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Abstract—The advancement in the field of science, engineering
and technology over last decades successfully designed brushless
DC motor application possible in the automotive industry. This
paper deals with one such technological advancements. In this
dissertation, the brushless DC motors find huge applications in
industries due to their high power density and ease of control.
Usually, a three phase power semiconductor bridge is applied to
control these motors. This dissertation report presents a fuzzy
logic controller for speed control of a brushless DC motor by
using. The fuzzy logic approach applied to speed control leads
to an improved dynamic behavior of the motor drive system and
an immune to load perturbations and parameter variations. The
fuzzy logic controller is designed using based on a simple analogy
between the control surfaces of the fuzzy logic controller and a
given Proportional-Integral controller for the same application.
Fuzzy logic control offers an improvement in the quality of the
speed response, compared to PI control. This work focuses on
investigation and evaluation of the performance of a brushless DC
motor drive, controlled by PI, and fuzzy logic speed controllers.
The Controllers are for the brushless DC motor drive simulated
using MATLAB software package.
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I. INTRODUCTION

Brushless DC (BLDC) motors are preferred as small horse-
power control motors due to their high efficiency, silent
operation, compact form, reliability, and low maintenance.
However, the problems are encountered in these motor for vari-
able speed operation over last decades continuing technology
development in power semiconductors, microprocessors, ad-
justable speed drivers control schemes and permanent-magnet
brushless electric motor production have been combined to
enable reliable, cost-effective solution for a broad range of
adjustable speed applications [1, 2].

Household appliances are expected to be one of fastest-
growing end-product market for electronic motor drivers over
the next few years. The major appliances include clothes
washer’s room air conditioners, refrigerators, vacuum cleaners,
freezers, etc. Household appliance have traditionally relied on
historical classic electric motor technologies such as single
phase AC induction, including split phase, capacitor-start,
capacitor-run types, and universal motor. These classic motors
typically are operated at constant-speed directly from main
AC power without regarding the efficiency. Consumers now
demand for lower energy costs, better performance, reduced
acoustic noise, and more convenience features. Those tradi-
tional technologies cannot provide the solutions [3, 4].

A. DC Motor Drives

DC motors used in rotor dynamics applications require
precise and stable operation which is achieved by either speed
or torque control. DC motors are usually free from harmonics,
reactive power consumption and offer many more advantages
[5]. Therefore, DC motors are widely used in fine speed
controlled applications such as in rolling and paper mills. Due
its high starting torque, series DC motor is best suited for
traction applications like electric trains and cranes. Shunt DC
motors are generally used for constant torque applications [6].
Figure 1 represents a basic structure of brushless DC motor
drive with controller.

Fig. 1. Blushless DC Motor with Controller

One of the attractive features of the DC motor is that it offers
a wide range of speed control both above and below the rated
speeds [7, 8]. This can be achieved in shunt DC motors by
methods such as armature control and field control. The series
DC motor speed can be controlled by changing the terminal
voltage. In spite of all these advantages, the DC motors also
have some shortcomings: high initial cost, and operation and
maintenance cost due to presence of commutator and brush
gears [9].

Brushed DC motor should not be used in explosive and
hazardous conditions because of sparks at the brush. In many
applications permanent magnet, shunt wound and series wound
are prominent components of DC motors. The Sommerfeld
effect [10] characterization is done for all these motors and
different speed control methods are described for passage of
spin speed through the resonance frequency of the driven
structure.
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II. MATHEMATICAL MODELING OF BLDC MOTOR

The brushless DC motor is very similar to the standard wound
rotor synchronous machine except that it has no damper
windings and excitation is provided by a permanent magnet
instead of a field winding. Since the rotor is made up of
permanent magnet, saturation of magnetic flux linkage is same
as that of synchronous machines [11]. The stator is having
three phases winding and fed with the three phase source
[12, 13]. Therefore the stator can be modeled by using the
following equations. The voltage equation of BLDC motor
can be represented asVa

Vb

Vc

 =

R 0 0
0 R 0
0 0 R

iaib
ic

+
L 0 0
0 L 0
0 0 L

 d

dt

iaib
ic

+
eaeb
ec

 (1)

where,
R = Phase Resistance,
L = Phase Inductance
Va, Vb, Vc = Phase Voltages
ia, ib, ic = Phase Currents
ea, eb, ec = Back EMFs
The torque equation of the BLDC motor is as represented as
in Equation 2

T =
eaia + ebib + ecic

ω
(2)

where, ω is motor angular velocity.
The equation of the mechanical system is given by

Te − Tl = J
dωm
dt

+Bω (3)

where,
Tl = Load Torque [N-m]
J = Inertia of Rotor [kg-m2]
B = Damping Constant [N-ms-rad−1]

III. RELATED WORK

A. Energy Cycle of Brushless DC Motor Chaotic System

Qi [14] transformed the original brushless DC motor
(BLDCM) into the Kolmogorov type of system. Four types
of torque have been revealed for vector field of the brushless
DC motor (BLDCM) chaotic system. Accordingly, four forms
of energy are identified for the system–kinetic, potential, dis-
sipative, and supplied. The transforming relationship between
kinetic energy and potential energy has been clarified for the
system. Through an analogue of electrical and mechanical
system, the electromechanical brushless DC motor (BLDCM)
was regarded as a pure mechanical system. The rate of
change of the Casimir function is the exchange power between
dissipative energy and the supplied energy of the motor, which
determines the behavior of orbit of the brushless DC motor
(BLDCM).

1) Mechanics of BLDCM Chaotic System: The equations
describing the non-salient-pole (or called round pole or smooth
air gap) BLDCM can be written via a Park transformation
[15, 16] as

Liq = −Riq − nLωid − nktω + uq (4)
Lid = −rid + nLωiq + ud (5)
Jω = nktiq − bω − TL (6)

iq is the quadrature-axis current, id the direct-axis current,
and ω is the rotor velocity; R is the winding resistance, La
is self-inductance of the winding with L = 3

2La, n is the
number of permanent-magnet pole pairs, ke is the coefficient
of the motor torque with kt =

√
3/2ke, J is the inertia of

moment, b is the damping coefficient of bearing; uq and ud
are the voltage across quadrature-axis and direct-axis, and TL
the external torque due to load.

The optimal, simple and analytical supremum bound of the
brushless DC motor (BLDCM) chaotic attractor was identified
through the Casimir function as well. Four cases analysis of
the brushless DC motor (BLDCM) chaotic system in terms
of combinations of four forms of energy further have been
performed uncovering the insight and contributing factors of
dynamics of periodic orbit, sink, and the chaotic attractors
[17].

B. Adaptive Control Study for DC Motor using Meta–
Heuristic Algorithms

Rodrı́guez-Molina et al. [18] implemented different optimiza-
tion meta-heuristic techniques in the adaptive control that
shows the qualities of each technique in solving the problem
of online parameter estimation of a DC motor subject to
parametric uncertainties. Among the analyzed qualities are
the accuracy in speed regulation, the energy consumption,
the invariability with respect to error and the computational
time required for each technique. The simulation results show
that AC–PSO (Ant Colony–Particle Swarm Optimization) and
AC–DE (Ant Colony–Differential Evolution) are the most
promising adaptive strategies [19].

The future velocity is estimated through a binomial
crossover process where exchanges some components of the
velocity equation ωxi. This process is expressed in Equation 7,
where CR is the probability of changing the current velocity
and ω is a factor which reduce the velocity of all particles
obtained within the range [Vmin, Vmax].

xnext
i,j =

{
ωvi,j if rnd(0, 1) ≤ CR
ωxi,j otherwise

(7)

The future position is estimated as

xnext
i = xi + xnext

i−1 (8)

Based on the obtained statistical results, a hybridization of
the most promising meta-heuristic techniques is proposed
and used in the adaptive control strategy. This alternative
named as AC-PSO/DE (Ant Colony–Particle Swarm Opti-
mization/Differential Evolution) has a significant performance
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improvement with respect to the most promising adaptive
strategies (AC-PSO and AC-DE) in the speed regulation of
the DC motor.

C. Analysis of Dynamic Behavior of Direct Current Motor
with Electrical Braking Techniques

Serteller et al. [20] compared three identical types of motor
with their current, power and speed versus time characteristics
including braking and decelerating. All of the results taken
under certain loads indicates that shunt motor reverse current
braking has an advantage among them because it has the
quickest braking time. However, its power consumption does
not have the lowest.

1) Dynamic Equations of DC Motor: The dynamic re-
sponse of field winding excited and permanent magnet DC
(PMDC) motor is governed by the following equations orderly:

dωm
dt

=
1

J
(T − TL) (9)

T = (keφ)Ia (10)

TL = T +Bωm + Tc + c(ωm)2 + TS (11)

Ea = (keφ)ωm (12)

dIa
dt

=
1

La
(Va − IaRa − Ea) (13)

φ =
NfIf
R

= kfIf (14)

dIa
dt

=
1

La
(Va − IaRa − kpωm) (15)

T = kpIa (16)

Here ωm is the angular speed (rad/s) of the motor (armature),
TL is the load torque, J is the moment of inertia. T is a
magnitude of the motor electromagnetic torque. T defines
the magnitude of the motor torque as a function of the
resultant flux φ(Wb) within the machine taking into account
field and armature flux (armature reaction). Ia is an armature
current; ke and kp are constants for winding excited and
PM, respectively.TL defines the load torque components, in
which B is a viscous damping coefficient, Tc is the coulomb
frictional torque and c is a constant but ignored because of
being small. TS denoted as the standstill torque is taken of
0 Nm. Va represents the terminal voltage. An Electro-motor
force (emf) Ea is induced voltage within the armature winding.
Nf is the number of field winding and R is the reluctance of
the system [21–23].

D. Development of Wireless In-Wheel Motor Using Magnetic
Resonance Coupling

Sato et al. [24] discussed the design, implementation and
bench test results of a wireless-in wheel motor (W–IWM).
An analysis of the stability of the wireless-in wheel motor
(W–IWM) as a constant power load demonstrated the need

for control of the secondary-side voltage. To achieve this, a
novel hysteresis control method was proposed.

Fig. 2. Simplified Circuit for Wireless Power Transfer (WPT)

1) Transmitter and Receiver Coil Design: Figure 2
presents the simplified equivalent circuit of wireless power
transfer (WPT). If it assumed to be fundamental power factor
of secondary is unity, from the secondary rectifier to motor can
be assumed genuine resistance [25]. Where, voltage amplifier
ratio Av and transmiting efficiency Ap can be assessed as
follows:

Av =
V2
V1

= j
ω0LmRac

R1Rac +R1R2 + (ω0Lm)2
(17)

η =
V2Ī2
V1Ī1

=
(ω0Lm)2Rac

(RL +R2){R1Rac +R1R2 + (ωLm)2}
(18)

The coil parameters R1, R2, and Lm, in Equation 18, are coil
parameters that vary based on the coil size, number of turns,
and coil misalignment. Where R1 is primary coil resistance,
R2 is secondary coil resistance, and Lm is mutual inductance.
According to the aforementioned conditions, equivalent resis-
tance Rac is calculated as follows:

Rac =
V 2
21

P2
(19)

The relationships between V21 and Vdc is as follows:

V21 =
2
√

2

π
Vdc (20)

When motor power outputs rated power, Rac = 30Ω. Accord-
ing to Equation 18, when Rac = 30Ω, the η is almost over
90%. As a result, the coils for the wireless-in wheel motor
(W–IWM) can achieve high efficiency at rated power.

2) Electric Power Conversion of Transmitter and Receiver:
The wireless-in wheel motor (W–IWM) is a permanent mag-
netic synchronous motor (PMSM) driven by a voltage type
inverter and is assumed to have constant dc power. In order
to analyze the stability of the secondary dc-link voltage, a
simplified circuit model is introduce as shown in Figure 3. In
this model, the primary circuit and the secondary converter
are assumed to have an equivalent variable current source i0,
which is the average output current of the secondary converter.
The circuit equation of the simplified model is expressed as
follows:

i2 = i0 − CS
dv2
dt

(21)
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Fig. 3. Simplified Circuit Model

The load current i2 is expressed as

i2 =
P2

v2
(22)

where P2 is the load power. Substituting Equation 22 into 21

d2
dt

= − p2
CSv2

+
i0
CS

(23)

Linearizing Equation 23 around the equilibrium point

d∆v2
dt

=
P2∆v2
CSV 2

2

+
∆i0
CS

(24)

v2 = V2 + ∆v2 (25)

i0 = I0 + ∆i0 (26)

Transfer function P∆(s), which is from ∆i0 to ∆v2, is derived
by taking the Laplace transform of Equation 26 as follows:

P∆(s) =
∆v2(s

∆i0(s)
=

1

CS

(
s− P2

CSV 2
2

) (27)

Then, the pole of P∆(s), p is expressed as

p =
P2

CSV 2
2

(28)

Therefore, P∆(s) is unstable regardless of to the load power
P2 and the equilibrium point because p2 > 0 and V2 > 0.
From the results of the aforementioned analysis, in the case
of a constant power load, the load voltage is unstable, and
stabilization control of the load voltage is necessary.

3) Secondary DC–Link Voltage Control: Figure 4 repre-
sents the block diagram of the W–IWM. In Figure 4, Vbatt is
the voltage of the battery of the EV . Vbatt is inputted into
the buck–boost converter, which converts Vbatt to E, the DC
voltage for the primary inverter. The reference for the primary
inverter voltage, E∗, is calculated as

E∗ =
π

4

√
2V1 (29)

where,
V1 =

4√
2π
E sin

(π
2

)
(30)

From Equation 29, which is derived from V ∗dc and τ∗, which
are, respectively, DC–link torque reference for the secondary

inverter and motor speed. Where the motor speed is provided
to the primary side via Bluetooth communication. Wireless
power transfer (WPT) coils means the control plant for the
WPT. The secondary converter makes Vdc stable by using the
hysteresis comparator. The motor is vector controlled by the
secondary inverter.

Fig. 4. Control Block Diagram of The Wireless-In Wheel Motor (W–IWM)

In addition, a feedforward control method [26] for the primary-
side voltage, based on the output of the secondary-side con-
verter estimated from motor speed and reference torque, was
also proposed. The results of the bench tests conducted on the
trial unit validated the effectiveness of the proposed control
methods, showing high efficiency both when powering the
motor and regenerating energy.

E. Dynamic Analysis and Chaos Suppression in a Fractional
Order Brushless DC Motor

Rajagopal et al. [27] derived new results for the fractional
order brushless DC (BLDC) motor. First, the dynamic proper-
ties of the fractional order brushless DC motor were discussed
such as bifurcation with parameters, bifurcation with fractional
orders, Lyapunov exponents [28, 29], and bi-coherence. Next,
chaos control and stabilization of the fractional order brushless
DC motor were achieved with three control schemes (sliding
mode control, robust control and extended back-stepping con-
trol). The fractional order controller stability is established us-
ing Lyapunov stability theorem through a modified fractional
order Lyapunov first derivative [30, 31]. Numerical simulations
are established to illustrate the mail results for the fractional
order brushless DC motor.

The fractional order model of BLDC motor system is
derived with the Caputo fractional order definition [32, 33],
which is defined as

Dα
t f(t) =

1

Γ(1− α)

∫ t

t0

f(τ)

(t− τ)α
dτ (31)

where α is the order of the system, t0 and t are limits of the
fractional order equation, and f(t) is integer order calculus of
the function.

For numerical calculations, Caputo-Riemann-Liouville frac-
tional derivative [34, 35]. Thus, the equation (2) is modified
as

(t−L)D
α
t f(t) = lim

h→0

{
h−α

N(t)∑
j=0

bj (f(t− jh))

}
(32)

Theoretically fractional order differential equations use infinite
memory. Hence when we want to numerically calculate or
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simulate the fractional order equations, finite memory principal
will have to be used, where L is the memory length and h is
the time sampling as

N(t) = min

{[
t

h

]
,

[
L

h

]}
(33)

bj =

(
1− a+ α

j

)
bj−1 (34)

Applying these fractional order approximations in to the
integer order BLDC motor system, it yields the fractional order
BLDC motor model described by Equation 35,

Dαxx = vα − x− yz + ρz (35)

Dαyy = vd − δy + xz (36)

Dαzz = σ(x− z) + ηxy − TL (37)

where αx, αy, αz are the fractional orders of the BLDC motor
system.

F. Control Strategies for DC Motors Driving Rotor Dynamic
Systems Through Resonance

Bisoi et al. [36] primarily focused on coasting up a rotor dy-
namic system mounted on flexible foundation to an operating
speed above the structural resonance frequency. The rotor is
assumed to be driven by a DC motor. It is found that the motor
sizing needs to consider an estimate of the minimum power
requirement to escape through the structural resonance, failing
which the rotor speed may get captured at the resonance.

During passage through resonance, the consequential high
amplitude vibrations can be reduced through different existing
approaches that try to modify the mechanical structure such
as using switched foundation stiffness, variable gear ratio in
the motor, stick-slip and liquid dampers. However, structural
modification is expensive and often infeasible. Another ap-
proach is to use heavy foundation damping. However, heavy
foundation damping reduces the shock isolation capability of
the flexible foundation. Therefore, the methods to promote
passage through resonance by modifying the electrical parts of
the DC motor were considered here. It was found that the best
possible solution should deliver the peak motor power at the
structural resonance frequency [37, 38]. The schematic circuit
representation of field weakening control for series DC motor
speed regulation above the rated operating speed is shown in
Figure 5.

Fig. 5. Schematic Circuit of Field Weakening Resistor for Series DC Motor

In this regard, shunt motor configuration was found to be more
appropriate. A switched control formalism combining the best
properties from the shunt and series motor configurations was
then proposed and validated through simulations.

IV. PROPOSED APPROACH

Fuzzy logic has rapidly become one of the most successful
of today’s technology for developing sophisticated control
system. With it aid complex requirement so may be imple-
mented in amazingly simple, easily minted and inexpensive
controllers. The past few years have witnessed a rapid growth
in number and variety of application of fuzzy logic. The
application range from consumer products such as cameras,
camcorder, washing machines and microwave ovens to indus-
trial process control ,medical instrumentation, and decision-
support system.

A. Proposed Fuzzy Logic Controller Model for Torque Ripple
Minimization

Torque control of brushless DC motor drives has gained
popularity in advanced motor drives applications since it
offers fast instantaneous torque and flux control with simple
implementation. This scheme is well known for its robustness
in control as it is less dependency on machine parameters, does
not need the complex field orientation block, speed encoder
and the inner current regulation loop. Figure 6 represents
a proposed fuzzy logic controller model for torque ripple
minimization based on induction motor drive with a duty ratio
fuzzy logic controller.

Fig. 6. Block Diagram for Proposed Fuzzy Logic Controller Model

V. RESULT ANALYSIS

The experimental setup of speed control of brushless dc
motor shown in Figure V.

The experimental and simulation results with a speed ref-
erence input of 700rpm with a load torque of 0.6 N-m. In
experimental are shown in Figure V and Figure V. The rotor
is standstill at time zero with onset of the speed reference,
the speed error, torque reference, and attains maximum value.
The current is made to follow the reference by the current
controller.

The speed response of the BLDC drive system using and
PI controller and fuzzy logic controller. With the motor at
rest, the reference speed is set at 75rad/s (700rpm) with
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Fig. 7. Torque Analysis Case-1 (Armature Current, Shunt Field Current,
Series Field Current, Output voltage, Electromechanical Torque, Speed, Flux
Linkage vs Time)

Fig. 8. Torque Analysis Case-2 (Armature Current, Shunt Field Current,
Series Field Current, Output voltage, Electromechanical Torque, Speed, Flux
Linkage vs Time)

a settling time 0.05 seconds the motor speed reaches the
reference speed with a percentage overshoot of 6.667 with PI
speed controller. The phase currents at the time starting getting
transient due to initial phase back emfs machine are zero. After
the speed reaching reference speed, phase currents are reaches
the reference current. Phase currents are conduction with 120
angle duration shown in Figure V.

For FLC the motor speed reaches reference speed with

Fig. 9. Torque Analysis Case-3 (Armature Current, Shunt Field Current,
Series Field Current, Output voltage, Electromechanical Torque, Speed, Flux
Linkage vs Time)
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Fig. 10. V-I Characteristics
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Fig. 11. Speed Torque Characteristics

settling time of 0.03 seconds, out any appreciable overshoot
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and zero steady state error in speed shown in Figure V. Also
phase currents are settling to steady state, when actual current
reaches the reference current. From the above shows the speed
response of the BLDC drive with conventional PI controller
response of the drive is slower than that of FLC speed
controller. The former controller shows an overshoot in speed
response, which is undesirable. The drive takes maximum
permissible current to start the motor from standstill. 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.

The simulation result for speed reference input of 700
rpm with a load torque of 0.7 N-m are shown in Figure V.
The controller gains are Kp = 0.8, Ki = 0.02 and current
controller bandwidth is 0.3A.The rotor is standstill at time
zero with onset of the speed reference, the speed error, torque
reference, and attains maximum value. The current is made
to follow the reference by the current controller. There fore
electromagnetic follows the reference value.

VI. CONCLUSION

A fuzzy logic controller (FLC) has been employed for the
speed control of brushless DC motor drive and analysis of
results of the performance of a fuzzy controller is presented.
The modelings and simulation of the complete drive system
is described in this thesis. Effectiveness of the model is
established by performance prediction over a wide range of
operating conditions. A performance comparison between the
fuzzy logic controller and the conventional PI controller has
been carried out by simulation runs confirming the validity and
superiority of the fuzzy logic controller for implementing the
fuzzy logic controller to be adjusted such that manual tuning
time of the classical controller is significantly reduced. The
performance of the brushless DC motor drive with reference
to PI controller, FLC controller and experimental verified with
conventional PI controller using DSP processor. Fuzzy logic
speed controller improved the performance of brushless DC
motor drive of the fuzzy logic speed controller.
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