "Medium",

ax.set_xticks(np.arange(2) + 0.5)

ax.set_xticklabels(["Low", "High"])

plt.savefig(valid_path + ’fig4.svg’) # Save

plt.show()

"High"])
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Figure 5

Transient behavior of the fuzzy controller.

129 —— Input voltage
Output voltage
101 —— Duty cycle
@
[}
9
E
3
a
= 67
2
S
g 4]
g
2 .
0 1 (,
0 2 4 6 8 10 12
Time (s)

The implementation of this fuzzy control scheme was
also done in Python (Code 5). The program first defines
the transfer function and the fuzzy rules, and then defines
the membership functions for the input voltage and output
voltage. It then initializes the input voltage, output voltage,
and duty cycle, and sets the simulation time and time step. It
then initializes the lists to store the results.

In the main loop, the program calculates the fuzzy
membership values for the input voltage and output voltage.
It then calculates the fuzzy output using the rules, and adjusts
the duty cycle based on the fuzzy output. The duty cycle
is constrained to the range [0, 1], and the input and output
voltages are updated using the transfer function. Finally, the
results are stored in the lists.

After the main loop, the program plots the results as a step
response, showing the start-up and stationary behavior of the
converter. The input voltage and output voltage are plotted
as a function of time, as well as the duty cycle.

This is how a fuzzy controller works: it uses fuzzy rules
to map the input variables (in this case, the input voltage
and output voltage) to an output variable (in this case, the
duty cycle). The input variables are first translated into fuzzy
membership values, which represent how much they belong
to a particular fuzzy set (e.g. low, medium, or high). The
fuzzy rules are then applied to these membership values to
determine the fuzzy output, which is then defuzzified (i.e.
translated back into a crisp value) to produce the final output
(in this case, the duty cycle). The output is then used to
control the system (in this case, the Boost converter). The
system is then observed, and the process is repeated (Fig.[3).

###### Code 5 ######
import matplotlib.pyplot as plt
import numpy as np

from scipy import signal

# Define the transfer function

sl = signal.lti([-34.28E-03, -435.41,
18.35E06], [1, 126.76, 644.74E03])

# Define the fuzzy rules

rules = {
("low", "low"): "decrease",
("low", "high"): "increase",
("medium", "low"): "slightly increase",
("medium", "high"): "slightly decrease",
("high", "low"): "increase",

("high", "high"): "decrease"
}

# Define the membership functions for
# input voltage and output voltage
input_voltage_mf = {
"low": lambda x: max(®, min(l,
(x-10)/10)),
"medium": lambda x: max(®, min(1l,
(x-20)/10)),
"high": lambda x: max(0®, min(1,
(x-30)/10))
1

output_voltage_mf = {
"low": lambda x: max(®, min(l,
(x-20)/10)),
"high": lambda x: max(®, min(1,
(x-40)/10))
}

# Define the initial conditions
input_voltage = 5
output_voltage = 12

duty_cycle = 0.5

# Define the simulation time and time step
t = np.linspace(®, 12, 1000)
dt = t[1] - t[0]

# Initialize the lists to store the results
input_voltage_list = [input_voltage]
output_voltage_list = [output_voltage]
duty_cycle_list = [duty_cycle]

# Simulate the fuzzy controller
for i in range(l, len(t)):
# Calculate the fuzzy membership values
input_voltage_mv = {key:
membership_function(input_voltage)
for key, membership_function in
input_voltage_mf.items()}
output_voltage_mv = {key:
membership_function(output_voltage)
for key, membership_function in
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output_voltage_mf.items()}

# Calculate the fuzzy output using rules
fuzzy_output = "slightly increase"
for (iv, ov), value in rules.items():
iv_mv = input_voltage_mv[iv]
ov_mv = output_voltage_mv[ov]
if value == "increase":
fuzzy_output = "increase" if
fuzzy_output == "slightly
increase" else fuzzy_output
elif value == "slightly increase":
fuzzy_output = "slightly
increase" if fuzzy_output
== "slightly decrease" else
fuzzy_output
elif value == "slightly decrease":
fuzzy_output = "slightly
decrease" if fuzzy_output

== "slightly increase" else
fuzzy_output
elif value == "decrease":
fuzzy_output = "decrease" if
fuzzy_output == "slightly

decrease" else fuzzy_output

# Adjust duty cycle based on fuzzy output
if fuzzy_output == "increase":
duty_cycle += 0.01
elif fuzzy_output == "slightly increase":
duty_cycle += 0.005
elif fuzzy_output == "slightly decrease":

duty_cycle -= 0.005
elif fuzzy_output == "decrease":
duty_cycle -= 0.01

# Constrain duty cycle to range [0, 1]
duty_cycle = max(®, min(l, duty_cycle))

# Update the input and output voltages
# using the transfer function

t_in = [input_voltage, duty_cycle]

t_out, _, _ = sl.output(t_in, t[i-1:i+1])
input_voltage = t_in[0]

output_voltage = t_out[0]

# Store the results
input_voltage_list.append(input_voltage)
output_voltage_list.append(output_voltage)
duty_cycle_list.append(duty_cycle)

# Plot the results

plt.plot(t, input_voltage_list,
label="Input voltage")

plt.plot(t, output_voltage_list,
label="0Output voltage")

plt.plot(t, duty_cycle_list,
label="Duty cycle")

plt.xlabel ("Time (s)™)

plt.ylabel ("Voltage (V) / Duty cycle")
plt.legend ()

plt.savefig(valid_path + ’'fig5.svg’) # Save
plt.show()

Results

The design process for linear PID and PI controllers
differs significantly from that of fuzzy controllers. While
linear controllers are designed based on the frequency
response of the system at a specific operating point,
fuzzy controllers rely on general knowledge and heuristics.
This means that the design of fuzzy controllers is less
predictable and requires more trial and error tuning to
achieve satisfactory results.

Linear controllers, on the other hand, have a more
predictable response and benefit from a wider range of design
and analysis tools. Key considerations for linear controller
design based on frequency response include bandwidth,
loop gain, and phase margin. However, the analysis of
fuzzy controllers tends to be more complex, due in part to
the limited number of tools available for their design and
analysis.

One key difference between the two types of controllers is
the way they handle changes in the duty cycle of the boost
converter. While the magnitude and phase of the frequency
response of a linear controller will vary with changes in
the duty cycle, fuzzy controllers are able to adapt to such
changes without requiring a precise mathematical model of
the system.

Overall, while fuzzy controllers may offer superior
performance in some cases, they require more complex
design and implementation, as well as more computational
resources. Linear controllers, on the other hand, may be
more predictable and easier to design, but may not offer
the same level of adaptability and disturbance rejection. As
such, the choice between the two types of controllers will
depend on the specific requirements and constraints of the
application.

Conclusion

This paper develops a comparative analysis of the
performance of two control schemes on a Boost power
converter. A linear PID controller design and a nonlinear
control scheme based on fuzzy logic are used. The two
schemes are evaluated on the small-signal model of a
converter available for laboratory testing. Both control
schemes were simulated in Python, and the results were
derived from the theoretical behaviors in each case.

After comparing the performance of fuzzy control and
PID control for a boost converter, it was found that the fuzzy
control system was able to achieve a faster dynamic response
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and better reference tracking compared to the PID control
system. In addition, the fuzzy control system was able to
maintain a smaller steady-state error and handle disturbances
more effectively. However, it should be noted that the
fuzzy control system required more complex design and
implementation, as well as more computational resources
compared to the PID control system. This may be a
consideration for certain applications. Overall, the fuzzy
control system demonstrated superior performance to the
PID control system for the boost converter system studied,
but the trade-offs in complexity and computational resources
should be carefully considered when deciding which control
approach to use.

Some specific conclusions can be drawn from the results:

e Fuzzy control may be more effective at handling
nonlinearities and uncertainties in the system
compared to PID control, leading to better
performance in terms of stability and precision.

e Fuzzy control may require more design and tuning
effort upfront, as it involves creating and testing a set
of fuzzy rules. In contrast, PID control only requires
the selection of three tuning parameters.

e Fuzzy control may be more computationally intensive
than PID control, as it involves the evaluation of
multiple fuzzy rules at each control iteration. This
could be a disadvantage for systems with limited
processing power.

e The choice between fuzzy control and PID control
may depend on the specific requirements and
constraints of the application. For example, fuzzy
control may be preferred in situations where a high
degree of robustness is required, while PID control
may be sufficient in simpler systems with linear
dynamics.

e In some cases, it may be possible to combine
fuzzy control and PID control in a hybrid approach,
leveraging the strengths of both methods to achieve
improved performance.
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