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Abstract: This article presents design and implementation of
Interval Type-2 Fuzzy Logic Controller (IT2FLC) for speed
control of brushless DC motor (BLDCM) based on LabVIEW
package. For the purpose of comparison, the performance of
IT2FLC is compared to Type-1 FL controller (TIFLC). For fair
comparison, both schemes of FL controllersare set with the same
number of membership functions and input-output gain values.
Therobustness characteristics of both FL controllers are assessed
in terms of dynamic performance and load rejection capaility. The
design of IT2FLC and T1FLC are made and implemented within
LabVIEW environment and the effectiveness of controllers are
verified experimentally. The experimental results showed that
IT2FL controller gives better robustness under load variation
than conventional T1FL controller.

Keywords: Type-1 FL controller, Interval type-2 FL controller,
BLDCM, Speed control

. INTRODUCTION

Brushless DC motors (BLDCMs) are used in severd

fields and have many applications, such as in industria
automation, electric vehicles and aerospace computers.
BLDCMs exhibit several advantages over brushed DC
motors. In particular, they require lower maintenance due to
the disposal of the commutator, have longer operating life due
to the lack of friction and electrical losses and achieve higher
power density; these characteristics make them ided
candidates for applications that require high electromagnetic
torque-to-weight ratio [1]. Compared with brushed DC
motors and induction machines, BLDCMs have lower inertia,
enabling faster dynamic response to reference commands.
They are also more efficient due to the presence of permanent
magnets, which can perform with virtualy zero rotor losses

[1].
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Recently, various modern control solutions are proposed
for the speed control of different structures of high
performance motors [2-5]. The intelligent control of BLDC
motors has elicited the attention of many researchers. A
review of the most relevant studiesis presented hereafter.

R. Arulmozhiyal and R. Kandiban compared a
conventional proportional—integral—derivative (PID)
controller and a fuzzy PID controller for speed control of
BLDC motors. The results are firstly ssimulated based on
MATLAB/SIMULINK and then verified experimentally. The
simulated and practical results showed that the fuzzy PID
controller outperformed the conventional PID controller [6].
E. Blessy and M. Murugan analysed a BLDC motor model
and designed FL controller to improve the dynamic
performance of speed control. They compared the fuzzy logic
(FL), proportional, proportional—integral-derivative (PID)
controllers to evaluate the impact of each controller on speed
dynamic performance [7]. Mohammed A. Shamseldin and
Adel A. 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 optimization and self-tuning intend
to find the best gains of PID controllers in terms of transient
and steady-state characteristics. The work showed that the
self-tuning fuzzy PID controller outperformed the other
control techniques [8]. 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 [9]. AkhilaM. and Ratnan P. introduced
an adaptive neuro-based fuzzy (ANFIS) controller for electric
vehiclesbased on BLDC motors. They adopted aregenerative
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 [10]. Shu Xiong et
al. developed a radia 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.
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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 [11].

Muhammed A. lbrahim etal presented an optimal speed
control design of Brushless DC motor based on genetic
algorithm (GA). The optimization method isemployed to find
optimal values of Proportional—Integral-Derivative (PID)
parameters in terms of better dynamic performance [12]. 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 [13].

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 controllersto solvethe degradein system
performance due to uncertainity in system paramters.Two
schemes of FL controllers, represented by Type-1 and I T2FL
controller, are presneted in this work. The main contribution
of the present work can be summarized as:

1. Design and implementation of IT2FLC and T1FLC for
the speed control of BLDCMs.

2. Performance comparison between IT2FLC and T1FLC
in terms of transient and disturbance rejection capablities.

[I. DYNAMIC MODEL OF BLDCM

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

ia

BLDC

Intelligent

Driver
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Circuit

y

Desired
Speed

w T 4 Hall

dé/dt
Actual Speed / Actual Angular Position Sensor

Fig. 1. Basic block diagram of the sensor -less drive of
BLDCM

The voltage equationsfor BLDCM can be described by the
following set of equations [10]:

. d . d ,. d ,.

Va = Rasla + Laaa(la) + Lab E(lb) + Lac;(lc) + eqs (1)
- d ,. d .. d /.

Vp = Ryslp + Lpa E(ln) + Lpp E(lb) + Lbca(lc) + eps (2)
. d .. d .. d .

Ve = Reslp + Lca;(la) +Le Z(lb) + Lcc;(lc) + eps 3)

where 1, v, and v, are the stator phase voltages, R, R;
and R, arethe phaseresistances of the stator; i, iy and i, are
the currents of the stator phases; L., Ly and L., are the
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self-inductances of the stator windings; Lz, L s Lig s Laes
L., and L. are the mutual inductances amongst the stator
windings and E,, E; and E, are the back EMFs of the three
phase stators [10]. Given the symmetric structure and equal
resistances of the three stator windings, we derive

Log =Lpp =L =1 4)

Loc =Lap = Lyg=Lpc =Leg = Loy =M (5)
where L is the sdlf-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+ip+i.=0 (6)
Mi, + Mi, + Mi, =0 (7
The instantaneous induced EMFs can be described by
€ats = fas(er) &p Wi (8)
€pts = fbs(er) &p Wi (©)]

€pts = fbs(er) &p Wi (10)

where ¢y, is the rotor angular speed and &, is the rotor
position. The complete model for BLDCM can be written in
matrix form using equations. (1), (2) and (3) asfollows[15]:

Va Rs 0 0 I'a Laa Lab Lac d in €as
vp)=(0 RS 0 fb + Lba Lbb Lbc E ib + | €bs (1 l)
Ve 0 0 Rs ic Lca ch Lcc ic Ces

All phase resistances are equal and can be designated by
(R) because a balanced three-phase motor is considered.
Therefore, equation (11) can be written as

Vo R 0 O0\/la\ (L—M 0 0\ g /ia ea
wl=(0 kR 0fli)+{ 0 L-M 0 |=lip]+{e]a2)
v, 0 0 R/\i 0 0 L-M i ec

where functions £, (8. ), f-(8-) and f.. (&8, have the same
shapeas &,;., &g:: aNd &,., With amaximum magnitude of +1.
In addition, theinduced EMFs have rounded edges rather than
sharp corners as observed in the trapezoida 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

T, = (eqiq + epip + e.ip)/w
Ep = Apwn

(13)
(14)

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

dw
Te=J]—

ar +Bf Wy + T,

(15)

[Il. TIFLCANDTYPE-2FLC (T2FLC)

The FLC design requires selecting membership functions
(MFs). The selected MFs should cover the entire universe of
discourse (UOD). They should also not overlap with one
another to avoid any form of discontinuity with respect to
minor changesin input [16]. T2FLC consists of a set of MFs
that operate with 3D uncertainties. By contrast, the MFs of
type-1 fuzzy sets operate with only
two dimensions.
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The fuzzy sets of MFs are shown in Fig. 2. These fuzzy sets
are capable of modelling and handling uncertainties,
nonlinearities and linguistic variables related to the input and
output of FLCs by simulating them and reducing their
effectiveness. T1FLC fuzzy sets supplement classical fuzzy
sets, clearly indicating the preferences of IT2FLC [17].

ur (Xi)

Lower MF

05 |-

Fig. 2. MF structureof IT2FLC

The mathematical equation for a system is required to
control practical systemson the basis of thetraditional control
design. Most system equations that describe system dynamics
are differential equations associated with either continuous or
discretetime systems. Most physical systems are complex and
nonlinear in reality. 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 designsthat impose certain assumptions on
a system (e.g. system linearity). The advantages of T2FLCs
over T1FLCs can be summarised as follows [18]-[21]:

e 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
changesin aplant.

e The 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 input and output of UOD for FLCs.

e The uncertainty of type-2 fuzzy sets can adopt the same
UOD asthat of type-1 fuzzy setsbut with a smaller number of
labels.

The following definitions describe the basic mathematical
concepts of T2FLCs[22].

Definition 1. If 4 denotes type 2 fuzzy sets which are
characterised by MF uglx.u), where x € X, X is the
universe of discourse (UOD), and u € ], € [0.1] , then

A={(Cow,pz(,w)x X, u€ J, €[0,1]} (16)
i i (eu)
A= JIIEXjuE Tx .u(xlu) jx < [0, 1] (17)

where 0 = uz(x.u} = 1. The equation can be expressed as
where [ [ represents the union over al admissible u and x.

Definition 2. A 2D systemwith axes u and w4 (x. u) isknown
asthe vertical slice of g (x. ), which is represented as

iz ()

= Hi :leE Jx (xu) jxl c [0, 1]-
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where 0= f,,(u) =1 and uzlx) are defined as the
secondary MF and secondary set, respectively. The primary
MF of x, is designated by [,, and is the domain of the
secondary MF, where [, < [0.1] for al x, in X.

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 the type-2
fuzzy set 4 is called the footprint of uncertainty (FOU). FOU
defines the union of all primary MFs. This union can be
described as

FOU(4) = Upexfs (19)
Definition 5. The upper and lower MFs of 4 are two type-1
fuzzy sets wherein the boundaries of FOU(A) for type-2
fuzzy set 4 are the lower and upper bounds of the type-1
fuzzy sets. Thelower MF isdescribed as ji;(x) x € X and the

upper MF isdefined as i ;(x) x € X, indicating that

z(x) = Fou(4),
jiz(x) = FOU(4).

(20)
2D

Lower and upper MFsfrequently 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 MFs with
its secondary MFsisshownin Fig.3.

o W w2 x o p X

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

IV. EXPERIMENTAL RESULTS

Fig. 4 shows the hardware setup of the FL-controlled
BLDCM. As indicated in the figure, the hardware assembly
consists of a PC (Intel® Core™ i7 CPU 2.8 GHz), a BLDCM
with the specifications listed in Table 1, a Nationd
Instruments data acquisition card (NI-PCI-6251) and a 24 V
power supply with a6.5 A single output.

The other accessories required for data interface are
shielded channel connector block series devices for 1/0
connections (NI-BNC 2120), three oscilloscope AC/DC
clamp current probe testers (CP-05A: 400 A, 200 KHz) and
three high-voltage differential isolating probes (HT-8050: 50
MHz, 1300 V, 8 MQ). The applied load involves a 12 V DC
generator with a rheostat variable resistor (50 Q) to provide
variable loads. The experimental results are implemented
using LabVIEW™ 2018.
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(1) Personal computer. (2) DAQ Data acquisition card. (3) BNC connectors
for 1/0 connections. (4) Power supply. (5) High voltage differential isolating
probes. (6) Oscilloscope AC/DC clamp current probe. (7) Brushless DC
motor. (8) DC generator. (9) Rheostat variable resistor.

Figure (4) Experimental Set-up of Controlled-based

BLDCM

Table-l: Parameters of BL DC motor

(o]

Fig. 5. BIock_diagram of Typel-FL controller within
LabVIEW software

=

+

Motor Parameters Values
Number of poles 8
Number of phases 3
Stator Resistance 0.7
Stator Inductance 0510 “H
Rated power of 92 Wat
motor
Rated speed of 3000 RPM
motor
Rated torque of 022 Nm
motor
Rotor inertia of 0,0075 x 10 * Kgam*
motor

Figs. 5 and 6 show the block diagrams of T1FLC and
IT2FLC, respectively, synthesized using LabVIEW™
software. Fig. 7 depicts the mesh plot of the fuzzy surface
within LabVIEW™, The surface defines the relation between
control effort and the input of error e and change in error e.
Theknowledge base design will form the surface shown in the
figure. This surface can accept the error and change in error
until the equilibrium point at zero value. Notably, the software
of FLCs is encoded and developed based on MATLAB’s
instructions for an m-file in LabVIEW™., The task of
LabVIEW™ is to receive the output of an m-file, which
represents the FLC, and direct it towards the externa
enviroment, where the BLDCM driver is located, under
optimal interface conditions. In addition, LabVIEW™
receives speed information by utilising Hall sensors.
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Fig. 6. Block diagram of 1T2-FL controller within
LabVIEW software

-

S0

oM

o~

Fig. 7. The Type-1 FL contro | Surface which mapsthe
relation of control effort, error, and change of error.

Fig. 8 shows the signals of a hall sensor motor rotor at a
speed of 3000 RPM. The response of the hall sensor ranges
from 5 V to =5 V. The control signa originating from the
LabVIEW™ PC is applied to the BLDCM driver
(SYS-BLD-120A). The control signd is entered into the
driver as a pulse width modulation (PWM) waveform ranging
from 0 V to 5 V. A controller (FAN7388), which is
responsible for generating the appropriate control signals for
the metal—oxide-semi- conductor field-effect transistor gates,
is located inside the motor driver. Fig. 9 shows the control
signalsin PWM waveform.
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Fig. 8. Theresponses of Hall Sensor at speed 3000 RPM Fig. 12. Traces of line voltages at motor terminals
e The speed response under IT2FLC isillustrated in Fig. 13.
s " As shown in the figure, the speed response is firstly set to a
4 desired value of 3000 RPM, and then to a value of 2500 RPM
during the period of (882-952) s. Lastly, aload of 0.2 N.mis
applied during the period of (1090-1185) s. Compared with
T1FLC, IT2FLC exhibits better tracking performance and
load rejection capability. Table 2 quantifies the performance
B . = ok cde o e o ol e of of both controllers in terms of their tracking and disturbance
- —— rejection capabilities. Performance is evaluated on the basis
: of the root mean square error (RM SE). The table shows that
the RMSE valuesfor IT2FLC isless than those for TIFLC in
both tracking and robustness performance. Fig. 14 shows the
torque trace developed by BLDCM throughout its operation.
Table-11: The performance of both controllersin terms

3

Control Signal in Volt

Fig. 9. The control signal in PWM waveform
Fig. 10 presents the speed response resulting from T1FLC.
In this scenario, the reference speed is reduced from 3000
RPM to 2500 RPM at time 109 s and then allowed to return to
3000 RPM at time 171 s; aload of 0.2 N.mis applied during

thetimeinterval (264-334) s. The figure shows that a decline of tracki nF:ng & RVISE
in speed of 212 RPM occurs upon load exertion. Moreover, Control of Type (at Speed (at Load
T1FLC can regain the reference speed upon load release with Change) Change)
aslight peak overshoot. However, T1FLC cannot follow the Type-1 FL Controller 23175-23;02460 392&%2354
changed desired trajectory with zero error, and an error of 198 Interval Type-2 FL Controller : ;
RPM is detected. The current signals of the BLDCM phases o
are shown in Fig.11. Fig. 12 illustrates the traces of line r===-" J I
voltages at the BLDCM terminals. P |i i Y: I i
o~ 2500 a —— T -—
E o ———
- r=—--1 £ s /!
; . r——-=-1 E ’ s
= FT T A - AR oo £ Zoomed of Speed Due
- [ [ it L ’ e g Zoomed View of Speed
E. = I.' |___“__I I——,-,'—-l ;E'm Change pee
| = | F4 7 500
'i | | ’f 7 —Speed Reference
| Foomed o ue —Speed with IT2-FL controller
“ - ,' Zoomed View of Speed um 850 900 950 1000 1050 u::e 1150 1200 1250
{ Change Time in Sec.
=) B Fig. 13. The speed response of BLDC motor based on
e _*;““""TT"H':'MMM IT2FL controller
Time in Sec. 028
Fig. 10. The speed response of BLDC motor based on ozs \ ; 1 N
Typel-FL controller YRl A AV A A PG ZAVARNIY
s s oz | | \/ \/ "‘\,‘A\J‘I Y \J \/ \A |
3 @ 018
E“ 2 E 0.16
< 1 0.14
‘E 012
0
E 1 Iulllﬂ 1890 1900 1910 1920 1930 1940 1950 1960 1970
=
o 5 Time in Sec.
: Fig. 14. The torque behavior developed by BLDC motor

Fig. 11. The current signals of BLDC motor phases
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VIl. CONCLUSION

This article presents design and Implementation of speed
control of BLDC motor based on two schemes of fuzzy logic
control, represented by T1FL and IT2FL controllers. The
design and implementation of FL-controlled speed control of
BLDC motor is performed on the LabVIEW format. Within
the environment of LabVIEW software, a performance
comparison has been made between T1FL and IT2FL
controllers in terms robustness characteristics. Based on the
experimental results, The IT2FL controller showsthat I T2FL
controller shows better load rejection capability than T1FI
controller.
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