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Abstract—This paper describes a simple way to control the speed
of PMBLDC motor using Fuzzy logic control method. In the
conventional PI controller the performance of the motor system is
simulated and the speed is regulated by using PI controller. These
methods used to improve the performance of PMSM drives, but in
some cases at different operating conditions when the dynamics of
the system also vary over time and it can change the reference speed,
parameter variations and the load disturbance. The simulation is
powered with the MATLAB program to get a reliable and flexible
simulation. In order to highlight the effectiveness of the speed control
method the FLC method is used. The proposed method targeted in
achieving the improved dynamic performance and avoids the
variations of the motor drive. This drive has high accuracy, robust
operation from near zero to high speed. The effectiveness and
flexibility of the individual techniques of the speed control method
will be thoroughly discussed for merits and demerits and finally
verified through simulation and experimental results for comparative
analysis.

Keywords—Hall position sensors, permanent magnet brushless
DC motor, PI controller, Fuzzy Controller.

1. INTRODUCTION

HE brushless dc motor drives have been widely used in

electric vehicles, robotics and chemical industrial
applications. In recent years the Brushless dc motors are
preferred as small horsepower control motors due to their high
efficiency, reliability and low maintenance. The conventional
controllers are being used for some control applications. The
mathematical model is essential for the system in designing
the controllers for practical applications [1]. In the shaft
position sensors the Hall Effect sensors are usually used to
detect the rotor position. The brushless DC motor has
trapezoidal Electro Motive Force (EMF) and quasi-rectangular
current waveforms. Hall Effect sensors are usually used for
every 60 degree electrical positions. In addition to the servo
drive application with high stationary accuracy of speed and
rotor position, the brushless DC motor which requires a rotor
position sensor and absolute encoder. Recently, DC motors
have been gradually replaced by the BLDC motors as
industrial applications require more powerful actuators in
small sizes were the Elimination of brushes and commutators
also solves the problem which are associated with contacts and
improved reliability and enhances long life [2]. The BLDC
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motor has low inertia, very large power to volume ratio and
low noise, when compared to the permanent magnet DC servo
motor having the same output rating.

The conventional PI controller is one of the most common
approaches for speed control in industrial electrical drives due
to its simplicity. It also the basis for many advanced control
algorithms and their strategies. These control strategies are
fixed gains may perform as well for different operating
conditions but not for all conditions, because the involved
processes are in general complex, time variant and non-
linearity as well as uncertainties. In fact, the PI speed
controller has some main disadvantages such as load
disturbance, parameter variations to increasing inertia and
rotor resistance variations [3]. Based on the proposed control
technique in order to improve the dynamic performance and
control robustness. This technique is one of the most
successful expert system technique applied in a wide range of
control applications. It also combines with conventional PI
controller to build fuzzy tuning controllers and in order to
achieve a more robust control. However the fuzzy adaptation
can be built and updating the fuzzy sets functions, fuzzy
control rules and controller gains.

The contribution of this paper is a simple and high
performance hence fuzzy tuned PI speed controller of the
BLDC motor. The fuzzy rules which update the two gains of
the PI controller with fixed structure and it based on a
qualitative knowledge and also established from a lot of
simulation results of several transient speed responses
obtained for different operating conditions such as response to
step speed command from standstill conditions. The
conventional controllers are being used for some control
applications. The responses of the system are found to be
complex and nonlinear form. As the linear systems are
approximated to obtain their mathematical model and the
controller are designed for such systems may give the
satisfactory as dynamic responses and the transient steady
state responses but there is no optimum responses [4]. In some
of the literatures, the system parameters never changes during
the operating conditions it has been assumed but for the
practical applications the mechanical parameter such as the
inertia and the friction changes due to their decoupling inertia
elements. The ratio of no load based to the full load friction
and the inertia changes [5] from 10-20 times due to
decoupling inertia for the positioning applications. The
disadvantage for the conventional controllers is load
disturbance and the parameter variations etc.

The system parameters which are designed, can provide
better transient steady state responses while remain
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unchanged. Almost in the system the parameters changes
practically for their responses during the operating conditions
[6]. The pulse width modulation and digital control schemes
for the BLDC motor controller is the most commonly used
methods for electric applications. Hysteresis current controller
is used to maintain the actual currents flowing into the motor
to close as possible to the rectangular reference value [7]. The
dynamic performance of the BLDC motor system, the effect of
change in motor parameters The system parameters which are
designed can provide better transient steady state responses
while remain unchanged [8], [9]. In the PI controller several
tuning methods are described in [10]. For the level of desired
results, the several tuning method [11] and hence in these
methods are adapted for determining PI controller for the
parameter gain. While modeling and the dynamic performance
analysis of fuzzy logic control (FLC) for various applications
in the BLDC motor drive and the drive has a trapezoidal back
EMF and the rectangular stator currents are needed to produce
a constant electric torque. [12].

The PID based method for the determination of PI
controller parameters for achieving the dynamic performance.
It is based on some control schemes used to compensate for
the dynamic uncertainties in the motor drive [13]-[18]. The
phase resistance of the BLDC motor slightly changes due to
their terminal resistance where there are some changes in
winding resistance and on-state resistance of the
semiconductor switching devices due to temperature changes
during operating conditions. The system parameters which are
designed and it can provide better transient steady state
responses while remain unchanged. Almost in the system the
parameters changes practically for their responses during the
operating conditions.

II. BLOCK DIAGRAM OF PROPOSED MODEL

Fig. 1 describes the block diagram of BLDC motor using
FLC. The motor drive consists of speed controller, reference
current generator, the PWM current controller, position
sensor, were the motor and IGBT based current controlled
voltage source inverter. The speed of the motor is compared
with the reference value and the speed error is processed in
FLC speed controller. The output for this controller is
considered as the reference torque and the limit is put on the
speed controller output depending on the permissible
maximum winding currents. While the reference current
generator block this generates the three phase reference
currents using the limited peak current magnitude decided by
the controller and the position sensor. The references current
have the shape of quasi-square wave in phase with respective
back EMF and also develop the constant unidirectional torque.
The reference currents the motor currents are compared with
the reference currents and the switching commands are
generated to drive the inverter devices.
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Fig. 1 Block Diagram of BLDC Motor using FLC

III. MODELING OF BLDC MOTOR DRIVE

Permanent Magnet machines are electromechanical devices
which use magnets to produce a magnetic flux in the air-gap.
These Permanent Magnet machines are categorized into two
types based on flux density distribution and the shape
of current excitation. They are;

a) Brushless Alternating Current machines (BLAC), which
have uniformly rotating stator field inducing sinusoidal
back EMF.

b) Brushless Direct Current machines (BLDC), which have
trapezoidal back EMF.

Permanent Magnet machines have a stator constituted of
copper windings distributed in three phases, and a rotor made
of iron and permanent magnets. BLDC motors are widely
classified into three types depending on the magnet position in
the rotor and they are surface mounted magnet, inset magnet
and buried magnet. Out of these three types, surface mount
Permanent Magnet machines are cheaper because the rotor is
only made of iron and the magnets are simply glued on
afterwards. The positioning of the magnets increases the
mechanical strength of the rotor, and makes the machine
suitable for very high-speed operation through flux
weakening.

In Permanent Magnet (IPM) machines, the reluctance of the
magnetic flux path varies according to the rotor position. Due
to the inductance, the control for an IPM machine is more
difficult than surface mount Permanent Magnet machine.
Hence, surface mount Permanent Magnet motors are more
common in practical applications. The model provides a
platform to design an electrical system to estimate rotor
position of the motor. Given the non-sinusoidal flux
distribution, a model of the surface mount BLDC motor in
phase variables is derived. The equivalent circuit of BLDC
motor with three phase six switch inverter is shown in Fig. 2.
The model of BLDC motor involves line currents, line back-
EMF and the line voltages of the motor. In loop a-n-b of
considering switches S; and S, are switched ON; the voltage
between nodes ‘a’ and ‘n’ is given by
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Vo= RG)+LL )+ E, M
dt
and voltage between node b and n is written as

Vv, = R(ib)+L%.(ib)+ E,, (@)

The difference between phase voltages (Van and Vi)
constitutes to line voltage Vs

-i)+E, €)

a

. d .
V., =R(@, _lb)+LE(1

Similarly, line voltages V. and V,, are obtained by turning ON
appropriate switches of the inverter.

Vi = R =)+ LG, 1)+ E, @

V=R ~)+ LS G i)+ E, )
t

The above equation is re-written as

d R 1 1
—(@,—i)=——(@,—i)—-—E  +—V, (6)
dt(a b) L(a b) L ab L ab
d . . R .. 1 1
E(lb_lc):_z(lb_lc)_zEbc-i_ZI/bc (7)
d R 1 1
L mi)=—(i—i)-—E_ +—V )
dt(C a) L(C a) L ca L ca
Hence, (2) and (3) are modified as
4y g ©)
21 Fao
4 =0 (10)
dt ™

If the sampling period is significantly less than the electrical
and mechanical time constants then the back EMF can be
assumed to be constant during each sampling period and hence
the time derivative of the back EMF equals zero as shown in
(9) and (10).

The third back EMF E.,, between the two phases (c and a) is
deduced using

E,+E +E_ =0 (11)
The electromagnetic torque is given by

— (Ea .ia +Eb .ib +Ec lc)
,

m

T

e

(12)

The equation of motion is

4, _T-1-Bao,) (13)
dt " J

The amplitude of back EMF is proportional to the rotor
speed, and is given by

E=k-o (14

m

IV. CONTROLLING OF BLDC MOTOR DRIVE

S
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Fig. 2 BLDC Motor Drive with Inverter
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Fig. 3 Phase currents (i4, i5, ic) of BLDC motor

While controlling the speed of the BLDC motor drive
system it needed the rectangular stator current to produce a
constant electric torque. With the small parameters
perturbation technique observers is developed for the position
and the speed measurements of the current. The state of art is
the speed enhancement which depends upon the electromotive
force and the flux linkage. It established the performance
prediction over the wide range of operating conditions. The
Hall Effect sensor which senses the rotor position because the
controller must direct the rotor rotation were the controller
which needs the rotor position relative to the stator coils.

In BLDC motor at any instant only two of the three phases
conducts the current. This current conduction depends upon
the rotor position of the motor. Usually, Hall sensors are used
to determine the rotor position of the motor. The digital
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signals from these Hall sensors are then used to determine the
rotor position and switch gating signals for the inverter
switches. Switching sequence of the inverter switches in
accordance with the Hall sensor output is shown in Table I.
The switching pulses for clock-wise rotation of motor are
shown in Fig. 3. The pulses to the top switches of inverter are
chopped according to the required speed while the bottom
switches are switched ON for 120° electrical.

TABLE 1
SWITCHING SEQUENCE

Hall Hall Hall Clockwise Rotation Counter Clockwise

A B C (abc) Rotation (abc)

1 0 0 Si Se Ss Sa
1 0 1 Si Sz Ss Se
0 0 1 S3 S> Si Se
0 1 1 S3 S4 S Sa
0 1 0 Ss Sa S3 Sz
1 1 0 Ss Se S3 Sa4

SAZ

Eb

Y

Ebe - M DF

ECQ
B

Fig. 4 Estimation of six commutation points

In this scheme of rotor position estimation, the outputs of
the proposed method provide an estimate of the line back
EMEF. The estimated back EMF is then fed to the ZCDs to
estimate the commutation points. The detection of the six rotor
positions of the motor can be easily determined from the
estimated line back-EMFs. For instance, during the
commutation of transistor ‘S,’, one can deduce that the line
back-EMF E,; is always positive and the line back-EMF E, is
always negative. This means that it is possible to obtain a
sufficient condition to switch ON the transistor ‘S,’, it is
enough to have E,> 0 and E.< 0. Similarly, for the other
switching commutations, the same logic is employed. Based
on this logic a digital circuit as shown in Fig. 4 is developed to
find the commutation points. The rotor speed estimation with
the help of mathematical relationship between speed and
estimated back EMF. The magnitude of the back EMF is
calculated and then with the back EMF constant, speed is
being estimated as

E
a)r — max (line) (15)
2]<EMF

'max ( phase—to—neutra) = wr ’ KEMF (16)
In other words,
E max (/i
_ (line)
Emax (phase—to—neutral) ~— 2 (1 7)

Using the estimated line back-EMF from sliding-mode
observer and the six commutations points determined through
the ZCD block, the amplitude of the line back EMF is
obtained as depicted in Fig. 5.
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Fig. 5 Emax Detection Circuit

V. IMPLEMENTATION OF FUZZY LOGIC CONTROLLER

The FLC is designed based on a simple analogy between
the control surfaces of the FLC and a given Proportional-
Integral controller for the same application. Fuzzy logic
control may improve the quality of the speed response when
compared to PI control. In case of permanent magnet motors
usually speed control is achieved by using Proportional-
Integral (PI) controller. PI controllers are widely used in the
industry due to their simple control structure and ease of
implementation these controllers have difficulties where there
are some control complexity such that the nonlinearity, load
disturbances and parameter variations. Moreover the PI
controllers require precise linear mathematical models. In the
Fuzzy logic controller it can model nonlinear systems. The
design of conventional control system essential is normally
based on the mathematical model of plant.

Fuzzy logic controller has adaptive characteristics. The
adaptive characteristics can achieve robust performance to
system with uncertainty parameters variation and load
disturbances. In Fuzzification interface measures the values of
input variable. It performs the function of Fuzzification that
converts input data into suitable linguistic values. The inputs
of the fuzzy controller are expressed in several linguist levels.
As shown in Fig. 3 the seven of fuzzy membership function.
As these levels can be described as Positive big (PB), Positive
medium (PM), Positive small (PS) Negative small (NS),
Negative medium (NM), Negative big (NB) or in other levels.
Each level is described by fuzzy set.

In fuzzy Membership Function of a fuzzy set is a
generalization of the indicator function in classical sets as
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shown in Fig. 6. In the fuzzy logic control it represents the
degree of truth as an extension valuation. Degrees of truth are
often confused with probabilities, were they are conceptually
distinct, because the fuzzy truth represents membership in
defined sets, not as condition. Table II is used to frame the
given rules. Based on the fuzzy variables selected the
observation of the behavior of human operators and error the
fuzzy rules base that can ensure the stability and steady state
precision. The membership function input variable of error,
change in error and the output variable of the reference torque
are shown.

NB NM NS ZOPS PM PB

Fig. 6 Seven Levels Fuzzy Membership Function

To improve the dynamic performance and to overcome the
problem the FLC is used. The fuzzy logic controller gets two
inputs, one is error in speed in speed which is the difference
between the actual speed and reference speed and another one
is change in error, which is the difference between present
error and previous error. Based on the inputs the fuzzy logic

controller gives the output to trigger the inverter switch when
the input to fuzzy logic controller varies when the load varies.
The membership function of a fuzzy set is generalization of
the indicator function in classical sets. The membership
function input variable of error, change in error and the output
variable of reference torque.

TABLEII
SPECIFICATIONS ADOPTED FOR THE SIMULATED INVERTER
e/ce NB NM NS y4e] PS PS PB
NB NB NB NB NM NS Z0 PS
NM NB NB NB NM NS Z0 PS
NS NB NB NM NS Z0 PS PM
Z0 NB NM NS Z0 PS PM PB
PM NS Z0 PS PM PB PB PB
PB Z0 PS PM PB PB PB PB
VI. SIMULATION MODEL OF PROPOSED METHOD

The simulation model of closed loop fuzzy controller is
designed and it is presented below. Fig. 7 shows the
simulation diagram of BLDC motor using fuzzy logic
controller. The DC source is connected to the inverter input
and the gate pulses are given from the hall signals. From the
inverter the output is given to the BLDC motor. Instead of PI
controller Fuzzy logic controller is used for the speed
regulation. The speed error is given as the input for the Fuzzy
Logic Controller. The speed error is computed by comparing
the reference speed and the actual speed of the BLDC motor.
Fuzzy Logic Controller output is used for the reference current
generation which is compared with the actual current and
given to the hysteresis controller.
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Fig. 7 Simulation Diagram of BLDC motor using Fuzzy Logic controller
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VII. RESULTS AND DISCUSSION

The speed control of the proposed BLDC drive system
using fuzzy logic controller is shown in Fig. 10. This method
is tested by varying the load of the motor. The motor is
operated at 1000 rpm with a load of 0.2 A. At rest stage the
reference speed is set at 400rpm in motor with a settling time
0.02 seconds, the motor speed reaches the reference speed
with a percentage overshoot of 6.667 with PI controller in Fig.
8. The motor is loaded to 0.4 A at t= 0.5 sec. The speed
returns to the original level within 0.3 seconds of loading
which is depicted then the load is reduced to 0.2 A at t=1.1s in
Fig. 9. Hence, the speed of the motor depends with respect to
the variation of the load. The phase currents at the time
starting getting transient due to initial phase back EMF
machine are zero. After the speed reaching reference speed,
phase currents are reaches the reference current. For FLC the
motor speed reaches reference speed with settling time of 0.03
seconds in Fig. 10.

Fig. 11 shows the electromagnetic torque of BLDC motor
using FLC and the peak value of rotor speed is 31 rpm. The
settling time of the rotor speed is 2.23sec. When using FLC
controller in the feedback circuit based on its present error and
the FLC it performs the operation and gives the output signal.
The speed response of the BLDC drive with conventional PI
controller response of the drive is slower than that of FLC
speed controller. The results prove that the response of the
drive is faster with FLC controller than the conventional PI
controller. Improved response in case of FLC controller is of
immense help to industrial applications.
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Fig. 8 Stator currents variation of BLDC motor using Fuzzy Logic
Controller
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Fig. 10 Speed Response of BLDC motor using FLC
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Fig. 11 Electromagnetic Torque of BLDC Motor using FLC

VIII.CONCLUSION

The investigation results of a BLDC motor using FLC
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controller are presented. The main focus of conventional PI
controller is to estimate the rotor position of the motor. In the
presence of proposed FLC controller leads the unwanted
parameter chattering in the estimated rotor position. The
theoretical basis of the proposed scheme is carried out using
MATLAB/SIMULINK to demonstrate the viability of the
proposed strategy. The simulation has been carried out for
different operating conditions using conventional PI controller
and FLC controller. The simulation results of the two
controllers are compared based on the settling time and rise
time for steady state condition and for dynamic condition
sudden change in load and set speed variation. This chattering
problem is eliminated by using a FLC controller however in
the FLC controller with the noted unaltered back EMF works
well only for its designed range of speed. Hence the speed is
incorporated in the FLC controller and performance is
improved for all range of speeds. Thus, the performance of the
Fuzzy Logic Controller is better than the other controller.
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