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Abstract—This paper presents design and digital implementa-
tion of a fuzzy controller for achieving improved performance of
Brushless dc (BLDC) servomotor drive. The performance of fuzzy
and PID controller-based BLDC servomotor drives is investigated
under different operating conditions such as change in reference
speed, parameter variations, load disturbance, etc. BLDC servo-
motors are used in aerospace, instrumentation systems, space vehi-
cles, electric vehicles, robotics, and industrial control applications.
In such applications, conventional controllers like P, PI, and PID
are being used with the BLDC servomotor drive control systems
to achieve satisfactory transient and steady-state responses. How-
ever, the major problem associated with the conventional PID con-
troller is that the tuned gain parameters obtained for such BLDC
servomotor drive control systems do not yield better transient and
steady-state responses under different operating conditions such
as parameter variations, load disturbances, etc. In this paper, de-
sign and implementation of fuzzy controller is presented and its
performance is compared with PID controller to show its capabil-
ity to track the error and usefulness of fuzzy controller in control
applications.

Index Terms—Brushless dc (BLDC) servomotor drive, fuzzy
controller, modeling, PID controller, transient and steady-state
performance.

I. INTRODUCTION

IN RECENT years, brushless dc (BLDC) servomotor drives
have been widely used in aeronautics, electric vehicles,

robotics, and food and chemical industries. The conventional
controllers like P, PI, and PID are being used for control ap-
plications over few decades. It is essential to know the exact
mathematical model of the system or response of the system for
designing these controllers but in practical applications, systems
are found to be nonlinear and complex; so they are approximated
as linear systems to obtain their mathematical model. The con-
troller designed for such systems can only give satisfactory
transient and steady-state responses but not optimum responses.
In most of the literature, it has been assumed that the system
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parameters never change during operating conditions, but in
practical applications the mechanical load parameters such as
inertia and friction may change due to coupling or decoupling
inertia elements, and change in load. The phase resistance of the
BLDC servomotor may also slightly change due to addition of
terminal resistance, change in winding resistance, and on-state
resistance of the semiconductor switches due to change in tem-
perature during operating conditions. It has been found that the
ratio of no load to full load friction is 1:15 and the change in
moment of inertia [20], [24], [29] is up to 10–20 times due to
coupling or decoupling inertia elements for typical automation,
motion control, and positioning applications. The main disad-
vantage of the conventional controllers is that they can provide
better transient and steady-state responses only when the sys-
tem parameters for which they are designed remain unchanged.
But in most of the practical systems, parameters of the system
change during operation. In this paper, design and implemen-
tation of fuzzy controller-based BLDC servomotor drive using
TMS320LF2407A digital signal processor (DSP) is described
and experimental results are presented to compare its perfor-
mance with the PID controller-based BLDC servomotor drive.
The performance of these controllers and their suitability for
wide range speed control of BLDC servomotor drive are inves-
tigated under different operating conditions such as change in
reference speed, parameter variations, and load disturbance.

The information referred from various literatures for carry-
ing out this study is as follows. The modeling of BLDC motor,
estimation of parameters, and control schemes are discussed
in [1]–[4], [15], [23], [25], [26]. The effect of change in mo-
tor parameters on the performance of the BLDC drive system
is discussed in [5], [6], [20], [24], [29], [30]. Several tuning
methods for the PID controllers are described in [7]–[9]. The
tuning method suggested in [8] is found to yield desired re-
sults, and hence this method is adopted for determining PID
controller gain parameters. Design, implementation, and per-
formance analysis of fuzzy logic controllers (FLCs) for various
applications such as dc servomotor, BLDC motor, gas-turbine
plant, servo systems, etc., are presented in [4], [10]–[12], [27],
[28]. The genetic algorithm-based method for the determina-
tion of the PID controller parameters for achieving improved
performance is discussed in [13]. The robust adaptive and opti-
mal control scheme to compensate for parametric and dynamic
uncertainties in the BLDC motor drives is investigated in [14],
[25], and [30]. The design of BLDC motor controller for electric
vehicle application and BLDC motor drives is described in [15]
and [16]. The pulsewidth modulated (PWM) and digital con-
trol schemes for the BLDC motor drives are discussed in [17]
and [18]. Design and implementation of adaptive controllers
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Fig. 1. Equivalent circuit of the BLDC servomotor drive system.

for improving the performance of dc motors and BLDC drives
under different operating conditions are discussed in [20]–[22].

This paper is organized into five sections. In Section II, mod-
eling of BLDC servomotor drive is presented; Section III, design
and implementation of PID controller are described; Section IV,
design and implementation of fuzzy controller are presented,
and finally conclusion is presented in Section V.

II. MODELING OF BLDC SERVOMOTOR DRIVE SYSTEM

The BLDC servomotor drive system consisting of BLDC ser-
vomotor and IGBT inverter is modeled [1]–[4], [15] based on
the assumptions that all the stator phase windings have equal re-
sistance per phase; constant self and mutual inductances; power
semiconductor devices are ideal; iron losses are negligible; and
the motor is 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 ⎡
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Since the mutual inductance is negligible as compared to
the self-inductance, the aforementioned matrix equation can be
rewritten as⎡
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where L and M are self-inductance and 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, respectively; ia , ib ,
and ic are the phase currents of phases a, b, and c, respectively.

The electromagnetic torque developed by the motor can be
expressed as

Te = (eaia + ebib + ecic)/ω = KtI (3)

where ia = ib = ic = I, ω 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 inertia and load, it can also be written as

Te = TL + JM dω /dt + BM ω (4)

where TL is the load torque, JM is the inertia, and BM is the
friction constant of the BLDC servomotor.

The load torque can be expressed in terms of load inertia JL

and friction BL components as

TL = JL
dω

dt
+ BLω. (5)

The output power developed by the motor is

P = Teω (6)

E = ea = eb = ec = Kbω (7)

where Kb is back EMF constant, E is back EMF per phase, and
ω 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 servo-
motor and load so as to design conventional controllers like P ,
PI, 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 response of the BLDC servomotor drive sys-
tem. Increase in the value of energy storage inertia elements JM

and JL will increase the settling time of the speed response or
vice versa. The decrease in the values of power consuming fric-
tion components BM and BL will increase the deceleration time
of the speed response or vice versa. Another parameter, which
is likely to vary during 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
resistance 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 iner-
tia, friction, and phase resistance of the BLDC servomotor may
lead to large overshoots that are undesirable in most of the con-
trol applications. Therefore, 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 servomotor drive is developed
and their performance is investigated during different operat-
ing conditions such as step change in reference speed, different
system parameters, and sudden load disturbance.
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Fig. 2. Block diagram of the experimental setup.

III. DESIGN AND IMPLEMENTATION OF PID CONTROLLER

Proportional-Integral-Derivative controllers [7]–[9] are
widely used in industrial control systems as they require only
few parameters to be tuned. The PID controllers have the ca-
pability 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 pop-
ular PID tuning method is the Ziegler–Nichols method, which
relies solely on parameters obtained from the system step re-
sponse. The block diagram of the experimental set-up used for
implementing PID and fuzzy controller is shown in Fig. 2. The
specifications of the BLDC servomotor are given in Appendix.

The continuous control signal u(t) of the PID controller [19]
is given by

u(t) = KP (e(t) + (1/Ti)
∫

e(t)dt + Tdde(t)/dt) (8)

where, KP is the proportional gain, Ti is the integral time con-
stant, 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) = u(k−1)+K1 ×e(k)+K2 × e(k−1)+K3 ×e(k−2)
(9)

where u(k − 1) is the previous control output, e(k − 1) is the
previous error, and e(k − 2) is the error preceding e(k − 1).
The constants K1 , K2 , and K3 are given by

K1 = KP + TKi/2 + Kd/T (10)

K2 = −KP − 2Kd/T + TKi/2 (11)

K3 = Kd/T (12)

Ki = KP /Ti (13)

Kd = KP Td (14)

T = 1/f (15)

where f is the sampling frequency and T is the sampling rate.
In this paper, a simple PID tuning method [8] that is based

on system step response is used to determine the controller
gains. This method provides a systematic approach to adjust the
proportional gain in order to minimize the overshoot. The PID
controller gains determined are Kp = 11, Ki = 5, and Kd = 0.1
for the BLDC servomotor drive system with effective inertia of

Fig. 3. Speed response of PID controller-based BLDC servomotor drive for a
particular load pattern and load disturbance with different system parameters:
(a) J1 , R1 ; (b) J2 , R1 ; (c) J2 , R2 .

Fig. 4. 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.

motor and load J = 350e-6 kg-m2 , total friction coefficient of
motor and load B = 1e-4 N·m/(rad/s), resistance per phase R =
0.57 Ω, and inductance per phase L = 1.5 mH.

The PID control algorithm is implemented using a DSP,
TMS320LF2407A. This system is tested under different op-
erating conditions such as parameters variations, change in ref-
erence speed, and load disturbance. The results are presented in
the following section.

A. Results and Discussion

The system responses are obtained for different operating
conditions such as change in reference speed, load disturbance,
different inertia of the system, and different phase resistance of
BLDC servomotor and shown in Figs. 3–7. The PID controller-
based BLDC servomotor drive system is tested 1) by changing
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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. 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.

the reference speed in steps from 1000–2500–4000–2500–
1000 r/min; 2) for two different inertia of the system J1 =
350e-6 kg-m2 and J2 = 560e-6 kg-m2 ; 3) for two different
phase resistance of the BLDC servomotor R1 = 0.57 Ω, R2 =
1.14 Ω; 4) applying load disturbance; and 5) changing load.
A cylindrical iron piece has to be attached to the rotor shaft
to increase the system inertia and external resistance has to be
included in series with each phase winding to increase the per
phase resistance of the BLDC servomotor. Fig. 3 shows the
speed responses of the system for a particular change in load
pattern from 100–20–60–100% with load disturbance, reference
speed = 4000 r/min, different system inertia J1 and J2 , and dif-
ferent phase resistance of the BLDC servomotor R1 and R2 .

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.

The speed responses obtained for three different combinations
of system parameters: 1) J1 and R1 ; 2) J2 and R1 ; and 3) J2
and R2 with 100% load applied to the BLDC servomotor and
the reference speed of 4000 r/min are shown in Fig. 3(a)–(c).
It is inferred from the speed responses that the PID controller-
based BLDC servomotor drive system can track the speed error
and quickly bring the actual speed close to the reference speed
whenever there is a change in load or load disturbance. When
load is suddenly decreased or increased, the speed response
momentarily oscillates before settling at the reference speed.
When only the system inertia is increased from J1 → J2 , the
speed response takes more time to reach the steady speed. If
both the phase resistance and system inertia are increased from
R1 → R2 and J1 → J2 , respectively, the speed response takes
slightly more time to reach the steady speed as compared to
the speed response obtained with system parameters J1 and
R1 , and takes less time to reach the steady speed as compared
to the speed response obtained with system parameters J2 and
R1 . Therefore, the settling time and rise time of the speed re-
sponse are found to be increasing for the system parameters
from J1 , R1 → J2 , R2 → J2 , R1 .

The speed response, its corresponding error, and percent
change in duty cycle of the IGBT switches due to step change in
reference speed from 1000–2500–4000–2500–1000 r/min and
with system parameters J1 and R1 , and 100% load applied to
the BLDC motor are shown in Fig. 4. It is inferred from the
speed response that this system tracks the change in reference
speed and maintains actual speed within ±60 r/min or ±1.5%
of maximum speed of BLDC motor. The value of error is found
to increase whenever the reference speed is suddenly increased
or decreased. The duty cycle of IGBT switches is found to
vary proportional to error. The duty cycle varies between 0%
and 100% due to variation in error. The duty cycle becomes
100% so as to apply maximum voltage to the BLDC servomo-
tor when the error reaches or exceeds 36 which is the maximum
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supply voltage applied to the BLDC servomotor. The duty cycle
becomes 0% to apply zero voltage to the BLDC servomotor
when the error reaches zero or becomes negative. The increase
in duty cycle of the IGBT switches accelerates the BLDC ser-
vomotor and decrease in duty cycle of the switches decelerates
the BLDC servomotor. In the PWM control technique, the duty
cycle is adjusted to produce the required average phase voltage
and average phase current so as to supply the required power
to the BLDC servomotor to drive the load, produce a sufficient
torque, and maintain the speed. The duty cycle is found to be
close to 100%, when maximum load is applied to the BLDC
motor and it is running at a maximum speed 4000 r/min. The
settling time, rise time, steady-state error, and deceleration time
of the speed response are found to be 300, 250 ms, ±60 r/min,
and 200 ms, respectively.

The speed response, its corresponding error, and percent
change in duty cycle of the IGBT switches due to step change in
reference speed from 1000–2500–4000–2500–1000 r/min with
system parameters J1 and R1 and 20% load applied to the BLDC
motor are shown in Fig. 5. The settling time, rise time, steady-
state error, and deceleration time of the speed response are found
to be 300, 250 ms, ±60 r/min, and 350 ms, respectively.

The system is found to track the speed error and maintain
an actual speed close to the reference speed. The duty cycle of
the IGBT switches is found to vary according to speed error.
The decelerating time is found to increase with decrease in
load applied to the BLDC servomotor. Since the load applied
to the BLDC motor is 20%, the average current drawn by the
BLDC servomotor is 1 A and the torque developed by the BLDC
servomotor is 0.084 N·m at speed 4000 r/min.

The speed response, its corresponding error, and percent
change in duty cycle of the IGBT switches due to step change in
reference speed from 1000–2500–4000–2500–1000 r/min and
with system parameters J2 and R1 , and 100% load applied to
the BLDC servomotor are shown in Fig. 6. The settling time,
rise time, steady-state error, and deceleration time of the speed
response are found to be 900, 700 ms, ±60 r/min, and 400 ms,
respectively. The speed response takes more time to reach steady
speed due to increase in system inertia from J1 → J2 . The de-
celerating time is also found to increase due to increase in system
inertia and with 100% load. The decelerating time is found to
further increase to 500 ms when the load is reduced to 20%. The
experimental results of PID controller-based BLDC servomotor
drive are given in Table II.

The speed response, its corresponding error, and percent
change in duty cycle of the IGBT switches due to step change in
reference speed from 1000–2500–4000–2500–1000 r/min and
with system parameters J2 and R2 , and 100% load applied to
the BLDC servomotor are shown in Fig. 7. The settling time,
rise time, steady-state error, and deceleration time of the speed
response are found to be 400, 300 ms, ±60 r/min, and 250 ms,
respectively. The settling time of speed response is reduced due
to increase in both inertia of the system from J1 → J2 and
phase resistance of the BLDC servomotor from R1 → R2 , as
compared to the speed response obtained with parameters J2
and R1 . The decelerating time is found to be 250 ms at 100%
load and 400 ms at 20%.

Fig. 8. Block diagram of a fuzzy inference system.

It is well known that the conventional PID controllers will
yield better transient and steady-state responses, if the system
parameters remain unchanged during the operating conditions.
But the parameters of the practical systems change during oper-
ating conditions. As a result, the PID controllers failed to yield
desired performance under nonlinearity, load disturbances, and
parameter variations of motor and load. This has resulted in
an increase in demand for nonlinear controllers, intelligent and
adaptive controllers.

IV. DESIGN AND IMPLEMENTATION OF FUZZY CONTROLLER

There has been a significant and growing interest in the appli-
cation of artificial intelligence type control techniques such as
neural network and fuzzy logic to control the complex, nonlin-
ear systems. Fuzzy logic is applied in applications like washing
machines, subway systems, video cameras, sewing machines,
biomedical, and finance. Having understood the general behav-
ior of the system, fuzzy logic enables the designer to describe
the general behavior of the system in a linguistic manner by
forming IF–THEN rules that are in the form of statements. The
great challenge is to 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. 8. 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 ΔDC. The error is defined as the difference
between the reference speed Nref and actual speed Nact and the
change in error is defined as the difference between the present
error e(k) and previous error e(k − 1). The output, change in
duty cycle ΔDC is the new duty cycle DCnew that is used
to control the voltage applied across the phase windings. The
inputs and new duty cycle are described by

E = e(k) = Nref − Nact (16)

CE = e(k) − e(k − 1) (17)

DCnew = ΔDC. (18)

The speed range of the motor is taken as 0–4000 r/min based
on the specifications of BLDC servomotor. The possible range
of error is from −4000 to +4000 r/min. Therefore, 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. The maximum and
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Fig. 9. Membership functions for Error E , Change in Error CE, and Change
in Duty Cycle ΔDC.

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 converted 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 “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 quantized
using the following linguistic terms Decrease D, No-change
NC, and Increase I . Fuzzy membership functions are used as
tools to convert crisp values to linguistic terms. A fuzzy vari-
able can contain several fuzzy subsets within, depending on
how many linguistic terms are used. Each fuzzy subset repre-
sents 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 mem-
bership function, 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. 9. In order to fine tune
the controller for improving the performance, the adjacent fuzzy
subsets are overlapped by about 25% or less.

Instead of using mathematical 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. 10. The

Fig. 10. Illustration for the formation of rules for a typical underdamped
BLDC servomotor drive system.

TABLE I
3 × 3 FAM MATRIX

number of rules to be used to describe the system behavior 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 membership function and rules. A
fuzzy associative memory (FAM) expresses fuzzy logic rules in
tabular form. 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 I. 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 ΔDC is Decrease 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 ΔDC is
Decrease D.

R3. IF E is Negative NE and CE is Positive PCE THEN ΔDC
is Decrease D.

R4. IF E is Zero ZE and CE is Negative NCE THEN ΔDC is
Decrease D.

R5. IF E is Zero ZE and CE is Zero ZCE THEN ΔDC is
No-Change NC.

This rule implies that when 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 THEN ΔDC is
Increase I.
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R7. IF E is Positive (PE) and CE is Negative (NCE) THEN
ΔDC is Increase (I).

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 THEN ΔDC is
Increase I.

R9. IF E is Positive PE and CE is Positive PCE THEN ΔDC
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 defuzzification methods are available, the most
preferred one is centroid method because this method can easily
be implemented and requires less computation time when im-
plemented in digital control systems using microcontrollers or
DSPs. The formula for the centroid defuzzification method is
given by

z =
n∑

x=1

μ(x)x/
n∑

x=1

μ(x) (19)

where z is the defuzzified value and μ(x) is the membership
value of member x. This crisp value is used to control the duty
cycle of the switching devices in the power inverter module
so as to control the average voltage applied across the phase
windings, hence the speed of the motor.

A. Experimental Setup

The block diagram of the experimental setup is shown is
Fig. 2. The experimental setup consists of four major compo-
nents. They are IGBT power inverter, BLDC servomotor with
loading arrangement, speed, phase voltage and phase current
sensing circuits, and TMS320LF2407A DSP. The BLDC servo-
motor is an electronically commutated motor. The built-in hall
sensors generate three signals according to the rotor position.
These signals are decoded to identify the rotor position and en-
ergize the appropriate windings by switching the appropriate
switches in the IGBT power inverter.

The low cost, reliable power hybrid IC “IRMAY20UP60B”
[3] that is designed for motor drive applications by the Interna-
tional Rectifiers is used as a power inverter to perform electronic
commutation and control the phase voltages of the BLDC servo-
motor. This power hybrid IC is integrated with high-speed driver,
thermal overload, and short-circuit current limit protection cir-
cuits. The hybrid power module IC replaces the conventional
bulky and expensive MOSFET/IGBT inverter and associated
isolation and driver circuits. This IC requires low voltage nearly
3 and 0 V to turn OFF and turn ON, respectively. Moreover, the
effects of electromagnetic interference and noise signal are com-
pletely eliminated. The high-speed digital buffer IC 74HCT244
is used to interface DSP with hybrid power module IC and hall
sensor circuit. The hall sensor signals are applied as input to
the DSP through buffer IC. The gating signals generated by the
DSP for the IGBT switches are also applied through buffer IC.

Fig. 11. Flowchart of a fuzzy controller program.

PWM1-PWM6 pins of Event Manager-A (EVA) module are
used to generate gating signals. The program is written 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 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 acoustic noise during the motor operation. The
duty cycle of the 20-kHz signal generated by the DSP is varied
to control 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 con-
verter 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 voltage follower and it is given as another input to the ADC
converter to determine the reference speed. The other provi-
sions 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, determine the new duty
cycle for the switching devices, and perform electronic commu-
tation. The PWM signals are generated for the IGBT switching
devices using EVA module components such as timers, PWM
channels, etc. The flowchart for the fuzzy controller program
is shown in Fig. 11. The steps involved are: Initialize, ADC to
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Fig. 12. Speed response of the Fuzzy controller-based BLDC servomotor
drive for a particular load pattern with different system parameters: (a) J1 , R1 ;
(b) J2 , R1 ; (c) J2 , R2 .

read actual and reference speeds, I/O ports to read hall senor
signals and generate commutation signals for IGBT switches,
Timer1 to generate control action time and sampling time to
measure speed, Timer2 to generate 20-kHz PWM signal, mea-
sure the reference and actual speeds, compute controller output,
and initiate control action by changing the duty cycle of the
IGBT switches. The control signals for the IGBTs are gener-
ated by ANDing commutation 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 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–PWM6 pins of EVA module of DSP processor. The
control action is initiated at every 1.5 ms using Timer1

Vo(avg) = Duty − cycle × Vdc (20)

% Duty − cycle = (ton/T ) × 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.

B. Results and Discussion

The experimental results obtained for fuzzy controller-based
BLDC servomotor drive under different operating conditions
such as step change in reference speed, different inertia of the
system, different phase resistance of the BLDC servomotor, and
with load disturbance are shown in Figs. 12–18 and Fig. 20.

Fig. 12 shows the speed responses of the system for a partic-
ular change in load pattern from 100–20–60–100% with load
disturbance, reference speed = 4000 r/min, different system in-
ertia J1 and J2 , and different phase resistance of the motor R1
and R2 .

Fig. 13. Phase voltage and current response for 100% Dutycycle.

Fig. 14. Speed response of the Fuzzy 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) Change in
Error; (e) %Duty cycle.

The speed responses obtained for three different combinations
of system parameters: 1) J1 and R1 ; 2) J2 and R1 ; and 3) J2
and R2 with 100% load applied to the BLDC servomotor and
reference speed of 4000 r/min are shown in Fig. 12(a)–(c).

It is inferred from the speed responses that this system is
able to track the speed error and follow the reference speed
for different combinations of inertia of the system and phase
resistance of BLDC servomotor and with load disturbance. The
steady-state error is found to be within ±60 r/min. The speed
response of the system with parameters J1 and R1 is found to
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Fig. 15. Speed response of the Fuzzy 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) Change in Error;
(e) %Duty cycle.

Fig. 16. Phase current response for step change in load applied to the BLDC
servomotor.

quickly reach the steady state after load disturbance as compared
with speed response obtained with system parameters J2 and R1 ,
and J2 and R2 . The settling time of the speed response obtained
with system parameters J2 and R1 is found to be much higher
than other two combinations. However, the speed response of
fuzzy controller-based BLDC servomotor drive is found to be
much faster than PID controller-based BLDC servomotor drive
under load conditions.

The phase current and phase voltage response obtained when
the duty cycle of the IGBT switches is 100% is shown in Fig. 13.

Fig. 17. Phase voltage and current response for step change in load applied to
the BLDC servomotor.

Fig. 18. Speed response of the Fuzzy 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) Change in
Error; (e) %Duty cycle.

The phase voltage is almost trapezoidal in shape and phase
current is a 120◦ square wave.

The speed response, its corresponding error, and percent
change in duty cycle of the IGBT switches due to step change in
reference speed from 1000–2500–4000–2500–1000 r/min with
system parameters J1 and R1 and 100% load applied to the
BLDC servomotor are shown in Fig. 14. The settling time, rise
time, steady-state error, and deceleration time of the speed re-
sponse are found to be 300, 250 ms, ±60 r/min, and 200 ms,
respectively. The speed response is found to exhibit overshoot
when there is a sudden large change in reference speed. This
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system is able to track the speed error and maintains the actual
speed close to the reference speed whenever there is a change in
reference speed. The BLDC servomotor is found to decelerate
within 200 ms when 100% load is applied to the BLDC servo-
motor. The duty cycle of the IGBT switches is found to vary
proportional to error and provide the required control voltage to
the BLDC servomotor.

The speed response obtained with system parameters J1 and
R1 and 20% load applied to the BLDC servomotor is shown
in Fig. 15. The settling time, rise time, steady-state error, and
deceleration time of the speed response are found to be 300,
250 ms, ±60 r/min, and 300 ms, respectively. The deceleration
time is found to have increased with decrease in load applied
to the BLDC servomotor. It is found that speed response of
fuzzy controller-based BLDC motor drive is almost similar to
the speed response of the PID controller-based BLDC motor
drive with system parameters J1 and R1 .

The peak amplitude of phase current is found to increase
when there is a sudden increase in load and decrease when there
is a sudden decrease in load applied to the BLDC servomotor.
The peak amplitude of phase current is found to be 1 A at 20%
load, 2 A at 40% load, 3 A at 60% load, 4 A at 80% load, and 5 A
at 100%. The variation of phase current due to change in load
applied to the BLDC servomotor is shown in Fig. 16. The torque
developed by the BLDC servomotor at 4000 r/min is 0.084 N·m
at 20% load, 0.168 N·m at 40% load, 0.252 N·m at 60% load,
0.336 N·m at 80% load, and 0.42 N·m at %100 load applied to
BLDC servomotor.

The phase current and phase voltage response obtained due
to percentage change in load from 100–20–60–100% is shown
in Fig. 17. It is found that the peak amplitude of phase back
EMF increases when there is a sudden decrease in load. This
is because the speed increases due to sudden decrease in load.
Similarly, the peak amplitude of phase back EMF decreases
when the speed decreases because of a sudden increase in load.

The speed response, its corresponding error, and percent
change in duty cycle of the IGBT switches due to step change in
reference speed from 1000–2500–4000–2500–1000 r/min with
system parameters J2 and R1 and 100% load applied to the
BLDC servomotor are shown in Fig. 18. The settling time, rise
time, steady-state error, and deceleration time of the speed re-
sponse are found to be 200, 150 ms, ±60 r/min, and 200 ms,
respectively. This system is found to track the speed error and
maintain actual speed close to the reference speed. Moreover,
this system accelerates and decelerates faster as compared to
the PID controller-based BLDC servomotor drive system with
parameters J2 and R1 and 100% load applied to the BLDC
motor. The duty cycle of the IGBT switches is found to vary
proportional to error and provide the required control voltage
to the BLDC servomotor. The photograph of the experimental
setup is shown in Fig. 19.

The speed response, its corresponding error, and percent
change in duty cycle of the IGBT switches due to step change in
reference speed from 1000–2500–4000–2500–1000 r/min with
system parameters J2 and R2 and 100% load applied to the
BLDC servomotor are shown in Fig. 20. The settling time, rise
time, steady-state error, and deceleration time of the speed re-

Fig. 19. Photograph of the experimental setup.

Fig. 20. Speed response of the Fuzzy 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) Change in
Error; (e) %Duty cycle.

sponse are found to be 250 ms, 200 ms, ±60 r/min, and 200 ms,
respectively. It is found that speed response always follows the
change in reference speed and settles close to the reference
speed. The speed response is found to be much faster than PID
controller-based BLDC servomotor drive with system param-
eters J2 and R2 and 100% load applied to the BLDC motor.
The decelerating time is found to be less due to increase in the
load applied to the BLDC servomotor. When the load applied to
the BLDC servomotor is reduced to 20%, the decelerating time
increases to 300 ms. The duty cycle is found to vary propor-
tional to error and provide required control voltage to the BLDC
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TABLE II
EXPERIMENTAL RESULTS OF PID CONTROLLER-BASED BLDC

SERVOMOTOR DRIVE

TABLE III
EXPERIMENTAL RESULTS OF FUZZY CONTROLLER-BASED BLDC

SERVOMOTOR DRIVE

motor. The experimental results of fuzzy controller-based
BLDC servomotor drive are given in Table III.

V. CONCLUSION

The PID and fuzzy control techniques are successfully im-
plemented for the BLDC servomotor drive system. The effect of
parameter variations on the performance of the BLDC servomo-
tor drive system is investigated with experimental results. The
experimental results given in Tables II and III show that speed
response of fuzzy controller-based BLDC servomotor drive is
similar to the speed response of PID controller-based BLDC
servomotor drive when the system parameters are J1 and R1 .
However, the speed response of fuzzy controller-based BLDC
servomotor drive is found to be better than the speed response
of PID controller-based BLDC servomotor drive when the sys-
tem parameters are J2 and R1 and J2 and R2 . Therefore, PID
controller-based BLDC servomotor drive failed to provide im-
proved performance under parameter variations of the system.
But, the experimental results clearly show that fuzzy controller-
based BLDC servomotor drive can provide an improved speed
response with consistently same rise time, and settling time
when the system is subjected to load disturbance, parameter

variations, and step change in reference speed. Since the fuzzy
control system is easy to design and implement, effective in
dealing with the uncertainties and parameter variations, and has
better overall performance, fuzzy controller-based BLDC servo-
motor drive system may be preferred over PID controller-based
BLDC servomotor drive for automation, robotics, position and
velocity control systems, and industrial control applications.

APPENDIX

SPECIFICATIONS OF BLDC MOTOR
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