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1. INTRODUCTION

Brushless DC (BLDC) motors can be used in several fields and applications, such as industrial
automated electric vehicles and aerospace computers. BLDC motors exhibit several advantages over brushed
DC motors. They are characterised by low maintenance due to commutator disposal, long operating life due
to lack of friction and electrical losses and high power density [1, 2]. The BLDC motors have no brushes,
which prolongs the life time of motor and avoids their maintenance. Additionally, these motors are
characterized by high electromagnetic torque-to-weight ratio, which make them suitable for most application
[2, 3]. Compared with brushed DC motors and induction machines, BLDC motors have lower inertia that
enables faster dynamic response to reference commands. In addition, they are more efficient due to the
permanent magnets that can perform with virtually zero rotor losses [3-5].

BLDC motors have a complex and nonlinear model. To overcome the control problem, a nonlinear
fuzzy logic controller (FLC) is used to control the speed of a BLDC motor. This intelligent controller has
a simple structure and is relatively easy to implement due to its modest fuzzy rule in the rule base [6, 7].
Recently, the intelligent control of BLDC motors has elicited the attention of many researchers. A review of
the most relevant studies is presented in this paper. R. Arulmozhiyal and R. Kandiban compared a
conventional proportional—integral-derivative (PID) controller and a fuzzy PID controller in terms of the
speed control of BLDC motors. The results were obtained using MATLAB/SIMULINK and then
experimentally verified. The simulated and practical results showed that the fuzzy PID.

Controller outperformed the conventional PID controller [8]. E. Blessy and M. Murugan analysed
a BLDC motor model and designed an FLC to improve the dynamic performance of speed control.
They compared the fuzzy logic (FL), proportional, proportional-integral and PID controllers to evaluate
the impact of each controller on speed dynamic performance [9]. Mohammed A. Shamseldin and Adel A.
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EL-Samahy presented three different robust controllers for the speed regulation and tracking control of high-
performance BLDC motors. These controllers are conventional PID, genetic-based PID and self-tuning fuzzy
PID controllers. Genetic optimisation and self-tuning intend to find the best gains of PID controllers in terms
of transient and steady-state characteristics. Their work showed that the self-tuning fuzzy PID controller
outperformed the other control techniques [10]. P. Hari Krishnan and M. Arjun developed an adaptive FL
PID controller to control the speed of a BLDC motor. They compared the fuzzy PID controller and the
adaptive fuzzy PID controller. The simulation results based on MATLAB/SIMULINK showed that the
adaptive fuzzy PID controller exhibited better performance than the fuzzy PID controller [11].

Akhila M. and Ratnan P. introduced an adaptive neuro-based fuzzy (ANFIS) controller for electric
vehicles based on BLDC motors. They adopted a regenerative braking strategy to maintain the vehicle’s
stability and recover energy, thereby reducing air pollution and achieving optimum energy utilisation.
The simulation in MATLAB showed that the ANFIS-based controller could rapidly reach the target and
overcome the complexity of the problem [12]. Shu Xiong et al. developed a radial basis function (RBF)
neural network with a PID controller to overcome the response lag, low precision and instability problems
due to the use of the classical PID controller in the speed control of BLDC motors. The simulation results
showed that the proposed intelligent controller could effectively improve the performance of the controlled
system and provide faster response than the traditional PID controller [13]. Muhammed A. Ibrahim etal
submitted an optimal control design of Brushless DC motor speed control based on genetic algorithm (GA).
The optimization method is employed to find optimal values of Proportional-Integral-Derivative (PID)
parameters in terms of better dynamic performance [14]. N. N. Baharudin and S. M. Ayob ustilized hybrid
conventional and intelligent controller to cope with the drawback of both controllers. The conventional
controller is represented by linear controllers such as Pl, PID and PD controller, while the intelligent
controller is designed based on FL control [15].

One main issue in control of BLDC motor is how to design a controller such as to obtain high
dynamic performance and to cope with system uncertainity and load disturbance. The conventional controller
lacks the ability to give satisfactory responses under parameter variation and load application. Therefore,
FL controller is proposed to replace the classical controllers to solve the degrade in system performance due
to uncertainity in system paramters. The present work compares a Type 1 FLC (T1FLC) and an interval Type
2 FLC (IT2FLC) for the speed control of BLDC motors. The performance of each controller is assessed in
terms of transient and steady-state characteristics. Their performance is evaluated in MATLAB.

2. DYNAMIC MODEL OF ABLDC MOTOR

A BLDC motor is a three-phase, star-connected, four-pole, trapezoidal back electromotive force
(EMF) type with a three-phase inverter. Figure 1 shows the basic block diagram of the speed control for
a BLDC motor.

ontroller

dt

Figure 1. Basic block diagram of the sensor-less drive of a BLDC motor

The The voltage equations for a BLDC motor can be described by the following set of equations [3, 12]:

. d ,. d ,. d ,.

Vg = Rasla + Laa E (la) + Lab E (lb) + Lac E (lc) + €gs (1)
. d ,. d ,. d ,.

Vp = Rpslp + Lpa; (ia) + Lpp n (ip) + Lpc n (i) + eps @)
. d ,. d ,. d ,.

Ve = Reglp + Leg i (ig) + Ly i (ip) + Lec i (ic) + ecs (3)
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where v,, v, and v, are the stator phase voltages; R, , R, and R, are the phase resistances of the stator; i, i,
and i, are the currents of the stator phases; L,,, Ly, and L. are the self-inductances of the stator windings;
Laps Lpe, Lyas Lae, Leq @nd L, are the mutual inductances amongst the stator windings and E,;, E;, and E, are
the back EMFs of the three phase stators [3, 12]. Given the symmetric structure and equal resistances of
the three stator windings, we derive

Log = Lpp =L =1L (4)

Loc =Lap = Lyg =Lpc =Leg = Loy =M (5)

where L is the self-inductance of the stator and M is the mutual inductance. L and M are independent of
the rotor position. The three-phase star winding motor can be expressed as follows:

ig+iy+i.=0 (6)
Mi, + Mi, + Mi, =0 (7

The instantaneous induced EMFs can be described by

€ats = fas (97’) lp Wi (8)
€hts = fbs(gr) Ap W (9)
€cts = fcs (97’) lp Wi (10)

where w,,is the rotor angular speed and 6,. is the rotor position. The complete model for a BLDC motor can
be written in matrix form using (1), (2) and (3) as follows [16]:

Va RS 0 0 ia Laa Lab Lac d ia €as
Vo |=|0 Ry O )\ip|+(Lloa Lop Loc || ]+]|ebs (11)
Ve 0 0 Rs I Lea Lep Lec ic €cs
All phase resistances are equal and can be designated by (R) because a balanced three-phase motor
is considered. Therefore, (11) can be written as follows:

Va R 0 0\ /i L—-—M 0 0 4 iq €q
()= n @)y g o Jale)le) e
Ve 0 0 R/ \i 0 0 L-M ic €c
where functions f,(6,), f,s(6;) and f..(6,) have the same shape as e, , €p:s and e, s With @ maximum
magnitude of £1. In addition, the induced EMFs have rounded edges rather than sharp corners as observed in
the trapezoidal functions. This condition is attributed to the time derivative of the flux linkages. The flux

density functions are smooth without sudden edges because the flux linkages are fringing and continuous
functions. The expression for electromagnetic torque can be written as

Te — eaia+ez)ib+26ic (13)
E, = Aywy, (14)

The developed torque is used to overcome the mechanical rotation and load torque, which is expressed as:

T =] 52+ By + T, (15)

3. TYPE-1FLC AND TYPE-2FLC (T1FLC, T2FLC)

The design of a fuzzy logic controller requires the choice of membership functions. The
membership functions should be chosen such that they cover the whole universe of discourse. It should be
taken care that the membership functions overlap each other. This is done in order to avoid any kind of
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discontinuity with respect to the minor changes in the inputs [17, 18]. T2FLC consists of a set of membership
functions (MFs) that operate with 3D uncertainties, whereas the MFs of type 1 fuzzy sets operate with only
two dimensions. The fuzzy sets of MFs are shown in Figure 2. These fuzzy sets are capable of modelling and
handling uncertainties, nonlinearities and linguistic variables related to the input and output of FLCs by
modelling them and reducing their effectiveness. TIFLC fuzzy sets supplement classical fuzzy sets, thereby
clearly indicating the preferences of IT2FLC [19].

Mmr (Xi)
A

Upper MF Lower MF

05 |-

Figure 2. Interval fuzzy type 2 MF structure

The mathematical equation for a system is required to control practical systems based on
the traditional control design. Most system equations that describe system dynamics are differential equations
associated with either continuous or discrete time systems. In reality, most physical systems are complex and
nonlinear. An accurate nonlinear model is difficult to develop for most systems. Although a relatively exact
model can be derived, designing a controller that can achieve the required dynamics is too complex,
particularly for traditional control designs that impose certain assumptions on a system (e.g. system
linearity). The advantages of T2FLCs over T1FLCs can be summarised as follows [20-23]:

a. T2FLCs are more robust than T1FLCs because they can work under a wider range of operating conditions
than T1FLCs. In addition, T2FLCs can deal with noise and load changes in a plant.

b. The fuzzy sets and MFs of T2FLCs are fuzzy. Moreover, the uncertainty can handle and model numerical
uncertainties, nonlinearities and linguistic variables that are accompanied by the inputs and output of the
universe of discourse (UOD) for FLCs.

c. The uncertainty of type 2 fuzzy sets can adopt the same UOD as that of type 1 fuzzy sets but with a
smaller number of labels.

The following definitions describe the basic mathematical concepts for T2FLCs [24, 25].

Definition 1. If A denotes type 2 fuzzy sets, which is characterised by MF uz(x.u), where x c X, X is the

UOD and u € J, < [0.1] ; then

A={((x.w).uz(x.w)|x€X.u€e J, €[0.1]} (16)

where 0 < uz(x.u) < 1. The equation can be expressed as

A= J oo e, B0, € 10.1] (7)

UE Jx (xu)

where | [ represents the union over all admissible u and x.
Definition 2. A 2D system with axes u and uz(x.u) is known as the vertical slice of uz(x.u), which is
represented as

AW
i (=01 = pz=f e, A € (0.1 (18)

where 0 < f,; () <1 and pz(x) is defined as the secondary MF and secondary set, respectively. The
primary MF of x, is designated by J,; and is the domain of the secondary membership, where J,, < [0. 1] for
all x; in X.
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Definition 3. The amplitude of the secondary MF is defined as the second degree, which is referred to as
the secondary grade.
Definition 4. The bounded area of uncertainty for type 2 fuzzy set 4 is called the footprint of uncertainty
(FOU). FOU defines the union of all primary MFs, which can be described as

FOU(A) = Uyex/y- (19)

Definition 5. The upper and lower MFs of A are two type 1 fuzzy sets, where the boundaries of FOU(/I) for
type 2 fuzzy sets A are the lower and upper bounds of type 1 fuzzy sets. The lower MF is described as
fa(x) x € X and the upper MF is defined as fz(x) x € X , which indicate that

fii(x) = FOU(A), (20)
fz(x) = FOU(A). (1)

The lower and upper MFs frequently exist because the domain of the secondary MFs is limited
within the range of [0, 1]. The structure of the interval type 2 FL. membership of MF with its secondary MFs
is shown in Figure 3.

w _—— — » =T
[T
H1
[+ ] x (] x1 =
B —
o w w2 x a L x

Figure 3. Interval fuzzy type 2 MF structure with its secondary MFs

4.  SIMULATION RESULTS

In The effectiveness of T1IFLC and T2FLC for the speed control of BLDC motors is verified
through simulation in MATLAB/SIMULINK (R2017b) environment. The SIMULINK modelling of FLC-
based speed control is shown in Figure 4. The BLDC motor parameters used throughout the simulation are
listed inTable 1.
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Figure 4. BLDC motor with T1IFLC
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Table 1. Parameters of BLDC motor

Motor Parameters Values
Number of poles 8

Number of phases 3

Stator Resistance 070Q

Stator Inductance 0.5x 1073 H
Rated power of motor 92 Watt
Rated speed of motor 3000 RPM
Rated torque of motor 0.22 N.m

Rotor inertia of motor

0.0075 x 1073 Kg.m?

The MFs of T1FLC for error and change of error is shown in Figure 5 and the MF of FL output is
depicted in Figure 6. Figure 7 presents the speed response due to T1FL and IT2FL controllers. The
performance evaluation of TIFLC and T2FLC is performed in terms of the dynamic response and steady-
state characteristics of the controlled motor. The best controller is the one that provides the minimum peak
overshoot My,, minimum rise time T, and minimum steady-state error eg,. It is clear in the figure that IT2FL
controller shows better transient charctersitics than T1FL controller. Table 2 lists the numerical evaluation of
transient paramters for both controllers. The load rejection capability of both controllers can also be deduced
from Figure 7. The figure shows a load of 0.4 N-m is applied to the motor at 0.06 s. It evident from the
zoomed figure that the response suffers no change in case of IT2FL controller, while a dip of maximum 60
RPM has been observed in case of T1FL controller. This indicates that IT2FL controller has better load
rejection capability than T1FL controller. Figure 8 shows the behavior of currents generated by both
controllers. It evident from the Figure 8 that the current due to IT2FL controller has less excursion level than
that generated by T1FL controller.

B CATIVE NEGATIVE POSITIVE POSITIVE
'\u;[:é“ E SMALL ZERO SMALL BIG
1
Hx
0
-1 -0.5 0 0.5 1

Figure 5. MFs of the error and change of error of TIFLC
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Figure 6. MFs of the output of TLFLC
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Figure 7. Dynamic responses due to T1FL and ITFL controllers under disturbance application

Table 2. Comparison of speed control between different controllers for a BLDC motor

Characteristics of Dynamic Response Types of Controllers
Type-1FLC Type-2 FLC
Rising Time (Tr) Sec 3.34x1073 3.12x 1073
Maximum Overshoot (Mp) 277 11
Steady-state error (Ess) rad/sec. 4.3797 1.6193
Settling Time (Ts) Sec. 12.9x 1073 3.2x1073
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Figure 8. Current of phase A when T1FL and T2FL controllers are used

The response of back EMF is shown in Figure 9. Where a voltage dip is observerd at the instant
when the load is applied. T2FLC can succesfully regain the voltage magnitude to its value before load
change. The result of the motor electrical torque that is produced in the air gap between the rotor and the
stator is shown in Figure 10. The value of the motor electrical torque is increased at the instant when the load
is applied. Compared with the result presented in Figure 10, the motor electrical torque is proportional to the
stator current of the BLDC motor. Another simulation is performed for the operation of BLDC using
IT2FLC, as shown in Figure 11. An M-file code is written and inserted into the simulation rather than
utilising the FLC tool box for T1FLC.
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Figure 9. Back EMF of the motor based on T1FL controller and IT2FL controller
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Figure 10. Electrical torque of the motor when T1FL controller and IT2FL controller are used
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Figure 11. BLDC motor with T2FLC
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5.  CONCLUSIONS

This study compares two types of FL structure, namely, TIFLC and IT2FLC, for controlling the
speed of BLDC motors. The performance evaluation is verified through simulation in
MATLAB/SIMULINK. The performance of the controllers is based on transient and steady-state
characteristics. The simulation results and performance table show that IT2FLC outperforms T1FLC in terms
of transient and steady-state parameters.
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