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ABSTRACT: This paper aims at the design and simulation of hybrid PI- fuzzy control system

for the speed control of a brushless dc motor. The performance of the fuzzy logic controller

(FLC) is better under transient conditions, while that of the proportional plus integral (PI)

controller is superior near the steady-state condition. The combined advantages of these two

controllers can be obtained with hybrid Pl -fuzzy speed controller. Both the design of the

fuzzy con- troller and its integration with the proportional-integral (P1) controller is to be done.

In this paper, design and im- plementation of hybrid fuzzy controller is presented and its

performance is compared with pi and fuzzy controller to show its capability to track the error

and usefulness of hybrid fuzzy controller in control applications.

INTRODUCTION

In recent years, brushless dc (BLDC)
machines have gained widespread use in
electric drives. These machines are ideal
for use in clean, explosive environments
such as aeronautics, robotics, electric
vehicles, food and chemical industries and
dynamic actuation. Using these machines
in  high-performance drives requires
advance and robust control methods.

Conventional control techniques require

accurate mathematical models describing
the dynamics of the system under study.
These techniques result in track- ing error
when the load varies fast and overshoot
during transients. In lieu of provisions for
robust control design, they also lack
consistent performance when changes oc-
cur in the system.

If advance control strategies are used
instead, the system will perform more

accurately or robustly. It is therefore,
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desired to develop a controller that has the
ability to ad- just its own parameters and
even structure online, accord- ing to the
environment in which it works to vyield
satis- factory control performance. An
interesting alternative that could be
investigated is the use of fuzzy logic
control (FLC) methods. In the last decade,
FLC has attracted con- siderable attention
as a tool for a novel control approach
because of the variety of advantages that
it offers over the classical control
techniques.They are electronically
commutated [3]. For the variable speed
applications of BLDC motor,
Proportional, Integral and Derivative
(PID) motor control is commonly used
control [4].Because; it has simple design
and ease of control. However, its per-
formance depends on proportional,
integral and deriva- tive gains [5- 6].
When the operating condition changes,
the re-tuning process of control gains is
necessary for dy- namically minimize the
total controller error.

The various algorithms are used to find
optimal PID controller parameters such as
Genetic  Algorithm (GA) and Particle
Swarm  Optimization (PSO) [7-
10].Particle Swarm Optimization (PSO)

www.ijiemr.org

and genetic algorithm (GA) is given based
on population size, generation number,
se- lection method, and crossover and
mutation probabilities. There is no
guarantee for finding optimal solutions
for controllers within a finite amount of
time. To overcome the problems in PID
controller, fuzzy logic controller and
hybrid fuzzy PID controllers can be
designed for the speed control of BLDC
motor. In this proposed research work, the
speed control of BLDC motor was
analyzed and its performance has been
observed by using fuzzy logic controller
and hybrid fuzzy PID [11- 13].The
simulation results of two methods are
studied and compared with conventional
Pl controller by using MATLAB/SIMU-
LINK computational software. The
simulation results of proposed controllers
are used to show the abilities and
shortcomings  of  conventional Pl

controller.

I. MODELING OF BLDC SERVO
MOTOR DRIVE SYSTEM:

The BLDC servomotor drive system
consisting of BLDC servomotor and IGBT
inverter is modeled [1]-[4], [15] based on
the assumptions that all the stator phase
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windings have equal resistance per phase;
constant self and mutual inductances; power
semiconductor devices are ideal; iron losses
are  negligible; and the motor s
unsaturated.The equivalent circuit of the
BLDC servomotor drive system is shown in
Fig.1. The line to line voltage equations are

expressed in matrix form as

Fig. 1. Equivalent circuit of the BLDC servomotor

drive system

Vib R -R 0 ta
Wel =1 0 R -R ib
Vea -R 0 R i,
L-M M-L 0
+ 0 L-M M-L
M-L 0 L-M
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. di
X =
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Since the mutual inductance is negligible as compared to
the self-inductance, the aforementioned matrix equation

can be rewritten as
i L -L 0
il 4 0 L -L
ol v

Vi R -R 0
“'4
'_f; 1 + | e P | (
o) le-el ©)

0 R -R
Where Land Mare self-inductance and

I, Co = €

-R 0 R

mutual inductance per phase; R is the stator
winding resistance per phase; ea, eb ,and

ec are the back EMFs of phases a, b, and c,
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respectively; ia,ib, And ic are the phase
currents of phases a, b, and c, respectively.
The electromagnetic torque de- veloped by
the motor can be expressed as

T, = (€ata + €ip + €cie) fw = Ki
3
Where i,=1, =i. =1.® is the angular velocity in radians per
second. and Kt is the torque constant. Since this
electromagnetic torque is utilized to overcome the
opposing torques of inertiaand load, it can also be written
as

1: — 11 -+ .]‘\1 (1_;/l[f + 13_\/ w
@

Where Ty is the load torque, Jy is the inertia, and By is
the friction constant of the BLDC servomotor. The load
torque can be expressed in terms of load inertia J; and
friction BL

= (lw‘
1[_ = .,/_ — l}l W.
dt (5)
The output power developed by the motor is
P=Tw
(6)
E=ey=ey=€:= Kyw %)

Where Kb is back EMF constant, E is back
EMF per phase, and ® is the angular
velocity in radians per second.The
parameters of motor are phase resistance,
phase induc- tance, and inertia and
friction of BLDC servomotor and load. It
is necessary to determine the parameters
of both BLDC servomotor and load so as
to design conventional controllers like P,
Pl, and PID controllers.The parameters
that are likely to vary during the working
conditions are R, JM,JL, BM, and BL.

These parameters can influence the speed
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response of the BLDC servomotor drive
sys- tem. Increase in the value of energy
storage inertia ele- ments JM and JL will
increase the settling time of the speed
response or vice versa. The decrease in
the values of power consuming friction
components BM and BL will increase the
deceleration time of the speed response or
vice versa. Another parameter, which is
likely to vary dur- ing working conditions
is phase resistance of the BLDC
servomotor due to addition of terminal
resistance, change in resistance of phase
winding, and change in on-state re-
sistance of IGBT switches due to change
in temperature. The change in phase
resistance can also affect the speed
response of the BLDC servomotor drive
system. Mixed combination of inertia,
friction, and phase resistance of the
BLDC servomotor may lead to large
overshoots that are undesirable in most of
the control applications. There- fore, the
BLDC servomotor drive system needs
suitable controllers such as PID or Fuzzy
controllers to speed up the response,
reduce overshoot, and steady-state error to

meet up the applications requirements.

In this paper, PID and Fuzzy controller-

based BLDC ser- vomotor drive is

www.ijiemr.org

developed and their performance is in-
vestigated during different operating
conditions such as step change in reference
speed, different system param- eters, and

sudden load disturbance.

IORT Inverter
Tawpast ERE -
Sppi— _II-.1 }—{
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Fuzry / FID ATk T
Controler B ead

Fig.2. Block diagram of the
experimental setup.

Il. DESIGN AND MPLEMENTATION
OF PID CONTROLLER:
Proportional-Integral-Derivative ontrollers
[7]1-[9] are widely used in industrial
control systems as they require only few
parameters to be tuned. The PID
controllers have the capability of
eliminating steady-state error due to
integral action and can anticipate output
changes due to derivative action when the
system is subjected to a step reference
input. The most popular PID tuning
method is the Ziegler—Nichols method,
which relies solely on pa- rameters
obtained from the system step response.
The block diagram of the experimental set-
up used for imple- menting PID and fuzzy

controller is shown in Fig. 2. The
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steady-state responses, if the system

specifications of the BLDC servomotor are

given in Ap- pendix.The continuous parameters remain unchanged during the

control signal u(t)of the PID con- troller oper- ating conditions. But the parameters

[19] is given by of the practical sys- tems change during

w1 = K (e0)+ (/) [ 0 + Tadety/dt & operating conditions. As a result, the PID

where, KPis the proportional gain, Ti is the integral time

constant, Td is the derivative time constant, and e(t)is the
error signal
The corresponding discrete equation for the control signal
[19] can be written as

u(k) = ulk = 1)+ Ky xe(k) + K3 x e(k=1)+ Ky x e(k=2) (9)
Where u(k—1)is the previous control output, e(k—1) is the

controllers failed to vyield desired
performance under nonlinearity, load
disturbances, and parameter variations of

motor and load. This has resulted in an

previous error, and e(k—2)is the error preceding e(k—1).

The constants K Ko, and Ksare given by increase in de- mand for nonlinear
I\l =1\[' ‘+“1’l\,/2?‘1\,{/’!‘ (10)

K Kp — 2K4/T + TK; /2 controllers, intelligent and adaptive
o =—Kp —2K4 + Li/2

(11)

; ot g controllers.
K; =Ky/1 a12)
K; = Kp /T, . 111. DESIGN AND
K;=KpT, {6 IMPLEMENTATION OF FUZZY
=17 15) CONTROLLER:

Where f is the sampling frequency and T There has been a significant and growing

is the sampling rate. In this paper, a interest in the application of artificial

simple PID tuning method [8] that is intelligence type control tech- niques such

based on system step response is used to as neural network and fuzzy logic to

determine the controller gains. This control the complex, nonlinear systems.

method provides a systematic ap- proach Fuzzy logic is applied in applications like

to adjust the proportional gain in order to washing machines, subway systems,

. video cameras, sewing  machines,
mini- mize the overshoot.

biomedical, and finance. = Having

Fuzzy
Inference

l

Rule Base

I
5

Futzification

Defuzt fication

understood the general behavior of the

Inputs = Qulput

system, fuzzy logic enables the designer

i

to describe the general behavior of the

Fig.3. Block diagram of a fuzzy system in a linguistic manner by form-
inference system.

It is well known that the conventional PID

ing IF-THEN rules that are in the form of

statements. The great challenge is to
controllers will yield better transient and
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design and implement the FLC quickly by
framing minimum number of rules based
on the knowledge of the system. The
general FLC [4], [10]-

[12] consists of four parts as illustrated in
Fig.3. They are fuzzification, fuzzy rule
base, fuzzy inference engine, and
defuzzification. The design steps are as
follows. Step 1 (Define inputs, outputs,
and universe of discourse): The inputs are
error E and change in error CE and the
output is change in duty cycle ADC. The
error is defined as the difference between

the reference speed

Nref and actual speed Nact and the change
in error is de- fined as the difference
between the present Error e(k)and previous
error e(k—1). The output, change in duty
cycle ADC is the new duty cycle DC new
that is used to control the voltage applied
across the phase windings. The inputs and
new duty cycle are described by

E =e(k) = Niet — Nact

(16)
CE=e¢(k)—elk—-1) an
DO = ADC. 18

The speed range of the motor is taken as
0-4000 r/min based on the specifications of
BLDC servomotor. The pos- sible range of
error is from—4000 to+4000 r/min. There-

www.ijiemr.org

fore, the universe of discourse for error can
be defined to span between—4000
and+4000 r/min. Based on the study of
PID controller-based BLDC servomotor
drive system, the universe of discourse for

change in error is chosen as+/—500 r/min.

Fig. 4. Membership functions for Error E,
Change in Error CE, and Change in Duty
Cycle ADC.

The maximum and minimum value for the
change in duty cycle are defined as —100%
and+100%, respectively. To easily handle
the large values of error and change in
error and reduce the computation time so
as to achieve faster control action, the

inputs and output are normalized.

Step 2 (Defining fuzzy membership
functions and rules): To perform fuzzy
computation, the inputs must be con-
verted from numerical or crisp value into
fuzzy values and the output should be
converted from fuzzy value to crisp value.

The fuzzy input variables ‘“error” and
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“change in error” are quantized using the
following linguistic terms Negative N,
Zero Z, and Positive P.

The fuzzy output variable “change in duty
cycle” is quan- tized using the following
linguistic terms Decrease D, No-change
NC, and Increase I. Fuzzy membership
func- tions are used as tools to convert
crisp values to linguistic terms. A fuzzy
variable can contain several fuzzy subsets
within, depending on how many linguistic
terms are used. Each fuzzy subset
represents one linguistic term. Each fuzzy
subset allows its members to have
different grade of membership; usually
the membership value lies in the interval
[0, 1]. In order to define fuzzy
membership func- tion, the designer can
choose many different shapes based on
their preference and experience. The
popular shapes are triangular and
trapezoidal because these shapes are easy
to represent designer’s ideas and they
require less computation time. Therefore,
triangular membership functions are used
for inputs and output and are shown in
Fig.4. In order to fine tune the controller
for improv- ing the performance, the
adjacent fuzzy subsets are over- lapped by

about 25% or less. Instead of using

Volume 07, Issue 04, April 2018.
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mathemati- cal formula, FLC uses fuzzy
rules to make a decision and generate the
control action. The rules are in the form
of IF-THEN statements. There are nine
rules framed for this system and they are

illustrated in Fig. 5

S Uagssrid
ar P Aoty Spesd Responss
& BRI E: Ve
| —cE: Posine
S5t Spand “. Iim i ‘\‘x_ _,..-—-ﬂ,'_,—
g ark, R
{ E: +Ye
i
o | — CE: Hegaitve
r:’l

Fig.5. Hlustration for the formation of
rules for a typi- cal under damped BLDC

servomotor drive system.

1 = 3 FAM MaTrRIX

E NE ¥E PE
CE

MNCE D (] I
ZCE D NC I
PCE I I I

The number of rules to be used to describe
the system be- havior is entirely based on
the designer’s experience and the
previous knowledge of the system. The
performance of the controller can be
improved by adjusting the mem- bership

function and rules.

A fuzzy associative memory (FAM)

expresses fuzzy logic rules in tabular form.
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A FAM matrix maps antecedents to
consequents and is a collection of IF-
THEN rules. Each composition involves
three fuzzy variables and each fuzzy
variable is further quantized into three.
This has resulted in nine possible two
inputs and single output FAM rules as
illustrated in the Table 1. The nine rules
formulated for the proposed fuzzy logic
control system are listed below. R1. IF
Error E is Negative NE and Change in
Error CE is Negative NCE THEN Change
in duty-cycle ADC is De- crease D.This
rule implies that when the system output is
at R1, then the actual speed is greater than
the reference speed (or set speed) and the
motor is accelerating, so the duty cycle of
the IGBTs of the Inverter module should
be decreased so as to reduce the average
voltage applied across the phase windings
and bring the actual speed of the system
close to the reference speed.

R2. IF E is Negative NE and CE is Zero
ZCE THEN ADC is Decrease D. R3. IFE is
Negative NE and CE is Positive PCE
THENADC is Decrease D. R4. IF E is
Zero ZE and CE is Negative NCE
THENADC is Decrease D. R5. IFE is Zero
ZE and CE is Zero ZCE THENADC is No-
Change NC. This rule implies that when

www.ijiemr.org

the system output is at R5, then there
should be a no change in the duty cycle as
the actual speed has already reached steady
state.R6. IF E is Zero ZE and CE is Positive
PCE THENADC is Increase

I. R7. IF E is Positive (PE) and CE is
Negative (NCE) THEN ADC is Increase
(D). This rule implies that when the system
output is at R7, then the actual speed is
lesser than the reference speed and the
motor is decelerating, so the duty cycle of
the IGBTS of the Inverter module should be
increased so as to increase the average
voltage applied across the phase windings
and bring the actual speed of the system
close to the reference speed.

R8. IF E is Positive PE and CE is Zero
ZCE THENADC is Increase I.LR9. IF E is
Positive PE and CE is Positive PCE
THENADC is Increase I.Finally, the fuzzy
output is converted into real value output,
i.e., crisp output by the process called
defuzzification. Even though many de-
fuzzification methods are available, the
most preferred one is centroid method
because this method can easily be
implemented and requires less
computation time when implemented in
digital control systems using microcon-

trollers or DSPs. The formula for the
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centroid defuzzifica- tion method is given

by

z = z ;.r[_r}_rr,:"zi pl(x)

r=1 r=1 (19)

Where z is the defuzzified value and
u(x)is the member- ship value of
memberx. This crisp value is used to
control the duty cycle of the switching
devices in the power in- verter module so
as to control the average voltage applied
across the phase windings, hence the

speed of the motor.

Pl snsiare Acnaml 5 el

O omld ul-lilq! IJr I -:u'lld': by g s

::::::::

]
L ]

P = et
iy O el Coald

Fig. 6. Flowchart of a fuzzy controller
program.

PWM1-PWMB6 pins of Event Manager-A
(EVA) module are used to generate gating
signals. The program is writ- ten for DSP
using Code Composer Studio 3.0 software
and the output file generated is
downloaded from personal computer to
the DSP.The PWM control technique is

Volume 07, Issue 04, April 2018.
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used to control the voltage applied across
the windings in order to control the speed
of the motor. The choice of 20-kHz PWM
signal is made because of the absence of
acous-  tic noise during the motor
operation. The duty cycle of the 20-kHz
signal generated by the DSP is varied to
con- trol the average current and average
voltage of the phase windings, and hence
the torque produced by the motor. The
duty cycle of the devices is controlled
based on the fuzzy controller output. The
expression for the average voltage applied
across the winding is given by (20). The
dc signal output of F/V converter is given
as one of the input to analog-to-digital
converter (ADC) of the DSP processor to
determine the actual speed of the motor.
The reference speed is set through a
potentiometer and volt- age follower and
it is given as another input to the ADC
converter to determine the reference
speed. The other provisions to set the
reference speed are by changing the value
of the reference speed in the program or
from watch window of code composer
studio software. The function of the DSP
processor is to compute the error and
change in error, store these values,

compute the fuzzy controller output,
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determine the new duty cycle for the
switching devices, and perform electronic
commutation. The PWM signals are
generated for the IGBT switching devices
us- ing EVA module components such as

timers, PWM chan- nels, etc.

The flowchart for the fuzzy controller
program is shown in Fig. 6. The steps
involved are: Initialize, ADC to read actual
and reference speeds, 1/0O ports to read hall
se- nor signals and generate commutation
signals for IGBT switches, Timerl to
generate control action time and sam- pling
time to measure speed, Timer 2 to generate
20-kHz PWM signal, measure the
reference and actual speeds, compute
controller output, and initiate control
action by changing the duty cycle of the
IGBT switches. The con- trol signals for
the IGBTSs are generated by AND ing com-
mutation signals with PWM signal. The
driver circuits are designed to operate at
high frequencies. The duty cycle of the
IGBTs is varied so as to vary the average
voltage applied across the winding, and
hence the speed of the motor. The duty
cycle is initially set more than 50% so as
to allow sufficient current through the
motor windings to start and run the motor
with load. The time period of the PWM

www.ijiemr.org

signal is chosen such that it is greater than
the time constant of the motor so as to
allow sufficient current through the
windings and to produce the required
torque during the normal operation [3], [4],
[17], [18]. The PWM control signal of 20
kHz is generated at PWM1-PWMG pins of
EVA module of DSP processor. The control
action is initiated at every 1.5 ms using
Timerl

V,(avg) = Duty — cycle x Vj, -

% Duty — cycle = (ton /T) x 100
(21)

Where ton is turn-on time, T is total time
period of PWM signal, Vdc is the dc input
voltage applied to the inverter, and Vo (avg) is
the average dc voltage applied across the phase
windings.

IV. Hybrid PI-Fuzzy Controller:

The objective of the hybrid controller is to
utilize the best attributes of the Pl and fuzzy
logic controllers to provide a controller
which will produce better response than
either the PI or the fuzzy controller. There
are two major dif- ferences between the
tracking ability of the conventional PI
controller and the fuzzy logic controller.
Both the PI and fuzzy controller produce
reasonably good tracking for steady-state
or slowly varying operating conditions.

However, when there is a step change in
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any of the op- erating conditions, such as
may occur in the set point or load, the Pl
controller tends to exhibit some overshoot
or oscillations. The fuzzy controller
reduces both the over- shoot and extent of
oscillations under the same operating

conditions.

Although the fuzzy controller has a
slower response by itself, it reduces both
the overshoot and extent of oscil- lations
under the same operating conditions. The
desire is that, by combining the two
controllers, one can get the quick
response of the Pl controller while
eliminating the overshoot possibly
associated with it. Switching Control
Strategy the switching between the two
controllers needs a reliable basis for
determining which controller would be
more effective. The answer could be
derived by looking at the advantages of
each controller.

Both controllers yield good responses to
steady-state or slowly changing
conditions. To take advantage of the rapid
response of the Pl controller, one needs to
keep the system responding under the Pl
controller for a major- ity of the time, and
use the fuzzy controller only when the

system behavior is oscillatory or tends to

Volume 07, Issue 04, April 2018.
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overshoot. Thus, after designing the best
stand-alone PI and fuzzy controllers, one
needs to develop a mechanism for switch-
ing from the PI to the fuzzy controllers,
based on the fol- lowing two conditions:
1) Switch when oscillations are detected;
2) Switch when overshoot is detected.
The switching strategy is then simply
based on the follow- ing conditions: IF the
system has an oscillatory behavior THEN
fuzzy controller is activated, Otherwise Pl
con- troller is operated. IF the system has
an overshoot THEN fuzzy controller is
activated, Otherwise Pl controller is
operated. The system under study is
considered as having an overshoot when
the error is zero and the rate of change in
error is any other value than zero. The
system is con- sidered oscillatory when
the sum of the absolute values of the error
taken over time does not equal the
absolute val- ues of the sum of the error
over the same period of time. Since the
system is expected to overshoot during
oscilla- tory behavior, the only switching
criterion that needs to be considered is

overshoot.

However, in practice, it is more

convenient to directly implement the
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control signal according to the control ac-
tions delivered by the controller.
Consequently, the fuzzy controller can be
designed so that normal behavior (no

oscillations or overshoot) results in a null

Fig.9. Simulation results for Speed
response of the PID controller-based BLDC
servomotor drive for step change in
using Pl if the fuzzy has null value; reference speed with system parameters J1,

otherwise, the fuzzy output is used. In R1 and 100%Load. (a) Reference speed;
(b) Actual speed; (c) Error

fuzzy action. Accordingly, the switching

between the two controllers reduces to

particular, the fuzzy controller can be

designed so that a normal behavior.

P

— %
sy |
& | — b Comd
| i — .\I CI.M.I
| L
Nt ‘—1_T“"""’____J N
|

Fig.5. Speed response of the PID
controller-based BLDC servomotor drive
for step change in reference speed with
system parameters J1, R1 and 20%
Load.Reference speed; (b) Actual speed;

Fig.7 Structure of switching strategy results
in a null fuzzy action.

V.MATLAB/SIMULINK RESULTS

Case i: By using PID controllers (c) Error; (d)%Duty cycle.
1 pil =
cOg <

Fig.7. Speed response of the PID
controller-based BLDC servomotor drive
for step change in reference speed with
system parameters J2, R2, and 100%
Load.Reference speed; (b) Actual speed,;
(c) Error;(d) %Duty cycle.

Fig.8. Simulink circuit for bldc drive for step

change load by using pid controller
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Fig.6. Speed response of the PID
controller-based BLDC servomotor drive
for step change in reference speed with
system parameters J2, R1, and 100%
Load.(a) Reference speed; (b) Actual
speed; (c) Error;(d) %Duty cycle.

Case ii: By using Fuzzy controllers
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Fig.8. Simulink circuit for bldc drive for
step change load by using
fuzzy controller

Fig. 5. Speed response of the PID controller-
based BLDC servomotor drive for step change
in reference speed with system parameters
J1, R1 and 100% Load.(a) Reference
speed; (b) Actual speed; (c) Error;(d)
%Duty cycle.
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Fig.5. Speed response of the PID
controller-based BLDC servomotor drive
for step change in reference speed with
system parameters J1, R1 and 20%
Load.(a) Reference speed; (b) Actual
speed; (c) Error; (d)%Duty cycle.

Fig.7. Speed response of the PID
controller-based BLDC servomotor drive
for step change in reference speed with
system parameters J2, R2, and 100%
Load.(a) Reference speed; (b) Actual
speed; (c) Error; (d)%Duty cycle.

Fig.6. Speed response of the PID
controller-based BLDC servomotor drive
for step change in reference speed with
system parameters J2, R1, and 100%
Load.(a) Reference speed; (b) Actual
speed; (c) Error; (d)%Duty cycle.
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VI.CONCLUSION:

This paper presented the design of a hybrid
Pl-fuzzy con- trol system for the speed
control of a brushless dc motor The
performance of the fuzzy logic controller
IS better under transient conditions, while
that of the proportional plus integral
controller is superior near the steady state
condition. The combined advantages of
these two control- lers can be obtained
with hybrid Pl-fuzzy speed control- ler.
Mathematical model of the BLDC motor is
studied. Based on this, the modeling and
simulation of the pro- posed control

system is done.

The performance of the system using Pl
controller, fuzzy logic controller and
hybrid PI- fuzzy controller are com-
pared. It is shown through extensive
simulation that the performance of the
Hybrid PI- Fuzzy controller is better than
using PI controller and fuzzy controller
alone for the speed control of BLDC
motor.
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