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Abstract: PID controllers are commonly used in practice
for the speed control of permanent magnet brushless dc
(PMBLDC) motor, they have failed to perform
satisfactory under nonlinear conditions like load
disturbances, parameter variation etc, which made this
paper to be developed. In this paper, the performance of
the permanent magnet brushless dc motor drive is
examined with a hybrid fuzzy logic controller, which
shows improved performance compared to PID speed
controller. Finally, this controller is used to control a
nonlinear system like a PMBLDC motor and its speed
control.

I. INTRODUCTION
Permanent magnet brushless dc motor has high
efficiency, low maintenance and low rotor inertia
that has increased the demand of brushless DC
motors in high power servo and robotic
applications. This fact has made permanent magnet
brushless motors to have wide applications along
with their high power density and ease of control.
The invention of modem solid state devices like
MOSFET, IGBT, MCTs and high energy rare earth
PMs have widely enhanced the applications of
PMBLDC motors in variable speed drives. Most
widely used controller in industry is proportional
integral-derivative (PID) type controller due to its
simple control structure, ease of design, and
inexpensive cost. However, the PID type controller
cannot yield a good control performance if a
controlled object is highly nonlinear and uncertain.
This has resulted in the increased demand of
modern non linear control structures.

Very few adaptive controllers have been practically
employed in the control of electric drives due to
their complexity and inferior performance. Fuzzy

logic though developed many years ago, has
recently emerged as a useful tool in industrial
control applications. It is well known that this
control technique depends on human capability to
understand system’s behavior and also on control
rules. Fuzzy controllers have been successfully used
for many years. These controllers are inherently
robust to load disturbances. Another advantage is
that fuzzy logic controllers can be easily be
implemented. The combination of intelligent control
with robust control appears today the most
promising research accomplishment in the area of
drive control.

The applications of fuzzy controllers are limited
because of some drawbacks. In order to eliminate
them, many researchers are now combining fizzy
logic and conventional techniques. Li [1] has
presented an approach to the design of a hybrid
fuzzy proportional plus conventional integral
derivative controller. According to him, one of the
purposes for proposing the fuzzy P+ID controller is
to improve control performance of many industrial
plants that are already controlled by PID controllers.

In this paper, we explore the feasibility of hybrid
FP+ID controller for the speed control of PMBLDC
motor drive. In this, the proportional term in the
conventional PID controller is replaced with an
incremental fuzzy logic controller improving the
behavior of conventional PID controllers. This
controller uses fuzzy rules that are based on
eliminating the overshoots. Our results show
significant improvement in both transient and
steady state responses of the drive. Unlike PID
controller, this controller makes the PMBLDC drive
more robust to load variations. The key feature of
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this scheme is to compensate for overshoots and
oscillations in the response of the PMBLDC motor.

This paper is organized as follows. In section II, the
basic components of PMBLDC motor drive is
described. Different components of the drive system
like speed controller, current controller and inverter
are analyzed in section III. Finally main
observations are concluded in section IV.

II DESCRIPTION OF THE DRIVE SYSTEM
Fig1 describes the basic building blocks of the
PMBLDC motor drive. The drive consists of
proposed FP+ID Controller, reference current
generator, PWM current controller, position sensor,
motor and MOSFET based inverter. The speed of
the motor is compared with its reference value and
the error in speed is processed in FP+ID controller.
The output of this controller is considered as the
reference torque. A limit is put on the speed
controller output depending on maximum winding
currents. The reference current generator block
generates the three phase reference currents (ia*,
ib*, ic*) using the limited peak current magnitude
decided by the controller and the position sensor.
The reference currents have the shape of quasi-
square wave in phase with respective back emf’s to
develop constant unidirectional torque. The PWM
current controller regulates the winding currents (ia,
ib, ic) with in the small band around the reference
currents (ia*, ib*, &*). The motor currents are
compared with the reference currents and the
switching commands are generated to drive the
inverter devices.

III ANALYSIS OF PMBLDC DRIVE
The drive system considered here consists of FP+ID
controller, the reference current generator, P W
current controller, PMBLDC motor and MOSFET
inverter. All these components are modeled and
integrated for simulation in real time conditions.

3.1 FP+ID controller structure
Fig.1 illustrates the basic control structure of FP+ID
speed controller. This hybrid fuzzy controller has
the advantages of PID controller along with fuzzy.
The control signal of conventional PID speed
controller described below.

ωe(n) = ωr(n)• – ωr(n)

∆ωe(n) = ωe(n) – ωe(n-1)

T*(n) = T*(n-1) + KP {ωe(n) - ωe(n-1)} + KD { ωe(n) –
2ωe(n-1) + ωe(n-2)} (1)

where KP, KI and KD are the controller gains of PID
speed controller. n is a sampling index.

The control signal of the present scheme is given by

T*(n) = T*(n-1) + KP x û(k) + KI ωe(n) + KD { ωe(n) –
2ωe(n-1) + ωe(n-2)} (2)

where KP, KI and KD are identical to the fixed gain
PID speed controller, ∆û(k) is the output of the
fuzzy logic controller. The output of the above
equation T is considered as the reference torque of
the PMBLDC motor. The dominating term in
FP+ID controller is the proportional gain, which is
responsible to reduce overshoot and rise time.

∆û(k) = FLC[ωe(n),∆ωe(n)] (3)

where ωe(n) is the error between reference speed and
speed of the motor and ∆ωe(n) is the change in speed
error.

Now we describe the fuzzy logic term û(k) =
FLC[ωe(n) ,∆ωe(n)]. ωe(n), and ∆ωe(n)e(k) are the inputs
to the fuzzy logic controller and ∆û(k) is the output.
The fuzzy members are chosen are as follows:

positive big: PB negative big: NB

positive medium: PM negative medium: NM

positive small: PS negative small: NS

and zero: ZO

Moreover, the triangular-shaped functions are
chosen as the membership functions due to the
resulting best control performance and simplicity.
The height of the membership functions in this case
is one, which occurs at the points -1, - 0.57, -0.27,
0, 0.27, 0.57, l respectively as shown in Fig.2(a).
50% of overlap has been provided for neighboring
fuzzy subsets. Therefore, at any point of the
universe of discourse, no more than two fuzzy
subsets will have nonzero degrees of membership.
The realization of the function FLC[ωe(n),∆ωe(n)],
based on the standard fuzzy method, consists of
three stages: fuzzification, Inference method, and
defuzzification.

Fuzzifcation: This converts point-wise (crisp) data
into fuzzy sets (linguistic variable), making it
compatible with fuzzy representation.

Infererrce method A linguistic rule table, according
to the dynamic performance of the drive is shown in
Table l. The first two linguistic values are
associated with the input variables ωe(n) and ∆ωe(n)

while the third linguistic value is associated with the
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output. For example, if error in speed is ZO and
change in speed error is NS, then output is NM.

Defuzzijication: The reverse of fuzzification is
called defuzzification. The rules of FLC produce
required output in a linguistic variable. Linguistic
variables have to be transformed to crisp output. By
using the center of gravity (COG) defuzzification
method, crisp output is obtained.

Fig.1 Basic block diagram of PMBLDC motor drive
system

Fig.2(a) Membership Functions

3.2 Reference current generator
The magnitude of the three phase current (I*) is
determined by using reference torque (T*) and the
back emf constant (Kb) as: I* = T*/Kb. Depending
on the rotor position, the reference current generator

generates the reference currents (ia*, ib*,ic*) by
taking the value of reference current magnitude as I
, -I* and zero.

Rotor Position Signal Reference Currents

ia*     ib*     ic*

0° – 60° I* -I*      0

60° – 120° I*     0 -I*

120° – 180° 0       I* -I*

180° – 240° -I       I*     0

240° – 300° -I*     0       I

300° – 360° 0 -I*      I*

These reference currents are fed to the PWM
current controller.

Fig.2(b) Inverter circuit with PMBLDC drive

Fig.2(c) Functions of back emfs of PMBLDC motor
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3.3 PWM Current Controller
The switching logic is formulated as given below.

If ia< (ia* – hb) switch 1 ON and switch 4 OFF

If ia> (ia* + hb) switch 1 OFF and switch 4 ON

If ib< (ib* – hb) switch 3 ON and switch 6 OFF

If ib> (ib* + hb) switch 3 OFF and switch 6 ON

If ic< (ic* – hb) switch 5 ON and switch 2 OFF

If ic> (ic* + hb) switch 5 OFF and switch 2 ON

Where hb is the hysteresis band around the three
phase reference currents.

e/ce NB NM NS ZO PS PM PL

NB NB NB NB NB NM NS ZO

NM NB NB NB NM NS ZO PS

NS NB NB NM NS ZO PS PM

ZO NB NM NS ZO PS PM PB

PS NM NS ZO PS PM PB PB

PM NS ZO PS PM PB PB PB

PB ZO PS PM PB PB BP PB

Table1 Fuzzy logic rules for FP+ID speed controller

3.4 Modeling of back emf using rotor position
The per phase back emf in the PMBLDC motor is
trapezoidal in nature and are the functions of the
speed and rotor position angle (θr). The normalized
function of back emf’s is shown in Fig.2(c). From
this, the phase back emf ean can be expressed as:

ean = E 0° < θr < 120°

ean = (6E/ ) ( -e) – E 120° < θr < 180°

ean = -E 180° < θr < 300°

ean = (6E/ ) (8-2 ) + E 300° < θr < 360°

where E = Kb ωr and ean can be described by E and
normalized back emf function fa(θr) shown in
Fig.2(c). ean = E fa(θr). The back emf function of
other two phases ebn and ecn are defined in similar
way using E and the normalized back emf function
fb(θr) and fc(θr) as shown in Fig.2(c).

3.5 Modeling of PMBLDC Motor and Inverter
The PMBLDC motor is modeled in the 3-phase abc
variables. The general volt -ampere equation for the
circuit shown in the Fig.2(b) can be expressed as:

van = Ria + pλa + ean (4)

vbn = Rib + pλb + ebn (5)

vcn = Ric + pλc + ecn (6)

where van vbn vcn are phase voltages and may be
designed

as:

van = vao- vno, vbn= vbo - vno and vcn = vco - vno. (7)

Where vao, vbo, vco and vno are three phase and
neutral

voltages referred to the zero reference potential at
the midpoint of dc link (ο) shown in the Fig.2(b). R
is the resistance per phase of the stator winding, p is
the time differential operator and ean, ebn and ecn are
phase to neutral back emfs. The λa, λb and λc are
total flux linkage of phase windings a, b and c
respectively. These values can be expressed as:

λa = Lsia – M(ib + ic) (8)

λb = Lsib – M(ic + ia) (9)

λc = Lsic – M(ia + ib) (10)

Where Ls and M are the self and mutual
inductances, respectively.

The PMBLDC motor has no neutral connection and
hence this result in:

ia + ib + ic = 0 (11)

Substituting equation (11) into equations (8), (9)
and (10) the flux linkages are given as:

λa = ia(Ls + M), λb = ib(La + M) and λc = ic(La + M)
(12)

By substituting equation (12) in volt-ampere
equations (4) - (6) and rearranging these equations
in a current derivative of state space form, one gets

pia = l/(La+M) (van - Ria - ean) (13)

pib = l/(Lb+M) (vbn - Rib - ebn) (14)

pic = l/(Lc+M) (vcn - Ric - ecn) (15)

The Developed electromagnetic torque may be
expressed as:

Te = (ean ia + ebn ib+ ebn ic) / ωr (16)

where ωr is the rotor speed in electrical rad/sec.

The mechanical equation of motion in speed
derivative form

can be expressed as:

pωr = (P/2) (Te – Tl - B ωr)/J (17)

where P is the number of poles, Tl is the load torque
in N-m, B is the frictional coefficient in N-ms/rad,
and J is the moment of inertia, kg-m2.

The derivative of the rotor position (θr) in state
space form is expressed as:
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pθr = ωr (18)

The potential of the neutral point with respect to the
zero potential (vno) is required to be considered in
order to avoid unbalance in the applied voltage and
simulate the performance

of the drive.

This can be obtained as follows:

Substituting equation (11) in the volt-ampere
equations (4) to

(6) and adding them together gives:

vao + vbo + vco - 3vno = R(ia + ib + ic) + (Ls + M) (pia+
pib + pic) + (ean + ebn + ecn) (19)

Substituting equation (11) in equation (19) we get:

vao + vbo + vco – 3vno = (ean + ebn+ ecn)

Thus, vno = {vao + vbo + vco - (ean + ebn + ecn)} / 3

The set of differential equations mentioned in eqns
(13), (14), (15), (17) and (18) defines the developed
model in terms of the variables ia, ib, ic, ωr, θr and
time as an independent variable.

IV RESULTS AND DISCUSSIONS
4.1 COMPARISON OF REFERENCE SPEED
TO ACTUAL SPEED

Fig.3 Rotor speed

In the above waveform the speed of the motor is
compared with the referance speed. Intially the
speed of the motor is zero at time 0.01 sec the speed
slowly increases and at time 0.03 sec it reaches to
rated speed (i.e., 157rps) and continous with the
same speed untill any distrubance occur. At the time
0.08 sec the reference speed is decreased (97 rps)
then the speed of the motor will also follows it and
continous with the same speed. At this condition the
torque will not be effected due to independent
control.

4.2 COMPARISON OF REFERENCE
TORQUE TO ACTUAL TORQUE

Fig.4 Motor torques

In the above waveform the torque of the motor is
compared with the reference torque. Intially the
torque of the motor is zero at time 0.01 sec the
torque slowly increases and at time 0.04 sec it
reaches to rated torque (i.e.,0.65) and continous
with the same torque untill any distrubance occur.
At the time 0.06 sec the reference torque is
decreased (0.2)  then the torque of the motor will
also follows it and continous with the same speed.
At this condition the speed will not be effected due
to independent control.

4.3 NORMAL OPERATION
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Fig.5 Torque in phase u,v and w.

The torque of the three phases during the constant
speed and torque will vary rapidly at starting due to
high starting torque and settles down when it
reaches its rated speed are shown above

Fig.6 voltages applied to phase u, v & w

The above waveforms are the instantaneous
voltages of the three phases with 120 degrees
displacement during the normal operation.

Fig.7 Instantaneous Back EMF of phase u, v and w

The above three waveforms are the sinusoidal back
emf’s of the three phases at normal operation.
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Fig.8 Rotor Speed

At normal operation the speed of the motor
increases gradually and reaches its rated value and
maintains the same until any disturbance is
occurred.

Fig.9 Instantaneous currents of phase u & v.

The instantaneous currents of the two phases are
shown above from which we can observe that due
to variations in the torque the currents also vary
according to that because TαI.

Figure 5.8: Rotor Angle

The waveform of the rotor angle at normal
operation is shown above.

4.4. AT VARIABLE SPEED
Speed initial=1600 rpm, final=1022rpm

Torque-load=0.65 N-m

Fig.10 Rotor Angle

The rotor angle of the motor remains constant with
the speed and when the speed decreased the rotor
angle increases till the speed reaches the steady
state.
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Fig.11 Torque in phase u, v and w.

When the speed changes the torque will be
subjected to some disturbance but its value will not
change due to the independent control mechanism.

Fig.12 Rotor speed

The above waveform shows the change in speed
according to the given change in value of the speed
of the motor.

Fig.12 Instantaneous Currents

When the speed changes the current will be
subjected to some disturbance but its value will not
change.

4.5. AT VARIABLE TORQUE
Torque Step time=0.025 intitial=0.3 final=0.65

Speed step time =0, initial=0; final=1500 rpm

Fig.13 Instantaneous current of phase v

The instantaneous phase current of the motor when
the torque is varied, which does not affect the
current value.

Fig.14 Rotor speed

When the torque changes the speed will be
subjected to some disturbance but its value will not
change due to the independent control mechanism.

Fig.15 Rotor angle
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The variation in the torque does not affect the rotor
angle of the motor.

Fig.16 Back EMF of phase u

The above waveform is the sinusoidal back emf’s of
one phase at variable torque operation.

Fig.17 Torque in phase u, v and w.

The above three waveforms are the instantaneous
torques of the three phases which are varied with
the change in its value.

REFERENCES
1. W.Li, “Design of a Hybrid Fuzzy Logic Proportional

Plus Conventional Integral-Derivative Controller”,
IEEE Trans. on Fuzzy Systems, Vo1.6, No.4, Nov
1998, pp.449-463.

2. T.Sebastian and G.R.Slemon, “Transient Modeling
and Performance of Variable Speed Permanent
Magnet Motors”, IEEE Trans. on IA, Vo1.25, No.1,
JadFeb 1989, pp. 10 1 - 106.

3. P.C.K.Luk, C.K.Lee, “Efficient modeling for a
brushless DC motor drive”, IEEEAECON, 1994, pp.
188- 191.

4. T.J.E.Miller, “Brushless Permanent magnet and
Reluctance Motor Drives”, Oxford Science
Publication, 1993.

5. C.S.Indulkar and B.Raj, “Application of Fuzzy
controller to Automatic Generation Control, Journal
of Electrical Machines and Power Systems, Vol. 23,
No.2, MarIApr 1995, pp. 209-220.

6. P.Pillay and R.Krishnan, “Modeling, simulation and
analysis of a Permanent magnet brushless DC motor
drive”, IEEEDAS Meeting, 1987, pp. 8-14.

7. A.Rubai and R.C.Yalamanchi, “ Dynamic study of
an electronically brushless DC machine via
computersimulations”, IEEE Trans. on EC, Vo1.7,
No. 1, March 1992, pp. 132 - 137.

8. T.Sebastian and G.R.Slemon, “Transient Modeling
and Performance of Variable Speed Permanent
Magnet Motors”, IEEE Trans. on IA, Vo1.25, No.1,
JadFeb 1989, pp. 10 1 - 106.

9. G.C.D. Souza and B.K.Bose ,“A Fuzzy Set Theory
based control of a Phase-Controlled Converter DC
Machine Drive”, IEEE Trans. on IA, V01.30, No.1,
Jan/Feb 1994, pp. 34-44.

10. E.Cenuto, A.Consoli, A.Raciti and A.Testa, “Fuzzy.
Adaptive Vector Control of Induction Motor
Drives”, IEEE Trans. on PE, Vol. 12, No.6, Nov
1997, pp. 1026-1040

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-8

-6

-4

-2

0

2

4

6

8

Time [sec]

Vo
lta

ge
 [V

olt
s]

Instaneous Back EMF (EMFU)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-0.5

0

0.5

1

1.5

2

Time [sec]

To
rq

ue
 [N

-m
]

Instaneous Torque in Phase V

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Time [sec]

To
rq

ue
 [N

-m
]

Instaneous Torque in Phase U

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-0.5

0

0.5

1

1.5

2

Time [sec]

To
rqu

e [
N-m

]

Instaneous Torque in Phase W


