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ABSTRACT

SPEED CONTROL OF BLDC MOTOR BASED ON
MULTICRITERIA OPTIMIZATION WITH GENETIC ALGORITHM

NURULLAH SEZiK
M.Sc., Department of
Mechatronics Engineering

Supervisor: Assist. Prof. Dr. Ulas BELDEK
Co-Supervisor: Prof. Dr. Ires ISKENDER

February 2020, 73 pages

In this thesis, a brushless DC (BLDC) motor’s speed control is handled by
developing two different control structures using Genetic Algorithm. The speed
control application is governed as a multi-criteria optimization problem where each
criterion is taken as the time domain performance criteria of the controlled closed
loop system. Within this scope, the main objective is to capture the reference speed
signal as quickly as possible by the help of rise time and settling time criteria,
minimizing the steady-state error value, keeping overshoot as minimum as possible
and observing no undershoot. For this purpose, Genetic Algorithm (GA) method is
utilized to adjust either a proportional-integral (PI) controller parameters or to select
the most suitable inputs and the outputs parameters for normalization factors of
Fuzzy Logic Controller (FLC). All optimization process is carried out using a BLDC
Motor Model.

Keywords: BLDC Motor, Linearization, Multicriteria Optimization, Genetic

Algorithm, PI Controller, Fuzzy Logic Controller, Transfer Function, Root Locus.
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GENETIK ALGORITMA iLE COK AMACLI OPTIMIiZASYON TABANLI
BLDC MOTOR HIZI KONTROLU

NURULLAH SEZIK

Yiiksek Lisans
Mekatronik Miihendisligi
Anabilim Dali
Tez Yéneticisi: Dr. Ogr. Uye. Ulas BELDEK
Ortak Tez Yoneticisi: Prof. Dr. Ires ISKENDER

Subat 2020, 73 pages

Bu tezde, Fir¢asiz DC (BLDC) motorun hizi, iki farkli kontrol yapisi gelistirilerek,
Genetik Algoritma kullanilarak kontrol edilmistir. Hiz kontrol uygulamasi, her
kriterin kontrollii kapali dongii sisteminin zaman alani performans kriterleri olarak
alindig1 ¢ok kriterli bir optimizasyon problemi olarak yonetilir. Bu kapsamda temel
hedefler referans hiz sinyalini yiikselme zaman1 ve ¢okme siiresi kriterleri yardimiyla
miimkiin oldugunca ¢abuk yakalamak, kararli durum hata degerini en aza
indirgemek, miimkiin olan en az asimi silirdiirmek ve bir aginma gozlemlememek
olarak belirlenmistir. Bu amagla Genetik Algoritma (GA) yontemi, orantili-integral
(PI) denetleyici parametrelerini ayarlamak ve Bulanik Mantik Denetleyicisinin (FLC)
normallestirme faktorleri icin en uygun giris ve ¢ikis parametrelerini segmek icin
kullanilir. Tim bu optimizasyon islemleri BLDC Motor Modeli kullanilarak
gerceklestirilmistir.

Anahtar Kelimeler: Firgasiz DC Motor, Dogrusallastirma, Cok Kriterli
Optimizasyon, Genetik Algoritma, Oransal-intergral Kontrol, Bulanik Mantik

Kontrolor, Transfer Fonksiyonu, Kok Yerlesimi.
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CHAPTER 1

INTRODUCTION

1.1 BLDC Motors

Brushless DC Motors (BLDC) have been widely used as they are suitable for
different kinds of applications [1-7]. Their area of application ranges from industry to
aerospace. BLCD motors can be applied for constant load, variable load and
positioning applications in respective of their size and dimensions. Recently, one of
the main issues that the researchers mainly focus on about BLDC motors is their
control structure [5], [8], [9]. Various conventional control strategies like P, PI
control can be applied to these motor [5], [14] as well as intelligent techniques such
as FLC Logic [10], [12], [14] Neural Networks [11].

Deeper information about BLDC motors can be obtained from [12], [14]. Besides the

mathematical model for some types of these motor also exist in [12], [13], [14].

Two different control modes should be used in harmony to control the BLDC motor.
The first control mode is used for adjustment and reshaping of the stator currents of
the BLDC motor in terms of magnitude and structure and that process is
accomplished generally by the help of hysteresis or PWM current control techniques
[6], [7], [12], [14]. The second control mode is used for the main control purpose
where the motor is intentionally driven for various control applications. Among these
control applications one of them is (angular) speed control. In [14] linearization of
the model of a BLDC motor having a hysteresis stator current control mode is
performed and approximate linearized system model is obtained. Due to the
linearized model of the BLDC motor possessing hysteresis current control mode, P
and PI controllers are designed for the second control mode which is actually the

speed control application. The design of the P and PI controllers are performed by

1



the help of Root Locus technique. After P and PI controllers are designed, their
performance is compared with FLC structure that is working properly for the same
speed control applications. This procedure to obtain P and PI controllers in [14] has
two drawbacks. Firstly in [14] the Pl and P controllers were obtained due to
linearized model of the BLDC motor in a specific speed range. However at various
speed ranges different linearization of the model might be more accurate compared to
specific speed range chosen for linearization in [14]. For this reason, it is better to
implement different Pl or P controllers in different speed ranges or new technique
should be considered that adjust to parameters of the P or PI controllers accounting
different speed ranges. Secondly the P and PI1 controllers in [14] are developed only
examining frequency domain information: the closed loop pole locations of the
approximate linearized model are evaluated by the help of Root Locus technique. In
[14], generally time domain performance indices such as steady-state error, rise time,
maximum overshoot, settling time and undershoot (if available in the system
response) are just controlled after the controller structure is determined and
maintained. These performance indices such as rise time, settling time, maximum
overshoot and steady-state error are not part of the controller design process instead
they are passively obtained after the nonlinear system is driven by the P or PI
controller. Hence these performance indices in some simulations tend to demonstrate
unsatisfactory results. In [14] the rule-structure of the FLC controller used in [12] is
implemented using Gaussian membership functions whereas in [12] trapezoidal
membership functions are employed. Besides the nominal values of the FLC
controller input and output normalization parameters in [12] are not explicitly given.
Hence in [14] these FLC parameters are obtained by some trial and error method.
With all of these settings P and PI controllers developed in [14] are compared with
the FLC controller developed in [14] and FLC controller generally exhibits better
results in terms of the performance indices. However, the FLC can also be made
more efficient by parameter tuning. Besides a new method can be proposed to
develop the FLC by considering different speed levels into account. For improving
the drawbacks of the previous study, the aim of this thesis is determined as
generating better control structures by taking different aspects especially the time

domain performance indices into account.



For this reason, in this thesis a multi-criteria cost optimization problem is set that to
adjust the parameters of a Pl controller and the FLC. Each time domain performance
index is assigned as a criterion of the cost. After the criterions are evaluated the cost
IS obtained as a total summation of each criterion with their own weight value. Then
GA is applied in order to minimize the cost function. For developing the PI
controllers, the cost function is minimized to obtain the most satisfactory PI
parameters whereas for developing the FLC the cost function is minimized to adjust
the normalization factors of the FLC whose rule structure is the same as the rule-
structure of [12], [14]. Besides the optimization process is handled with different
intentions. In some optimization applications (for Pl controller and FLC design) the
controller structure is developed by considering different speed levels into account in
the cost function whereas in some other optimization applications (Pl controller
design) a single speed level is used in the optimization process to adjust the
controller parameters. The first approach is called as either Multiple PI approach (in
case a PI controller is developed) or Multiple FLC approach (in case a FLC
controller is developed) the second approach is called as Single Pl approach (in case
single PI controller is developed for each speed range separately). In [12] the
performance of the controllers (whether it is PID or FLC) is only tested for a single
speed range: the controllers are trying to adjust the speed of the BLDC motor from 0
rot/min (0 rad/sec) to 4000 rot/min (418.879 rad/sec). However, in reality in order to
demonstrate the performance of the controller the controller should be tested also in
different speed ranges. That issue is not considered in [12]. In [14] after the
controller structures are developed only some tests are carried out for different speed
ranges. One of the missing issues in both [12] and [14] are also the simulation
parameters in MATLAB/Simulink. In both of these studies [12], [14] two of the most
important simulation parameters are not mentioned: it is the step size of the solver
and selected differential equation solver. Throughout the simulations done in this
thesis, it is observed that, these parameters are so important for the stability and
transient behavior of the closed loop system and the optimization duration. Hence for
a fair comparison of Pl and FLC controllers they should be selected similarly. After
the controllers are developed the efficiency of the control structures can be tested

with different step-sizes in test applications. Lastly in important parameter for multi-



criteria optimization applications is weight adjustment. In different optimization runs
weight adjustment is also performed to tune the comparative effects of each criterion
at the cost function in this thesis.

1.2 Thesis Organization

The thesis consists of seven sections. The first section gives general information
about BLDC Motors and thesis subject. The second section describes the
mathematical model of the BLDC motor. The third section gives information about
type of controllers that are employed. The fourth chapter gives details about the
usage of GA for optimizing controller parameters employing a multi-criteria cost
function: describes how the Single PI, Multiple Pl and Multiple FLC approaches are
integrated into the optimization process by application of GA and this chapter also
demonstrates the results of the optimization applications and compares them with the
previous studies re-simulated results. Chapter five and six gives conclusion graphs
and tables of optimization phase (Casel), validation phase (Case 2) and
normalization of cost function based on different aspects. Chapter 7 includes the

concluding remarks.



CHAPTER 2

BLDC MOTOR MATHEMATICAL MODEL

In this thesis the mathematical model of the BLDC motor put forward in [12], [13]
and [14] are implemented employing MATLAB/SIMULINK code produced for [14].
The model produced in [14] has two parts. The first part is the uncontrolled plant
model of the BLDC motor where the input to the plant is the torque applied to the
BLDC motor and the output is the corresponding angular velocity of the motor. The
second part is the controller. What is done in this thesis is integrating the first part of
the model produced in [14] inside a GA optimization process that minimizes a multi-
criteria GA cost faction that weighs the comprehensive importance of time domain
performance criteria in closed loop system response by adjusting either the
parameters of a Pl controller or the normalization factors of a FLC. For this purpose,
the BLDC model parameters in [12] that are also applied [14] are preferred. These

parameters are given in Table 1.

Table 1: BLDC motor values in BLDC motor model [12], [14].

Number of Phase 3(star)

Rated speed 4228 rpm (442.7551 rad/sec)
Rated current 6.8 A

Number of poles 8

Moment of inertia (J) 0.000019 Nm-

Voltage constant (Ke) 0.0419 V/(rad/s)

Torque constant (Kj) 0.0419 Nm/A

Stator equivalent resistance (R) 0.348

Stator equivalent inductance (L) 0.000314 H




Using the plant mathematical structure explained in [12] and [14], the corresponding
BLDC motor model given in Figure 1 is obtained. In this model the system is in
uncontrolled (open loop) form. Its input is Tmax (in Newton.m) which is the applied
torque to the motor and output is the angular velocity of the motor which is in
rad/sec. In this model in order not to let the current exceed critical values some
saturation element is also inserted to the model which limits the current value

between 40 Amperes and -40 Amperes.
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Figure 1: Open Loop BLDC Motor Model

This model is defined as a sub-system block in MATLAB/SIMULINK. The
corresponding sub-system block that can be replaced instead of the model in Figure 1

is obtained. The sub-system block is given in Figure 2.
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Subsystem BLDC Model

Figure 2: Sub-system model of open loop BLDC motor.



CHAPTER 3

CONTROLLER STRUCTURES

In order to control the open loop system given in Chapter 2 that is described by
the block diagram in Figures 1 or 2, two controller structures are proposed. The
first controller structure is a PI controller and the second one is a FLC controller.
In previous works of [12] and [14] either a fixed control structure whose
parameter are determined intuitively is put forward assuming that the controller
structure performs the control task sufficiently well in terms of time-domain
performance criteria or the system’s linearized model is used as in [14] to further
develop P or PI controller structures based on the frequency domain analysis
(Root Locus) of the linearized system. Both of these implementations lack some

important issue.

First of all, the controller parameters are set without any optimization based on
experience hence none of the performance criteria in time-domain are considered.
Secondly the number of scenarios to create the controller structures seems to be
insufficient for both studies. For example, in [14] system identification process of
the non-linear system to approximate it as a linear system is handled in a wide
range of angular speed span of the BLDC motor. The identification process is
done as follows: the motor is driven by a rated current starting from stand still
position (motionless) and as the result the motor reaches to the rated speed value
in a time range. The corresponding data was used in the system identification
process. This identification process might give unsatisfactory results as the non-

linearity of the system increases.

A better idea can be using linearization in different speed ranges separately.
Similarly, the FLC’s efficiency is tested only for a few scenarios where the
number of speed span is limited. It is possible to increase the efficiency of the

FLC by accounting more speed ranges into consideration and defining a suitable



parameter update procedure to handle all of these ranges. For these reasons, an
optimization process is defined to equip these controllers with sophisticated
characteristics.

3.1 Controllers

The working principle of both Pl and FLC are similar. At the beginning the set
value and actual value of the controlled variable are subtracted from each other to
obtain an error signal. Then the error signal goes through a mathematical process
which creates the manipulated signal that drives the plant.

The aim of this process is to make set value and the actual value of the controlled
variable as close as possible. As the process requires a repetitive comparison of
the set and actual value of the controlled signal, it is called as a feedback control
process. The structure of the control process for a Pl controller and a FLC are

given in Figures 3 and 4 respectively.
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Figures 3: The structure of the Pl Controller
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Figures 4: The structure of the FLC

In Figure 3 and 4, controlled variable is the angular speed of the motor ‘wn’. The
reference set value of the controlled variable is ‘Wm_ref’. The error signal ‘e’ is
simply obtained by subtracting wm from ‘wm _ref’. The controller processes the error
signal and as the result ‘Tmax’ the torque value that is driving the BLDC motor is
obtained. In Figure 5 the inner structure of the FLC controller is given. FLC

controller has 3 parameters, these are ‘Nei‘,’Nez2‘and ‘Ny’. These parameters are



normalization factors and they should be selected wisely in order to increase the

performance of the FLC.
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Figure 5: The Inner Structure of the FLC
The structure of the PI controller is much simpler than FLC. The controller takes the
error signal ‘e(t)’ as input and as the result it produces the output signal Tmax. The

mathematical relation between e(t) and Tmax iS given in Equation 1 as;

Tmax=P e(t)+|j e(t)dt (1)

0

where ‘P’ is the proportional gain and ‘I’ is the integral gain parameters of the PI

controller.

When the Pl controller or FLC is employed, the closed loop system structure
becomes as in Figure 6 (in case PI controller is used) and Figure 7 (in case FLC is

used).
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(2 ‘O » PID(s) > Tmax{AppI\edtorqﬁeJ':_ wm (Angular velocity) » 2 )

wm_ref — wm’1
17 ‘ PI Controller

BLDC plant model1

Figure 6: Closed loop PI control for the angular speed of the BLDC Motor
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Figure 7: Closed loop FLC control for the angular speed of the BLDC Motor
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3.2 Step Responses

In order to examine the time domain performance of a stable system there are 4
critical performance index (criteria). These are rise-time, settling time, maximum
overshoot and steady-state error value. These criteria are obtained from the output
signal which exhibits stable characteristics due to application of a reference signal
resembling a step input. As the reference signal is applied the controller manipulates
the control signal that drives the plant and output is obtained. If the closed loop
system is stable, the response shape will be similar to the one in Figure 8 where each
performance criteria are is demonstrated graphically. For a properly working
controller, from these performance criteria the settling time value and rise-time value
should be as small as possible to guarantee a fast response structure. Besides the
steady-state error value which is the difference between the reference signal and the
steady-state value of the response should approach to 0. Finally, the maximum-
overshoot value which is the percentage ratio of the difference between the peak
value of the response and the steady-state value of the response to steady-state value

of the response should also be minimized.
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Figure 8: Step Response [16]
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CHAPTER 4

GENETIC ALGORITM

4.1 Explanation of Genetic Algorithm

Genetic Algorithms (GA) is an optimization method taking its roots from the
mechanism of survival of the species in nature. This mechanism can be explained by
a single rule: the destruction of bad generations and genes while the good generations
and genes protect themselves and have the ability to carry their characteristics to the
new generations. GA is used for optimization problems where the mathematical

modeling cannot be properly made or there is no definite solution.

GA use operators such as fitness function, crossover and modification to produce
new solutions. One of the important features of the GA is that it seeks the solution on
a group and thus selects the best from a large number of solutions. In other words,
GA is an intuitive search technique based on parameter coding that tries to find
solutions using random search techniques. GA application areas are Optimization,
Automatic Programming, Information Systems, Image processing, Mechanical
Learning, Finance and marketing etc. [15]. The parameters used in GA search and
the values of these parameters should be determined properly in order to achieve

SUCCesS.

4.1.1. Gen:

In GA, the smallest structural unit that carries genetic information on its own is
called a gene. Combining these small structures with partial information, the

chromosome (sequence) forms an entire solution set.

In an optimization process where GA is used, the gene structures depend on the
defined optimization problems’ variables. The information contained in a gene

describes these variables in the form of either binary numbers or decimal numbers or

12



hexadecimal numbers. Therefore, according to the optimization problem, the gene
content is very important and it can change due to coding of the variable [15].
4.1.2. Chromosome:

When one or more gene structures come together and they form a chromosome and
the chromosome contain all the information related to the solution of the problem.
Chromosomes come together to create a population which is a group of different
solutions. Each chromosome is also called an individual of the population and it is a
candidate for the solution of the optimization problem [15].

4.1.3. Population:

Population is called a possible solution stack formed by the combination of
chromosome. The number of chromosomes in the population is generally fixed and is

determined depending on the size of the optimization problem [15].

Operators that determine the functioning of GA and influence the success of GA are
as follows;

1. Initial population

2. Fitness function

3. Selection

4. Crossover

5. Mutation

4.2 Application of Genetic Algorithm

In this thesis, GA is used as the optimization method that is employed to minimize a
multi-criteria cost function which is calculated as weighted sum of the performance
criteria of the step response of the BLDC plant model when either PI controller or
FLC is used to control the plant. In case the controller structure is a Pl controller a
chromosome will contain two genes where the first gene is the proportional gain

value P and the second gene is the integral gain value | of the controller. These

13



values are also given in Equation 1. In this context, a Pl controller has a chromosome

structure as in Figure 9.

Figure 9: The structure of a chromosome representing a PI controller.

Similarly, if a FLC is used, this time the controller structure should have three genes
that are the normalization factors shown in Figure 5. Hence the FLC structure can be
coded as the chromosome shown in Figure 10.

Nel Ne2 Nu

Figure 10: The structure of a chromosome representing a FLC controller.

Each of these chromosomes are indeed coded versions of the controller structure they
are representing. The controller defined by the chromosome drives the plant in the
closed loop system model shown in Figures 6 or 7 (according to the controller
structure determined) and as the result, for a specific step input type reference signal
they produce the system response (output) which is the angular speed of the BLDC
motor. The response is examined and corresponding rise time, settling time,
maximum overshoot, steady-state error and undershoot values are recorded
(undershoot is similar to overshoot however undershoot occurs generally in the early
steps of the step response and is oriented towards the opposite direction to
overshoot). The GA cost function is defined as a weighted sum of each of these five

performance criteria as;

Cost=M1xrise_time+Mzxsettling_time+Msxpercentage_overshoot+Maxpercentage_s
teady state error+Msxundershoot (2)
In Equation 2, M: to Ms represents the weights of each performance criteria

respectively.

From these performance criteria, rise time (rise_time) is defined as the time required
for the response to reach from 10% to 90% of its steady-state value. For the settling
time (settling_time), band where the output function gets into 5% neighborhood of its
steady-state value is used. Steady-state value of the response is necessary for
determining rise time and settling time values. It is observed that the outputs due to

step response for the nonlinear system demonstrate fluctuations as the response
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reaches to its steady-state value. Hence the steady-state value of the response is
defined as the average of the output values calculated for the last 10% of the total
simulation duration and that resulting value is recorded as the steady-state value. For
percentage steady-state error value (percentage staedy state error) the formula
below is employed.

| reference_value —steady _state _value|
| reference_value —initial _ velocity |

percentage steady state error = x100  (3)

In order to calculate percentage_overshoot the formula given below is used;

| peak _value —steady _state value|

percentage_ overshoot= = —— X
| steady state value —initial _ velocity |

100 (4)

Undershoot is calculated similar to maximum-overshoot (throughout simulations

undershoot values are always obtained very close to 0).

After the Cost is obtained for a chromosome in a specific speed range, the fitness of
the chromosome at that specific speed range is calculated using reciprocal of the cost

function.

1

I:Imessspeed_ range i @

(5)

With this cost function settings, different optimization procedures are carried out:
The first group of optimizations are carried out to find best suiting Pl controller
structure that drives the BLDC motor in different speed ranges separately. This
approach is named as Single Pl approach. For this approach Equation 5 is used to
calculate the fitness of a chromosome. For the second group of optimization, instead
of composing different Pl controllers for different speed ranges it is intended to
develop as single controller for all the speed ranges altogether: this approach is called
as Multiple PI approach. And finally, to develop a strong FLC control with a fixed
rule-base whose structure is given in Table 2, a similar approach to Multiple PI
approach is carried out which is named as Multiple FLC approach. The details of the
rule-base structure given in Table 2 and how the rule-base structure interpolates the

data are explained in [14].
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Table 2: Rule base structure of the FLC controller [14].

e;ande, | PB PM PS z NS NM NB
PB PB PB PM PM PS PS V4
PM PB PM PM PS PS Z NS
PS PM PM PS PS Z NS NS
Z PM PS PS Z NS NS NM
NS PS PS Z NS NS NM NM
NM PS Z NS NS NM NM NB
NB Z NS NS NM NM NB NB

For Multiple PI approach and Multiple FLC approach controller is developed
accounting all the speed ranges into account together in the optimization process.
Hence, the GA fitness function defined in Equation 5 is changed; the new fitness
function calculates the summation of the fitness values obtained for each separate
speed range. Thus, the fitness of a chromosome for Multiple Pl and Multiple FLC

approaches is defined as;

7
Fitness = >~ Fithess eeq range i (©)

i=1

Where FitnesSspeed range i represents the fitness value of the chromosome calculated
for the i™ speed range (7 speed ranges are defined). Hence the fitness of a
chromosome is summation of all the fitness values in each speed ranges. For
controllers which are developed using multiple approach (either Multiple PI or
Multiple FLC), 7 different speed ranges are employed in the optimization phase
(Case 1) and 5 different speed ranges are used as validation phases (Case 2). On the
other hand, for Single Pl approach all the 7 controllers are developed only
considering their associated speed range in the optimization phase (Case 1).
However, only 5 of these controllers are examined in validation phase (Case 2).
These speed ranges of the optimization phase and validation phase are given in Table
3 and Table 4 respectively. The speed ranges emphasizes the initial angular velocity
value and the final (reference) angular velocity value of the step input signal applied

to the closed loop system as input for the blocks defined in Figure 6 and Figure 7.
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Table 3: Speed Ranges Case 1 (used in optimization phase)

Initial angular speed

Final angular speed

CASE 1 value (rad/sec) value (r(e;;edrzre\(é()e speed)
Speed range 1 0 20
Speed range 2 20 40
Speed range 3 0 100
Speed range 4 0 400
Speed range 5 200 400
Speed range 6 380 400
Speed range 7 300 350

Table 4: Speed Ranges Case 2 (used in validation phase)

Initial angular speed

Final angular speed

CASE 2 valiBlied/ 50} value (r(erge;r/esr;z;: speed)
Speed range 1 40 20
Speed range 2 -20 -40
Speed range 3 0 -400
Speed range 4 400 380
Speed range 5 -380 -400

The optimization simulations are compared with the results obtained in [14].

For

optimization simulations in Multiple FLC approach to speed up the optimization

process, a fixed step size of 0.001 seconds is used with Runge-Kutta Solver. For

17



Multiple and Single PI approaches as the computation is faster compared to FLC a
fixed step size 0.0001 (ten times smaller than Multiple FLC approach) seconds is
used with Runge-Kutta Solver. However, for a fair comparison, at the end, all the
developed controllers and the controller produced in [14] are run with a fixed step
size of 0.00001.

The simulations are carried out with the following parameters for Single PI, Multiple
P1 and Multiple FLC:

Number of generations: 100,

Number of chromosomes in each generation: 100
Mutation rate: 0.04

Reproduction rate: 0.06 (with elitism method)
Crossover rate: 0.9

In the formation of the initial population for FLC the parameter ranges are taken as
0.001 < Ner<1,0.5%107 < Nex < 1 and 1 < Nex < 6000. These ranges are determined
based on the values of the same parameters in [14] which cover at least 4 times the
ranges they cover in [14]. Similarly, in formation of the initial population for PI

controller parameter ranges are taken as 0 <P <1000, 0 <1 <1000.

The weight values of the cost function for all controller developed are taken as;

M1=1000, M>=1000, M3=10, M4=100000, Ms=1

In order to guarantee that a positive cost function is obtained (that is necessary to
maintain a non-negative fitness value for each chromosome) M1 up to M5 should all
have positive numerical values. Otherwise due to the selection of the fitness function
given in Equation 6, negative fitness values can be encountered for some
chromosomes and this will disturb the progress of GA search. In reality M1 up to M5
are determined as the result of trial and error: In the early optimization simulations
after GA search is finished, the comparative impact of each performance criteria over

the cost function is monitored. Due to this data M1 up to M5 values are updated.
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4.3 P1 Test Result (With GA Single) Table

Table 5: Best Chromosomes for Pl (GA Single) Controller

Test Results_PI 0-20 20-40
fitness_best 1.3163e-04 6.3370e-05
population_best (P&l) 426.6227 16.3825 400.0572 | 386.7493
[fitness,cost] 8.8879e-05 | 1.1251e+04 | 4.7566e-05 | 2.1024e+04
Test Results_PI 0-100 0-400
fitness_best 1.1118e-04 1.3408e-04
population_best (P&l) 353.6439 0.8086 429.7182 0.7383
[fitness,cost] 8.9432e-05 | 1.1182e+04 | 4.2263e-05 | 2.3661e+04
Test Results_PI 200-400 300-350
fitness_best 5.9707e-05 1.7100e-05
population_best (P&I) 721.1782 | 30.6848 | 890.0671 | 304.5454
[fitness,cost] 4.1404e-05 | 2.4152e+04 | 1.3413e-05 | 7.4555e+04
Test Results_PI 380-400
fitness_best 6.3948e-06
population_best (P&l) 578.9623 319.7824
[fitness,cost] 4.9568e-06 | 2.0174e+05
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4.4 Pl Test Result (With GA Multiple) Table

Table 6: Best Chromosomes for PI (GA Multiple) Controller

Test Results_Pl ALL RANGES
fitness_best 4.9769e-04
population_best (P&I) 820.0666 42.7608

4.5 FLC Test Result (With GA Multiple) and Optimization&Validation Tables

Table 7: Best Chromosomes for FLC (GA Multiple) Controller

Test Results FLC ALL RANGES
fitness_best 7.8391e-07
population_best (P&I) 0.0006 9.4145 0.0518
Nel,Ne2,Nu
UKL 1/K2.K3 56.4749 941450 5183.9

4.6 Optimization&Validation Table for All Controllers

Table 8: Optimization&Validation Parameters for All Controllers

PI (GA)
. FLC (GA
FLC[14], | (Single), | FLC (GA) (Mult(iple;
PIRLIA] | PIGA) | (Multiple) | (MMIPYe)
(Multiple)
Opt. . 0.0001 0.001 0.0001
val. | 000001 | 0.00001 0.00001 0.00001
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CHAPTER 5

THE PERFORMANCE INDICES OF CONTROLLERS

The most appropriate P and | coefficients obtained by Single Pl Approach and
Multiple P1 Approach and Nel, Ne2 and Nu coefficients obtained by Multiple FLC
approach (the results of the optimization simulations) are used in the controllers and
corresponding angular speeds (outputs) are obtained. These outputs are compared
with the outputs that were obtained by the PI and FLC controller developed
previously in [14] (the controllers are named as FLC[14] and PI(R.L)[14]). In this
chapter 'CASE 1' represents the optimization results and 'CASE 2' represents
validation results for the speed ranges given in Table 3 and Table 4 respectively.

5.1. CASE 1 [(0)-(20)], [(20)-(40)], [(0)-(200)], [(0)-(400)], [(200)-(400)], [(300)-
(350)], [(380)-(400)]

5.1.1. FLC [14] 0-20

Step Response of System
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Figure 11: FLC [14] 0-20 (Wm_peak(rad/sec):20.55, tr (sec.):0.0008,
Wm_ss(rad/sec):19.9, ts (sec.):0.0018, Final Wm_ss(rad/sec):19.88)
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5.1.2. PI (R.L) [14] 0-20
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Figure 12: PI(R.L)[14] 0-20 (Wm_peak(rad/sec):32.66, tr (sec.):0.0009,
Wm_ss(rad/sec):20, ts (sec.):0.017, Final Wm_ss(rad/sec):20)

5.1.3. Pl (GA)(Single) 0-20

Step Response of System
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Figure 13: PI (GA)(Single) 0-20 (Wm_peak(rad/sec):22.34, tr (sec.):0.0009,
Wm_ss(rad/sec):20, ts (sec.):0.0048, Final Wm_ss(rad/sec):20)
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5.1.4. Pl (GA)(Multiple) 0-20
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Figure 14: Pl (GA)(Multiple) 0-20 (Wm_peak(rad/sec):22.34, tr (sec.):0.0009,
Wm_ss(rad/sec):20, ts (sec.):0.0092, Final Wm_ss(rad/sec):20)

5.1.5. FLC (GA) (Multiple) 0-20
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Figure 15: FLC (GA) (Multiple) 0-20 (Wm_peak(rad/sec):21.1, tr (sec.):0.0008,
Wm_ss(rad/sec): 20, ts (sec.):0.0011, Final Wm_ss(rad/sec):19.99)
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5.1.6. FLC[14] 20-40

Step Response of System
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Figure 16: FLC[14] 20-40 (Wm_peak(rad/sec):40.26, tr (sec.):0.0008,
Wm_ss(rad/sec): 39.89, ts (sec.):0.0021, Final Wm_ss(rad/sec):39.88)

5.1.7. PI(R.L)[14] 20-40
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Figure 17: PI(R.L)[14] 20-40 (Wm_peak(rad/sec):52.78, tr (sec.):0.0009,
Wm_ss(rad/sec): 40, ts (sec.):0.017, Final Wm_ss(rad/sec): 40)
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5.1.8. Pl (GA)(Single) 20-40

Step Response of System
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Figure 18: P1 (GA)(Single) 20-40 (Wm_peak(rad/sec): 42.43, tr (sec.): 0.0009,
Wm_ss(rad/sec):40, ts (sec.): 0.0061, Final Wm_ss(rad/sec): 40)

5.1.9. Pl (GA)(Multiple) 20-40

Step Response of System
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Figure 19: Pl (GA)(Multiple) 20-40 (Wm_peak(rad/sec): 42.43, tr (sec.): 0.0009,
Wm_ss(rad/sec): 40, ts (sec.): 0.0076, Final Wm_ss(rad/sec): 40)
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5.1.10. FLC (GA)(Multiple) 20-40

Step Response of System
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Figure 20: FLC (GA) (Multiple) 20-40 (Wm_peak(rad/sec): 40.79, tr (sec.):

0.0008, Wm_ss(rad/sec): 40, ts (sec.): 0.0011, Final Wm_ss(rad/sec): 39.99)

5.1.11. FLC[14] 0-100

Step Response of System
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Figure 21: FLC [14] 0-100 (Wm_peak(rad/sec): 100.4, tr (sec.): 0.0031,
Wm_ss(rad/sec): 99.89, ts (sec.): 0.0035, Final Wm_ss(rad/sec): 99.87)
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5.1.12. PI(R.L)[14] 0-100
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Figure 22: PI(R.L)[14] 0-100 (Wm_peak(rad/sec): 153.7, tr (sec.): 0.0021,
Wm_ss(rad/sec): 100, ts (sec.): 0.019, Final Wm_ss(rad/sec): 100)

5.1.13. Pl (GA)(Single) 0-100

(Wm. peak)

(Wm. ss.)

(Final Wm. ss.)

60

40

20

Step Response of System
. | |
/| X 0.00322
L Y1024 -
| | | | | |
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
(Time)
Step Response of System
- A ANAA s I T T T
X 0.00867
[ Y100 N
C | | | | | | =
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
(Time)
Step Response of System
- I I — T . ]
X0.9387
m Y 100
|
| | | | | | | | | |
0 01 0.2 0.3 04 0.5 0.6 07 08 0.9
(Time)

Figure 23: Pl (GA)(Single) 0-100 (Wm_peak(rad/sec): 102.4, tr (sec.): 0.0032,

Wm_ss(rad/sec): 100, ts (sec.): 0.0086, Final Wm_ss(rad/sec): 100)
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5.1.14. Pl (GA)(Multiple) 0-100

Step Response of System
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Figure 24: Pl (GA)(Multiple) 0-100 (Wm_peak(rad/sec): 102.4, tr (sec.):
0.0032, Wm_ss(rad/sec): 100, ts (sec.): 0.0094, Final Wm_ss(rad/sec): 100)

5.1.15. FLC (GA)( Multiple) 0-100

Step Response of System
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Figure 25: FLC (GA) (Multiple) 0-100 (Wm_peak(rad/sec): 101, tr (sec.):
0.0032, Wm_ss(rad/sec): 100, ts (sec.): 0.0034, Final Wm_ss(rad/sec): 99.99)
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5.1.16. FLC[14] 0-400

Step Response of System
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Figure 26: FLC[14] 0-400 (Wm_peak(rad/sec): 399.4, tr (sec.): 0.012,
Wm_ss(rad/sec): 399.9, ts (sec.): 0.013, Final Wm_ss(rad/sec): 399.9)

5.1.17. PI(R.L)[14] 0-400
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Figure 27: PI(R.L)[14] 0-400 (Wm_peak(rad/sec): 510.1, tr (sec.): 0.021,
Wm_ss(rad/sec): 400, ts (sec.): 0.042, Final Wm_ss(rad/sec): 400)

29



5.1.18. Pl (GA)(Single) 0-400

Step Response of System
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Figure 28: Pl (GA)(Single) 0-400 (Wm_peak(rad/sec): 400.7, tr (sec.): 0.013,
Wm_ss(rad/sec): 400, ts (sec.): 0.020, Final Wm_ss(rad/sec): 400)

5.1.19. PI (GA)(Multiple) 0-400
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Figure 29: P1 (GA)(Multiple) 0-400 (Wm_peak(rad/sec): 400.7, tr (sec.):
0.013, Wm_ss(rad/sec): 400, ts (sec.): 0.020, Final Wm_ss(rad/sec): 400.1)
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5.1.20. FLC (GA)(Multiple) 0-400

Step Response of System
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Figure 30: FLC (GA) (Multiple) 0-400 (Wm_peak(rad/sec): 400, tr (sec.):
0.012, Wm_ss(rad/sec): 400, ts (sec.): 0.012, Final Wm_ss(rad/sec): 400)

5.1.21. FLC[14] 200-400
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Figure 31: FLC[14] 200-400 (Wm_peak(rad/sec): 399.8, tr (sec.): 0.0065,
Wm_ss(rad/sec): 399.9, ts (sec.): 0.0067, Final Wm_ss(rad/sec): 399.9)
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5.1.22. PI(R.L)[14] 200-400

Step Response of System
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Figure 32: PI(R.L)[14] 200-400 (Wm_peak(rad/sec): 477, tr (sec.): 0.0137,
Wm_ss(rad/sec): 400, ts (sec.): 0.033, Final Wm_ss(rad/sec): 400)

5.1.23. Pl (GA)(Single) 200-400
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Figure 33: P1 (GA)(Single) 200-400 (Wm_peak(rad/sec): 400.7, tr (sec.):
0.0073, Wm_ss(rad/sec): 400, ts (sec.): 0.0104, Final Wm_ss(rad/sec): 400)
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5.1.24. Pl (GA)(Multiple) 200-400
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Figure 34: Pl (GA)(Multiple) 200-400 (Wm_peak(rad/sec): 400.7, tr (sec.):
0.0073, Wm_ss(rad/sec): 400, ts (sec.): 0.0127, Final Wm_ss(rad/sec): 400)

5.1.25. FLC (GA)(Multiple) 200-400
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Figure 35:

0.0064, Wm_ss(rad/sec): 400, ts (sec.): 0.0066, Final Wm_ss(rad/sec): 400)

(Time)

FLC (GA) (Multiple) 200-400 (Wm_peak(rad/sec): 399.9, tr (sec.):
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5.1

.26. FLC[14] 380-400
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5.1.27. PI(R.L)[14] 380-400
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Figure 36: FLC[14] 380-400 (Wm_peak(rad/sec): 399.8, tr (sec.): 0.0012,
Wm_ss(rad/sec): 399.9, ts (sec.): 0.0018, Final Wm_ss(rad/sec): 399.9)

Step Response of System

Figure 37: PI(R.L)[14] 380-400 (Wm_peak(rad/sec): 405.9, tr (sec.): 0.0014,
Wm_ss(rad/sec): 400, ts (sec.): 0.014, Final Wm_ss(rad/sec): 400)
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5.1.28. Pl (GA)(Single) 380-400
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Figure 38: P1 (GA)(Single) 380-400 (Wm_peak(rad/sec): 400.7, tr (sec.):
0.0012, Wm_ss(rad/sec): 400, ts (sec.): 0.0077, Final Wm_ss(rad/sec): 400)

5.1.29. Pl (GA)(Multiple) 380-400
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Figure 39: PI (GA)(Multiple) 380-400 (Wm_peak(rad/sec): 400.7, tr (sec.):
0.0012, Wm_ss(rad/sec): 400, ts (sec.): 0.0105, Final Wm_ss(rad/sec): 400)
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5.1.30. FLC (GA)(Multiple) 380-400

Step Response of System
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Figure 40: FLC (GA) (Multiple) 380-400 (Wm_peak(rad/sec): 400, tr (sec.):
0.0012, Wm_ss(rad/sec): 400, ts (sec.): 0.0013, Final Wm_ss(rad/sec): 400)

5.1.31. FLC[14] 300-350
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Figure 41: FLC[14] 300-350 (Wm_peak(rad/sec): 349.8, tr (sec.): 0.0019,
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Wm_ss(rad/sec): 349.9, ts (sec.): 0.0028, Final Wm_ss(rad/sec): 349.9)
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5.1.32. PI(R.L)[14] 300-350
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Figure 42: PI(R.L)[14] (Wm_peak(rad/sec): 367.7, tr (sec.): 0.0023,
Wm_ss(rad/sec): 350, ts (sec.): 0.018, Final Wm_ss(rad/sec): 350)
.
5.1.33. PI (GA)(Single) 300-350
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Figure 43: PI (GA)(Single) 300-350 (Wm_peak(rad/sec): 351, tr (sec.): 0.0021,
Wm_ss(rad/sec): 350, ts (sec.): 0.0058, Final Wm_ss(rad/sec): 350)
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5.1.34. Pl (GA)(Multiple) 300-350
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Figure 44: Pl (GA)(Multiple) 300-350 (Wm_peak(rad/sec): 351, tr (sec.):

0.0021, Wm_ss(rad/sec): 350, ts (sec.): 0.0073, Final Wm_ss(rad/sec): 350)

5.1.35. FLC (GA)(Multiple) 300-350
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Figure 45: FLC (GA) (Multiple) 300-350 (Wm_peak(rad/sec): 349.9, tr (sec.)

:0.0019, Wm_ss(rad/sec): 350, ts (sec.): 0.0022, Final Wm_ss(rad/sec): 350)
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CASE 1[(0)-(20)], [(20)-(40)], [(0)-(100)], [(0)-(400)], [(200)-(400)],
[(380)-(400)], [(300)-(350)]
Table 8: Optimization Phase (Case 1) Motor Ranges Results

(ra(:/zsoec) FLC[14] PI(R.L)[14] (zliﬁG'IAe)) PI(GA) (,\F/ILEI(t?/?i)
8 (Multiple) P
Wm_peak(rad/sec), 20.55, 0 22.34, 22.34, 21.1,
Max. Os% 2.75% 32.66, 57.2% 11.7% 11.7% 5.5%
tr (sec.) 0.0008 0.0009 0.0009 0.0009 0.0008

Wm_ss(rad/sec) 19.9 20 20 20 20

ts (sec.) 0.0018 0.017 0.0048 0.0092 0.0011
Final Wm_ss(rad/sec), 19.88, o o o 19.99,
Max. Os% 0.6% 20, 0% 20 & i U 0.05%

0-20 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)

L
20-40 (rad/sec) FLC[14] PI(R.L)[14] (ZliﬁGIA;)) PI(GA) (IE/ISI(t?Alzz)
& (Multiple) P
Wm_peak(rad/sec), 40.26, 52.78, 42.43, 42.43, 40.79,
Max. Os% 0.65% 21.11% 6.07% 6.07% 1.97%
tr (sec.) 0.0008 0.0009 0.0009 0.0009 0.0008
Wm_ss(rad/sec) 39.89 40 40 40 40
ts (sec.) 0.0021 0.017 0.0061 0.0076 0.0011
Final Wm_ss(rad/sec),| 39.88, 0 0 0 39.99,
Max. Os% 0.29% gLl 40, 0% 40, 0% 0.025%

20-40 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)

PI(GA) PI(GA) | FLC(GA)
0-100 (rad/sec) FLC[14] PI(R.L)[14] (single) | (Multiple) | (Multiple)
Wm_peak(rad/sec),
1004 04% | 1537 1024, | 1024, |
Max. Os% 53.7% 2.4% 2.4% » 170
tr (sec.) 0.0031 0.0021 0.0032 0.0032 0.0032
Wm_ss(rad/sec) 99.89 100 100 100 100
ts (sec.) 0.0035 0.019 0.0086 0.0094 0.0034
Final Wm_ss(rad/sec), 0 0 o 0 99.99,
Max. Os% 99.87,0.13% | 100, 0% 100, 0% 100, 0% 0.01%

0-100 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)
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PI(GA) PI(GA) FLC(GA)
0-400 (rad/sec) FLC[14] | PIRLIA i) | (Multiple) | (Multiple)
Wm_peak(rad/sec), 399.4, 510.1, 400.7, 400.7, 400, 0%
Max. Os% 0.15% 27.52% 0.175% 0.175% e
tr (sec.) 0.012 0.021 0.013 0.013 0.012
Wm_ss(rad/sec) 399.9 400 400 400 400
ts (sec.) 0.013 0.042 0.020 0.020 0.012
Final Wm_ss(rad/sec), 399.9 400.1
7 4 0 4 0 T 4 9
Max. Os% 0.025% 00, 0% R 0.025% 00, 0%

0-400 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)

- L
200-400 FLC[14] | PI(R.L)[14] (:'_(G?)) (NF: '(If.AI) ) (:AC|(t'GA|\))
(rad/sec) ingle ultiple ultiple
Wm_peak(rad/sec), 399.8 477 400.7 399.9
b ’ 0, R ’ . ’
Max. Os% 0.05% 19.25% B 0-17% 0.17% 0.025%
tr (sec.) 0.0065 0.0137 0.0073 0.0073 0.0064
Wm_ss(rad/sec) 399.9 400 400 400 400
ts (sec.) 0.0067 0.033 0.0104 0.0127 0.0066
Final Wm_ss(rad/sec), 399.9
’ 400, 0% 400, 0% 400,0% | 400, 0%
Max. Os% 0.025%
200-400 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)
380-400 (rad/sec) FLC[14] PI(R.L)[14] (::fﬁ}) PI(GA) (If/lfl(tiGﬁl\i)
& (Multiple) P
Wm_peak(rad/sec), 399.8, 405.9, 400.7, 400.7, 400, 0%
Max. Os% 0.05% 1.47% 0.17% 0.17% e
tr (sec.) 0.0012 0.0014 0.0012 0.0012 0.0012
Wm_ss(rad/sec) 399.9 400 400 400 400
ts (sec.) 0.0018 0.014 0.0077 0.0105 0.0013
Final Wm_ss(rad/sec), |~ 399.9, 400, 0% 400, 0% 400, 0% 400, 0%
0.025% 5 P2 s e

Max. Os%

380-400 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)
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523}?23) FLC14] | PIR.L)(14] E:gﬁ) (I\Z llJ(Ifiﬁl)e) (:ALfl(tiGpﬁl)
Wm‘fﬂeaaxk_(éas%sec)' géc?s.i; 3607507/0 351,0.28% |351,0.28% ;gi&
tr (sec.) 0.0019 0.0023 0.0021 0.0021 0.0019
Wm_ss(rad/sec) 349.9 350 350 350 350
ts (sec.) 0.0028 0.018 0.0058 0.0073 0.0022
Final Wm_ss(rad/sec), 349.9
Max. Os% 0.028% 350, 0% 350, 0% 350,0% | 350,0%

300-350 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)

5.1.36. OPTIMIZATION PHASE (CASE 1) RESULTS

In all the simulations in this chapter, the initial angular speeds and reference angular
speeds of the BLDC are taken as in Table 3. For all simulations the load torque is
taken as 0.5 Nm. and applied DC voltage is taken as Vpc = 68 Volt. These values are

same as the ones applied in [14].

It is observed that that Pl (R.L)[14] has the biggest percentage overshoot value and
slowest settling time. But the good side is of this controller is, the angular speed
finishes the simulation very close to reference angular speed value and hence it has a

good (very small) steady-state error.

FLC[14] controller has very small percentage overshoot value and its performance
criteria are generally satisfactory. But biggest disadvantage of FLC[14] is, it never
reaches the reference angular speed value during simulation time. It has always a

small steady-state error value.

The controller that are obtained by Single Pl and Multiple PI Approach have better
percentage overshoot and rise time values compared to the Pl (R.L)[14] controller,
and its performance is very close to FLC[14]. The advantage of these controller’s,

they have the minimum steady-state error values in all speed ranges.
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When Single Pl Approach and Multiple Pl approach are compared with each other, It

is observed that their results are generally indifferent but outputs of Pl Multiple

approach has slightly higher settling time.

The Multiple FLC Approach presents the best rise time and settling time values with

almost minimal steady-state error values. We can say Multiple FLC outperforms

other controller nearly in all speed ranges.

5.2. CASE 2 [(40)-(20)],[(-20)-(-40)],[(0)-(-400)],[(400)-(380)],[(-380)-(-400)]

5.2.1. FLC[14] 40-20
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Figure 46: FLC[14] 40-20 (Wm_peak(rad/sec): 17.95, tr (sec.): 0.00074,
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(Time)
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09

Wm_ss(rad/sec): 19.89, ts (sec.): 0.00122, Final Wm_ss(rad/sec): 19.88)
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5.2.2. PI(R.L)[14] 40-20
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Figure 47: PI(R.L)[14] 40-20 (Wm_peak(rad/sec): 5.33, tr (sec.): 0.00089,
Wm_ss(rad/sec): 20, ts (sec.): 0.014, Final Wm_ss(rad/sec): 20)

5.2.3. Pl (GA)(Single) 40-20
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Figure 48: Pl (GA)(Single) 40-20 (Wm_peak(rad/sec): 15.07, tr (sec.): 0.00081,
Wm_ss(rad/sec): 20, ts (sec.): 0.0097, Final Wm_ss(rad/sec): 20)
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5.2.4. Pl (GA)(Multiple) 40-20
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5.2.5. FLC (GA)(Multiple) 40-20

35 T =
|
|
30t |
=
@ |
2. 11
25 —
e[|
2 || xo0.00075
o R T e — -
.
15 | | | | |
0 0.01 0.02 0.03 0.04 0.05
(Time)
Step Response of System
I I
|
0T =
7 |
: 25 —
£ T X0.00114
2 Y 19.99
20
\
15 | | | | | | 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
(Time)
M Step Response of System
T I T
—~35— =
@
@
g30— -
z
T 25— X 0.9476 —
IS Y 19.99
20— — - ———
15 | | | | | | | | |
0 0.1 0.2 03 04 0.5 06 07 0.8 0.9
(Time)

Step Response of System

Figure 49: Pl (GA)(Multiple) 40-20 (Wm_peak(rad/sec): 15.07, tr (sec.):
0.00081, Wm_ss(rad/sec): 20, ts (sec.): 0.0100, Final Wm_ss(rad/sec): 20)

Figure 50: FLC (GA) (Multiple) 40-20 (Wm_peak(rad/sec): 17.54, tr (sec.):
0.00075, Wm_ss(rad/sec): 19.99, ts (sec.): 0.00114, Final Wm_ss(rad/sec): 19.99)
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5.2.6. FLC[14] (-20)-(-40)
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Figure 51: FLC[14] (-20)-(-40) (Wm_peak(rad/sec): -41.68, tr (sec.): 0.00073,
Wm_ss(rad/sec): -40.12, ts (sec.): 0.00137, Final Wm_ss(rad/sec): -40.12)

5.2.7. PI(R.L)[14] (-20)-(-40)
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Figure 52: PI(R.L)[14] (-20)-(-40) (Wm_peak(rad/sec): -53.14, tr (sec.): 0.00087,
Wm_ss(rad/sec): -40, ts (sec.): 0.0146, Final Wm_ss(rad/sec): -40)
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5.2.8. PI (GA)(Single) (-20)-(-40)
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Figure 53: P1 (GA)(Single) (-20)-(-40) (Wm_peak(rad/sec): -44.72, tr (sec.): 0.0008,
Wm_ss(rad/sec): -40, ts (sec.): 0.0080, Final Wm_ss(rad/sec): -40)

5.2.9. PI (GA)(Multiple) (-20)-(-40)
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Figure 54: Pl (GA)(Multiple) (-20)-(-40) (Wm_peak(rad/sec): -44.72, tr
(sec.): 0.0008, Wm_ss(rad/sec): -40, ts (sec.): 0.0092, Final Wm_ss(rad/sec): -40)
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5.2.10. FLC (GA)(Multiple) (-20)-(-40)
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Figure 55: FLC (GA) (Multiple) (-20)-(-40) (Wm_peak(rad/sec): -41.96, tr
(sec.): 0.00074, Wm_ss(rad/sec): -40, ts (sec.): 0.00122, Final Wm_ss(rad/sec): -40)

5.2.11. FLC[14] (0)-(-400)
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Figure 56: FLC[14] (0)-(-400) (Wm_peak(rad/sec): -400.3, tr (sec.): 0.00962,
Wm_ss(rad/sec): -400.1, ts (sec.): 0.0098, Final Wm_ss(rad/sec): -400.1)
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5.2.12. PI(R.L)[14] (0)-(-400)

. Step Response of System
I I I
|
20— -
o
o
E400 0014
I Y -545.2
.
600 | | | | | | |
0 0.1 02 03 04 05 06 0.7 08 0.9 1
(Time)
. Step Response of System
T T T
|
—~-200 —
G
‘ X 0.03645
= Y -400
%-WO ™
500 | | | | | | |
0 01 02 03 04 05 06 0.7 08 0.9 1
(Time)
o Step Response of System
I I I
= ||
3
o -200 — —
£ X 0.9536
| ¥ <400
T
£ 400 ~ -
<
500 | | | | | | |
0 0.1 0.2 03 04 05 08 0.7 08 0.9 1

(Time)

Figure 57: PI(R.L)[14] (0)-(-400) (Wm_peak(rad/sec): -545.2, tr (sec.): 0.0140,
Wm_ss(rad/sec): -400, ts (sec.): 0.036, Final Wm_ss(rad/sec): -400)

5.2.13. PI (GA)(Single) (0)-(-400)
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Figure 58: P1 (GA)(Single) (0)-(-400) (Wm_peak(rad/sec): -401.6, tr (sec.):
0.0100, Wm_ss(rad/sec): -400, ts (sec.): 0.0151, Final Wm_ss(rad/sec): -400)
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5.2.14. P (GA)(Multiple) (0)-(-400)
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Figure 59: P1 (GA)(Multiple) (0)-(-400) (Wm_peak(rad/sec): -401.8, tr (sec.):
0.0100, Wm_ss(rad/sec): -400, ts (sec.): 0.0165, Final Wm_ss(rad/sec): -400)

5.2.15. FLC (GA)(Multiple) (0)-(-400)
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Figure 60: FLC (GA) (Multiple) (0)-(-400) (Wm_peak(rad/sec): -400.7, tr (sec.):
0.00962, Wm_ss(rad/sec): -400, ts (sec.): 0.0097, Final Wm_ss(rad/sec): -400)
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5.2.16. FLC[14] 400-380
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Figure 61: FLC[14] 400-380 (Wm_peak(rad/sec): 371.9, tr (sec.): 0.00094,
Wm_ss(rad/sec): 379.9, ts (sec.): 0.00209, Final Wm_ss(rad/sec): 379.9)

5.2.17. PI(R.L)[14] 400-380
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Figure 62: PI(R.L)[14] 400-380 (Wm_peak(rad/sec): 361.6, tr (sec.): 0.00086,
Wm_ss(rad/sec): 380, ts (sec.): 0.015, Final Wm_ss(rad/sec): 380)

50



5.2.18. Pl (GA)(Single) 400-380
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Figure 63: P1 (GA)(Single) 400-380 (Wm_peak(rad/sec): 372.7, tr (sec.):
0.00085, Wm_ss(rad/sec): 380, ts (sec.): 0.0085, Final Wm_ss(rad/sec): 380)

5.2.19. Pl (GA)(Multiple) 400-380
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Figure 64: Pl (GA)(Multiple) 400-380 (Wm_peak(rad/sec): 372.7, tr (sec.):
0.00085, Wm_ss(rad/sec): 380, ts (sec.): 0.0123, Final Wm_ss(rad/sec): 380)
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5.2.20. FLC (GA)(Multiple) 400-380
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Figure 65: FLC (GA) (Multiple) 400-380 (Wm_peak(rad/sec): 371.7, tr (sec.):
0.00094, Wm_ss(rad/sec): 380, ts (sec.): 0.00187, Final Wm_ss(rad/sec): 380)

5.2.21. FLC[14] (-380)-(-400)
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Figure 66: FLC[14] (-380)-(-400) (Wm_peak(rad/sec): -400.1, tr (sec.):
0.00078, Wm_ss(rad/sec): -400.1, ts (sec.): 0.00079, Final Wm_ss(rad/sec): -400.1)
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5.2.22. PI(R.L)[14] (-380)-(-400)
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Figure 67: PI(R.L)[14] (-380)-(-400) (Wm_peak(rad/sec): -405.8, tr (sec.):
0.00101, Wm_ss(rad/sec): -400, ts (sec.): 0.0135, Final Wm_ss(rad/sec): -400)

5.2.23. Pl (GA)(Single) (-380)-(-400)
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Figure 68: Pl (GA)(Single) (-380)-(-400) (Wm_peak(rad/sec): -402.3, tr (sec.):
0.00091, Wm_ss(rad/sec): -400, ts (sec.): 0.0065, Final Wm_ss(rad/sec): -400)

53



5.2.24. Pl (GA)(Multiple) (-380)-(-400)
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Figure 69: Pl (GA)(Multiple) (-380)-(-400) (Wm_peak(rad/sec): -402.3, tr (sec.):
0.00091, Wm_ss(rad/sec): -400, ts (sec.): 0.0080, Final Wm_ss(rad/sec): -400)

5.2.25. FLC (GA)(Multiple) (-380)-(-400)
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Figure 70: FLC (GA) (Multiple) (-380)-(-400) (Wm_peak(rad/sec): -400.4, tr (sec.):
0.00079, Wm_ss(rad/sec): -400, ts (sec.): 0.00092, Final Wm_ss(rad/sec): -400)
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CASE 2 [(40)-(20)], [(-20)-(-40)], [(0)-(-400)], [(400)-(380)], [(-380)-(-400)]

Table 9: Validation Phase (Case 2) Motor Ranges Results

PI(GA) PI(GA) FLC(GA)
40-20 (rad/sec) FLC[14] PI(R.L)[14] (Single) (Multiple) | (Multiple)
Wm_peak(rad/sec), 17.95, 5.33, 15.07, 15.07, 17.54,
Max. Os% 10.25% 73.35% 24.65% 24.65% 12.3%
tr (sec.) 0.00074 0.00089 0.00081 0.00081 0.00075
Wm_ss(rad/sec) 19.89 20 20 20 19.99
ts (sec.) 0.00122 0.014 0.0097 0.0100 0.00114
Final Wm_ss(rad/sec), | 19.88, 19.99,
Max. Os% 0.6% 20, 0% 20, 0% 20, 0% -

40-20 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)

PI(GA) PI(GA) FLC(GA)
-20)-(- LC[1 L)1
(-20)-(-40) (rad/sec) FLCLLSH PI(R.L)[14] (Single) (Multiple) | (Multiple)
Wm_peak(rad/sec), | -41.68, -53.14, -44.72, -44.72, -41.96,
Max. Os% 4.2% 32.85% 11.8% 11.8% 4.9%
tr (sec.) 0.00073 | 0.00087 0.0008 0.0008 0.00074
Wm_ss(rad/sec) -40.12 -40 -40 -40 -40
ts (sec.) 0.00137 0.0146 0.0080 0.0092 0.00122
Final Wm_ss(rad/sec), | -40.12, o o 0 0
i [ 0.29% 40, 0% 40, 0% 40, 0% 40, 0%

(-20)-(-40) FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)

PI(GA) PI(GA) FLC(GA)
(0)-(-400) (rad/sec) FLC[14] | PI(R.L)[14] (Single) (Multiple) | (Multiple)
Wm_peak(rad/sec), -400.3, -545.2, -401.6, -401.8, -400.7,
Max. Os% 0.07% 36.3% 0.40% 0.45% 0.175%
tr (sec.) 0.00962 0.0140 0.0100 0.0100 0.00962
Wm_ss(rad/sec) -400.1 -400 -400 -400 -400
ts (sec.) 0.0098 0.036 0.0151 0.0165 0.0097
Final Wm_ss(rad/sec), | -400.1, -400, 0% -400, 0% -400, 0% 400, 0%
Max. Os% 0.25% » 070

(0)-(-400) FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)
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PI(GA) PI(GA) FLC(GA)
400- FLC[14 PI(R.L)[14
00-380 (rad/sec) [14] (R.L)[24] (Single) (Multiple) | (Multiple)
Wm_peak(rad/sec), 371.9, 361.6, 372.7, 372.7, 371.7,
Max. Os% 2.13% 4.84% 1.92% 1.92% 2.18%
tr (sec.) 0.00094 0.00086 0.00085 0.00085 0.00094
Wm_ss(rad/sec) 379.9 380 380 380 380
ts (sec.) 0.00209 0.015 0.0085 0.0123 0.00187
Final Wm_ss(rad/sec), 379.9, . . . .
Max. Os% 0.02% 380, 0% 380, 0% 380, 0% 380, 0%

400-380 FLC[14], PI(R.L)[14], PI(GA)(Single), PI(GA)(Multiple), FLC(GA)(Multiple)

PI(GA) PI(GA) FLC(GA)
-380)-(- LC[1 L)[1
(-380)-(-400) (rad/sec) | FLC[14] | PI(R.L)[14] (Single) (Multiple) | (Multiple)
Wm_peak(rad/sec), -400.1, -405.8, -402.3, -402.3, -400.4,
Max. Os% 0.025% 1.45% 0.57% 0.57% 0.1%
tr (sec.) 0.00078 0.00101 0.00091 0.00091 0.00079
Wm_ss(rad/sec) -400.1 -400 -400 -400 -400
ts (sec.) 0.00079 0.0135 0.0065 0.0080 0.00092
Final Wm_ss(rad/sec), | -400.1, . . . .
Max. Os% 0.025% -400, 0% -400, 0% -400,0% | -400,0%

(-380)-(-400) FLC[14],PI(R.L)[14],PI(GA)(Single),PI(GA)(Multiple), FLC(GA)(Multiple)

5.2.26. VALIDATION PHASE (CASE 2) RESULTS

In the validation simulations, the best controller structures obtained at optimization

phases and the controllers obtained in [14] are compared. This time the controller is

let drive the BLDC motor in the opposite direction according to the speed rangers

given in Table 4 under the same conditions explained in Section 5.1.36.

As seen, controller PI(R.L)[14] has the highest percentage overshoot and settling

time values. Its performance is satisfactory for the steady-state error value as the

motor reaches the reference angular speed value in each validation simulation.
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FLC[14] controller shows minimum percentage overshoot with generally good
settling time performance. However, FLC[14] always have a very slight steady-state

error value.

Multiple Pl Approach and Single PI Approach results are better compared to
PI(R.L)[14] in all categories. However, they show only better results in terms of
steady-state error values compared to FLC[14]. For other performance criteria
FLC[14] is superior.

Comparing both Single PlI Approach and Multiple Pl Approach results, one can
conclude that there is not a significant difference between them except the settling

time. For settling time Single PI Approach demonstrate better results.

Multiple FLC Approach presents the very close values to FLC[14] in terms of rise
time and for most of the case its settling time value is the best among all other
controllers. Besides for most of the cases its steady-state error value is approaching
to 0. There is only a small difference compared to FLC[14] in terms of percentage
overshoot. Hence one can make the conclusion that it has the best transient behavior

compared to other controllers in the validation scenarios.
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CHAPTER 6

EFFECT OF NORMALIZATION OF COST FUNCTION

The effect of normalizing the performance index weights in the optimization phase is
considered in this chapter in case Multiple FLC Approach is used. For this reason,
the cost function given in Equation 2 is adjusted and two new cost functions are
defined. These cost functions are,

Cost=norm_rise_time+norm_percentage_overshoot+norm_percentage_steady state
error (7

Cost=norm_rise_time+norm_settling_time+norm_percentage_steady state_error (8)

In these new cost functions, the performance criteria parameters are normalized and
the effect of normalization in the optimization process is checked. As seen from
Equation 7 and Equation 8, effect of undershoot is totally excluded from the
equations as no undershoot is encountered in the previous simulations. Besides in
Equation 7 effect of settling time and in Equation 8 effect of percentage overshoot is
excluded to demonstrate the comparative effects of different performance criteria in
the simulations.The normalization of the performance criteria is performed as

follows:

Depending on the results of Chapter 5, nearly the minimum values of settling time
and rise time are recorded for all speed ranges. These minimum values are divided by
the speed ranges and some characteristic values are obtained for normalization. It is
observed that these values are 2 or 3 times smaller than 10 when it is done for rise
time and 2 or 3 times smaller than 1.625x10*when it is done for settling time. Hence

normalization of all performance criteria is defined as,

rise _time

if ——=———>10""thennorm_rise _time =1

speed _range

. o 9)
rise _time

else norm_rise _time = —x
10 speed _range
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settling _time

if ] >1.625 x10"* thennorm _ settling _time =1
speed _range

1 settling _ time (10)

else norm_ settling _time = — X 9_
1.625 x10 speed _range
norm__ percentage_overshoot= percentage_ overshoot (11)
100

norm_ percentage_steady state error = percentage_steady _state _error (12)

100

Using the Equations 9, 10, 11, 12 inside Equation 7 and Equation 8 the cost in a
single speed rage is obtained and than using Equation 5 and then Equation 6 the
fitness function accounting all speed ranges is calculated. In these new optimization
simulations, the GA parameters are taken as;

Number of generations: 40,

Number of chromosomes in each generation: 40,

Mutation rate: 0.05,

Reproduction rate: 0.05 (with elitism method),

Crossover rate: 0.9,

Step size= 0.0001 (as the step size is decreased optimization simulations for a

chromosome takes higher computation time. But as an advantage better

chromosome emerges at the early steps of the optimization runs)

Problem Solver: Runge Kutta

The results are as follows:

Table 10: Best Chromosomes for FLC (GA Multiple) Norm 1&2 Controller

Test Results FLC
(GA Multiple) ALL RANGES

Norm 1&2

Nel,Ne2,Nu
1/K1,1/K2,K3 416.3573 1.6265e+07 579.4652

NORM 1

Nel,Ne2,Nu
1/K1,1/K2,K3 822.2741 1.1484e+07 3.7017e+03

NORM 2
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6.1. FLC NORMALIZATION 1 FOR OPTIMIZATION PHASE (CASE 1)

6.1.1. FLC (GA)(Multiple) Norm 1 0-20
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Figure 71: FLC (GA) (Multiple) Norm 1 (0)-(20) (Wm_peak(rad/sec): 19.58, tr (sec.):
0.00086, Wm_ss(rad/sec): 19.58, ts (sec.): 0.00086, Final Wm_ss(rad/sec): 19.58)

6.1.2. FLC (GA)(Multiple) Norm 1 20-40
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Figure 72: FLC (GA) (Multiple) Norm 1 (20)-(40) (Wm_peak(rad/sec): 39.5, tr (sec.):
0.00081, Wm_ss(rad/sec): 39.55, ts (sec.): 0.00095, Final Wm_ss(rad/sec): 39.59)
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6.1.3. FLC (GA)(Multiple) Norm 1 0-100
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Figure 73: FLC (GA) (Multiple) Norm 1 (0)-(100) (Wm_peak(rad/sec): 99.38, tr (sec.):
0.00314, Wm_ss(rad/sec): 99.38, ts (sec.): 0.00314, Final Wm_ss(rad/sec): 99.56)

6.1.4. FLC (GA)(Multiple) Norm 1 0-400
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Figure 74: FLC (GA) (Multiple) Norm 1 (0)-(400) (Wm_peak(rad/sec): 399, tr (sec.):
0.01218, Wm_ss(rad/sec): 399.5, ts (sec.): 0.01245, Final Wm_ss(rad/sec): 399.5)
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6.1.5. FLC (GA)(Multiple) Norm 1 200-400

Step Response of System
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Figure 75: FLC (GA) (Multiple) Norm 1 (200)-(400) (Wm_peak(rad/sec): 399, tr (sec.):
0.00639, Wm_ss(rad/sec): 399.5, ts (sec.): 0.00667, Final Wm_ss(rad/sec): 399.5)

6.1.6. FLC (GA)(Multiple) Norm 1 380-400
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Figure 76: FLC (GA) (Multiple) Norm 1 (380)-(400) (Wm_peak(rad/sec): 399.5, tr (sec.):
0.00127, Wm_ss(rad/sec): 399.5, ts (sec.): 0.00127, Final Wm_ss(rad/sec): 399.5)
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6.1.7. FLC (GA)(Multiple) Norm 1 300-350
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Figure 77: FLC (GA) (Multiple) Norm 1 (300)-(350) (Wm_peak(rad/sec): 349.5, tr (sec.):
0.0019, Wm_ss(rad/sec): 349.6, ts (sec.): 0.00192, Final Wm_ss(rad/sec): 349.6)

6.2. FLC NORMALIZATION 2 FOR OPTIMIZATION PHASE (CASE 1)

6.2.1. FLC (GA)(Multiple) Norm 2 0-20
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Figure 78: FLC (GA) (Multiple) Norm 2 (0)-(20) (Wm_peak(rad/sec): 19.83, tr (sec.):
0.001, Wm_ss(rad/sec): 19.83, ts (sec.): 0.001, Final Wm_ss(rad/sec): 19.86)
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6.2.2. FLC (GA)(Multiple) Norm 2 20-40

Step Response of System
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Figure 79: FLC (GA) (Multiple) Norm 2 (20)-(40) (Wm_peak(rad/sec): 39.82, tr (sec.):
0.001, Wm_ss(rad/sec): 39.82, ts (sec.): 0.001, Final Wm_ss(rad/sec): 39.87)

6.2.3. FLC (GA)(Multiple) Norm 2 0-100
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Figure 80: FLC (GA) (Multiple) Norm 2 (0)-(100) (Wm_peak(rad/sec): 99.7, tr (sec.):
0.0032, Wm_ss(rad/sec): 99.75, ts (sec.): 0.0032, Final Wm_ss(rad/sec): 99.86)
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6.2.4.

FLC (GA)(Multiple) Norm 2 0-400

Step Response of System
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Figure 81: FLC (GA) (Multiple) Norm 2 (0)-(400) (Wm_peak(rad/sec): 399.8, tr (sec.):
0.012, Wm_ss(rad/sec): 399.8, ts (sec.): 0.012, Final Wm_ss(rad/sec): 399.8)

6.2.5.

FLC (GA)(Multiple) Norm 2 200-400

Step Response of System
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Figure 82: FLC (GA) (Multiple) Norm 2 (200)-(400) (Wm_peak(rad/sec): 399.8, tr (sec.):
0.0066, Wm_ss(rad/sec): 399.8, ts (sec.): 0.0066, Final Wm_ss(rad/sec): 399.8)
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6.2.6. FLC (GA)(Multiple) Norm 2 380-400

Step Response of System
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Figure 83: FLC (GA) (Multiple) Norm 2 (380)-(400) (Wm_peak(rad/sec): 399.8, tr (sec.):
0.0012, Wm_ss(rad/sec): 399.8, ts (sec.): 0.0012, Final Wm_ss(rad/sec): 399.8)

6.2.7. FLC (GA)(Multiple) Norm 2 300-350
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Figure 84: FLC (GA) (Multiple) Norm 2 (300)-(350) (Wm_peak(rad/sec): 349.7, tr (sec.):
0.0019, Wm_ss(rad/sec): 349.8, ts (sec.): 0.0020, Final Wm_ss(rad/sec): 349.9)
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TABLE 11: FLC (GA Multiple) Normalization 1&2 For Case 1

Max. Os%

FLC (GA) FLC (GA)
FLC (GA
0-20 (rad/sec) (Mul’iiG Ie)) (Multiple) (Multiple)
P Norm 1 Norm 2
Wm_peak(rad/sec), . . .
Max. Os% 21.1,5.5% 19.58, 2.1% 19.83, 0.85%
tr (sec.) 0.0008 0.0008 0.001
Wm_ss(rad/sec) 20 19.58 19.83
ts (sec.) 0.0011 0.0008 0.001
Final Wm_ss(rad/sec),
19.99, 0.05% 19.58, 2.1% 19.86, 0.7%

0-20 FLC (GA)(Multiple), FLC (GA)(Multiple) Norm 1, FLC (GA)(Multiple) Norm 2

FLC (GA) FLC (GA)
L
20-40 (rad/sec) (EAEI;G':) (Multiple) (Multiple)
P Norm 1 Norm 2
Wm_peak(rad/sec), . . .
Max. Os% 40.79, 1.97% 39.5, 1.25% 39.82, 0.45%
tr (sec.) 0.0008 0.0008 0.001
Wm_ss(rad/sec) 40 39.55 39.82
ts (sec.) 0.0011 0.00095 0.001

Final Wm_ss(rad/sec),
Max. Os%

39.99, 0.025%

39.59, 1.025%

39.87,0.325%

20-40 FLC (GA)(Multiple), FLC (GA)(Multiple) Norm 1, FLC (GA)(Multiple) Norm 2

0-100 (rad/sec) (K/Iiliﬁﬁg) (EEIEE)/I?) (Eﬁlii%))
orm orm
Wm_peakirad/sec), 101, 1% 99.38, 0.62% 99.7, 0.3%
Max. Os% ’ ! !
tr (sec.) 0.0032 0.0031 0.0032
Wm_ss(rad/sec) 100 99.38 99.75
ts (sec.) 0.0034 0.0031 0.0032

Final Wm_ss(rad/sec),
Max. Os%

99.99, 0.01%

99.56, 0.44%

99.86, 0.14%

0-100 FLC (GA)(Multiple), FLC (GA)(Multiple) Norm 1, FLC (GA)(Multiple) Norm 2
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Max. Os%

FLC (GA) FLC (GA)
0-400 (rad/sec) (K/Llﬁliic;]:)?g) (Multiple) (Multiple)
Norm 1 Norm 2
Wm_peak(rad/sec), 400, 0% 399, 0.25% 399.8, 0.05%
Max. Os% » V70 ) V8270 -0, L.U270
tr (sec.) 0.012 0.012 0.012
Wm_ss(rad/sec) 400 399.5 399.8
ts (sec.) 0.012 0.012 0.012
Final Wm_ss(rad/sec),
400, 0% 399.5, 0.25% 399.8, 0.05%

0-400 FLC (GA)(Multiple), FLC (GA)(Multiple) Norm 1, FLC (GA)(Multiple) Norm 2

Max. Os%

FLC (GA) FLC (GA)
L
200-400 (rad/sec) (FIVIEI'E?'IA‘J) (Multiple) (Multiple)
P Norm 1 Norm 2
Wm_peak(rad/sec), . . .
Max. 0% 399.9, 0.025% 399, 0.25% 399.8, 0.05%
tr (sec.) 0.0064 0.0063 0.0066
Wm_ss(rad/sec) 400 399.5 399.8
ts (sec.) 0.0066 0.0066 0.0066
Final Wm_ss(rad/sec),
400, 0% 399.5, 0.125% 399.8, 0.05%

200-400 FLC (GA)(Multiple), FLC (GA)(Multiple) Norm 1, FLC (GA)(Multiple) Norm 2

Max. Os%

380-400 (rad/sec) (K/liﬁlii(r;)'lag) (%-Elii/l?) (liN/II-EI'Eic;ze))
orm orm
Wm‘,fﬂeaaxlf(éizsec)' 400, 0% 399.5,0.125% | 399.8,0.05%
tr (sec.) 0.0012 0.0012 0.0012
Wm_ss(rad/sec) 400 399.5 399.8
ts (sec.) 0.0013 0.0012 0.0012
Final Wim_ss{rad/sec), 400, 0% 399.5,0.125% | 399.8,0.05%

380-400 FLC (GA)(Multiple), FLC (GA)(Multiple) Norm 1, FLC (GA)(Multiple) Norm 2
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300-350 (rad/sec)

FLC (GA)
(Multiple)

FLC (GA)
(Multiple)
Norm 1

FLC (GA)
(Multiple)
Norm 2

Wm_peak(rad/sec),

349.9, 0.028%

349.5, 0.14%

349.7,0.08%

Max. Os%

Max. Os%
tr (sec.) 0.0019 0.0019 0.0019
Wm_ss(rad/sec) 350 349.6 349.8
ts (sec.) 0.0022 0.0019 0.0020
Final Wm_ss(rad/sec),
350, 0% 349.6,0.11% 349.9, 0.03%

300-350 FLC (GA)(Multiple), FLC (GA)(Multiple) Norm 1, FLC (GA)(Multiple) Norm 2

As seen from the result, there is not much change compared to previous optimization
runs. But when the cost function is normalized overshoot values tend to become
slightly negative as reference angular velocity values are never maintained with a
very small steady-state error value. These controllers seem to have similar
performance in total. But one should not forget that the controllers developed due to
normalization are obtained by less computational effort compared the controllers

obtained in previous sections as number of chromosomes and number of populations

are decreased compared to GA optimization phases at the previous chapters.
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CHAPTER 7

CONCLUSION

In this thesis, the performance of the controllers designed by GA based on a multi-
criteria cost function assessing and evaluating the comparative importance of time
domain performance criteria of a closed loop control system defined for a BLDC
motor angular velocity control application are compared with controllers previously
mentioned as reference for the same control application. The results are grouped for
optimization phase (Case 1) and validation phase (Case 2) simulations. Single Pl
Approach, Multiple PI Approach and Multiple FLC Approach are employed to
develop controller structures by GA and these controllers are compared with the
previously obtained controller structures in [14] and advantages and disadvantages
are of these controllers are mentioned as the outcome of comparison process. Later
the performance indices are normalized and effect of these normalizations in the

optimization phase is monitored in Chapter 6.
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