
Performance Analysis of Fuzzy Logic Controlled Permanent Magnet
Synchronous Motor Drive

Bhim Singh, C.L.Putta Swamy, B.P. Singh, A. Chandra* and K. Al-Haddad*
Department of Electrical Engineering, IIT Delhi, Hauz Khas

New Delhi, INDIA 110 016, FAX 91 11 6862037

* Universite du Quebec, Ecole de tecnologie superieure
4750, avenue Henri-Mien, Montreal (Quebec) H2T 2C8, CANADA

Abstract This paper deals with the performance analysis of the
field oriented control (FOC) of Permanent Magnet Synchronous
Motor (PMSM) drive with a PIP (Proportional plus integral plus
derivative) in dc link voltage control and fuzzy PID for speed
control in closed loop operation. A mathematical model of the
PMSM drive has been developed by considering each acessories
of the model to analyze both the steady state and transient
performances of the PMSM drive system. The current controlled
inverter feeding power to the PMSM motor is powered from a
PWM current controlled converter. The advantages of the
integrated PMSM drive are demonstrated. The PID voltage
control takes care of the constant dc link voltage to feed the
inverter. The fuzzy controller provides a better response to the
drive system specially in the steady state condition. The state
space model developed interms of derivatives of winding
currents, dc link voltage, supply currents, rotor speed, and rotor
position are simulated to obtain the required information. The
study also examines the effectiveness of the PMSM drive under
steady state and transient conditions for different parameter
variation.

I. INTRODUCTION

Permanent magnet synchronous motors(PMSM) are gaining
increasing importance in recent years in industrial drive
applications ranging from small servo drives to high
performance machine tool drives[l]. The main reason for the
increase in stems from its inherent properties such as high
power density, low inertia, higher power factor, high
efficiency and above all, the maintenance free operation owing
to its brushless construction^]. This gets further enhanced due
to the availability of fast switching devices like IGBT,
MOSFETS etc. and also the recent addition of high energy
permanent magnets materials like Samarium Cobalt (SmCo5)
and Neodymium Iron Boron(Nd-Fe-B)[3-5]. The need for
energy conservation is also one of the important motivation
in the use of PM machines.

Field oriented control (FOC) of PMSM motor drive gives
improved performance interms of faster dynamic response and
more efficient operation. The FOC or vector control method

gives the performance characteristics similar to that of a dc
machine which are considered desirable in certain
applications[6,7]. For high performance servo drives, PWM
current controllers are used to ensure that currents flowing
through the motor windings are as close as possible to
sinusoidal references[6]. The implementation of vector
controlled PMSM drive through current controlled voltage
source inverter has been reported in the literature[7]. The
inverter feeding power to the PMSM motor is normally
supplied from a diode bridge rectifier. The diode bridge
rectifier has its own disadvantages such as lower power
factor and harmonics injection to the AC supply system[3].
To overcome these problems, the diode bridge rectifier has
been replaced by a current controlled converter. The current
controlled converter utilizes the high frequency self
commutated converter. This offers some specific advantages
like higher power factor (Unity and leading), reduced level
of harmonics, sinusoidal currents and also the fact that the
converter has the regenerative capability. However.not much
attention has so far been paid to the analysis of the real
system, which may lead to a better understanding and
deeper insight in to the development of the FOC of PMSM
drive along with fuzzy PID control. A need is therefore felt
to carry out the modeling of the PMSM drive which
includes the PID, Fuzzy logic speed controller, converter,
reference current generator, PWM current controller,
inverter and PMSM motor.

Fuzzy logic is recently finding increasing applications that
include management, economics, medicine and recently in
closed loop operation of variable speed drives. The objective
of the fuzzy control is to design a system with acceptable
performance characteristics over a wide range of
uncertainty[8]. The fuzzy control is basically nonlinear and
adoptive in nature, giving robust performance in the face of
parameter variation and load disturbance effects. Many
researchers[8- 10] have reported that the fuzzy logic
control yields results which are superior to those obtained
using conventional control algorithms.
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Fig. 1 Schematic Block Diagram of Fuzzy Controlled PMSM Drive.

In the present investigation the field oriented control method
is adopted for the analysis of vector controlled PMSM. The
PWM current regulated voltage source inverter is considered
for feeding power to the PMSM. The closed loop vector
control of PMSM is achieved through the modeling of vector
controlled PMSM fed from a current controlled
converter/inverter system. The motor is operated at the
desired speed and the currents in the rotor winding are
regulated within a specified band around the reference
currents. The fuzzy PID control scheme is employed in drive
structure. The developed model along with the fuzzy PID is
simulated to examine the dynamic behavior of the PMSM
drive system.

II. CONTROL STRUCTURE

Fig. 1 illustrates the basic building blocks of the PMSM drive
considered in this investigation. The drive consists of a Fuzzy
PID speed controller, PWM current controller, position
sensor, MOSFET based current controlled converter/inverter
and PMSM. The rotor speed wr is compared with the
reference speed wr* and the resulting error is processed in the
fuzzy PID speed controller for each sampling interval. The
output of this is considered to be the reference torque T*. The
quadrature axis current iq* is obtained by using the reference
torque T* and torque constant K,. For low speed operation of
PM motors the flux weakening effect is not required, however

the effect of flux weakening is employed for the high speed
operation of PMSM. Hence in this analysis, the direct axis
reference current i/ is considered to be zero for low speed
operation. The d-q axis reference currents id* and iq* are used
to generate the reference currents i*, ib* and ic* in the
reference current generator. The reference currents have
the shape of sinusoidal wave in phase with respective back
emf to develop a constant and unidirectional torque. In
PWM current regulating block, the motor winding currents
are compared with the reference currents and the switching
commands are generated for the inverter devices. The
controlled converter which is feeding the dc link voltage to
the input of the inverter is utilising the PID in dc link
voltage control, reference current generator and PWM
current controller to maintain constant dc link voltage and to
generate switching commands to the converter.

III. SYSTEM MODELING

PMSM drive consists of power source ie current controlled
rectifier, current controlled inverter, speed controller,
reference current generator, PWM current controller, and
PMSM.

Rectifier System

Three phase ac source is the input to the converter and dc
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voltage is at its output. The PMSM is connected at the output
of the converter through current controlled inverter. Converter
operating in the current controlled mode is represented by the
following state space equations.

pia= (Rsc/LJ*ia+(ei-va)/L8O (1)

pib= (Rsc/LJ*ib+(eb-vb)/Lsc (2)

pic= (R8c/Lsc)*ic+(ec-vc)/L8C (3)

pvdc= 1.0/Cd (ia*SAC + ib*SBC+ ic*SCC - i,) (4)

Where R^ and L8C are per phase resistance and inductance
respectively of the ac source, SAC, SBC and SCC are the
switching functions stating the ON/OFF positions of 3-phase
rectifier switches and i, is the load current at the converter
output.

The three phase instantaneous ac voltages (v0, vb and vc) at the
input of the converter are expressed in terms of instantaneous
dc link voltage (vdc) and switching functions of the converter.
These relations are given below.

Fuzzy PID Speed Controller

The fuzzy PID speed controller has the integral structure of
an expert system and it takes decision at each sampling
instant. The input to the Fuzzy PID speed controller are:

E, = we(n) -we(o.t) , E2= we(n) and E3= we(n) -2 w ^ , , +
w.

va = vdo/3 * (+2*SAC - SBC - SCC)

vb = vdo/3 * (-SAC + 2*SBC - SCC)

vc = vdc/3 * (-SAC - SBC - 2*SCC)

(5)

(6)

(7)

ea, eb and ec are 3-phase instantaneous ac voltages at the input
of the current controlled rectifier and are expressed as:

ea=Em Sin (wt), eb=Em Sin (wt-2ii/3) and ec =Em

Sin(wt+2ii/3) (8)

DC Link Voltage Regulator

The DC link voltage vde is sensed and compared with a set of
reference voltage(Vr), voltage error (Ve) at n th sampling
instant is expressed as:

V — V v
ve(n) ~ vr(n) vdc(n)

The output of the PID voltage regulator at n th sampling
interval is expressed as:

=vM )
v6(n) - v e ( n . o } + k, {ve(n)}

Ve(n) -2 + V
c(n.2)

Where Kp, Kj and K^ are proportional, integral and derivative
constants, respectively, of the voltage regulator.

e(n-2)

Depending upon the error signals E,, E2 and E3 both interms
of trends (increasing and decreasing) and magnitude, the
fuzzy controller searches the corresponding output from its
linguistic codes table (TABLE 1) which is of the order of
8*8*8. The fuzzy logic controller requires defuzzification
values and the final linguistic codes are shown in TABLE
II.

The controller takes E,, E2 and E3 as its input and its output
is the reference torque T*.

TABLE I
GLOBAL FUZZY SET PRESENTATION

TABLE I I

DEFUZZYFIED LINGUISTIC CODES IN TERMS OF
NUMERICAL VALUES

Codes
values

El,
H2. 1-3

-L

-2.8

-M

-2.0

-S

-1.2

-0

-0.6

+ 0

0.6

+ S

1.2

+ M

2.0

+ L

2.8

Modeling of the Vector Controller

The rotor flux linkages revolves at the rotor speed wr and is
positioned away from the stationary reference by angular
position (6t) of the rotor. In the case of sinusoidal fed PM
motor, the orientation of the stator current gives a highly
desirable characteristic. By neglecting the flux weakening
effect for the low speed operation of the motor, the
reference direct axis current (id*) becomes zero, The direct
axis flux linkage equal to flux set up by the excitation of the
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magnet as and is given as: wave pattern of varying frequency and magnitude as per
their reference values.

K = \{ (9)
Motor and Inverter Modeling

and Tc = 3 P A., iq/2 (10)
The following assumptions are made in the modeling of the

Since the flux linkage is a constant, the torque is directly PMSM.
proportional to the q-axis current. Hence torque is represented
as -Saturation is assumed constant.

-Induced emf are sinusoidal.
Te = K, iq (11) -Eddy current and hysteresis losses are negligible.

-There are no field current dynamics,
where K, = 3 P \J2 (12) -There is no cage on the rotor.

Reference Current Generator Modeling With these assumptions, the general form of stator d-q
volt-ampere equations of the PMSM in the rotor reference

The input to the reference current generator are quadrature frame are[6].
and direct axis reference currents and the rotor position signal.
The q-axis reference currents is obtained from equation (11) vq = R iq + p Xq + wr \ (17)
as:

vd = R id + p A, - wr \ (18)
iq* = r / K, (13)

and Xq= Lq iq (19)
Where T* is the reference torque and K, is torque constant.

X, = Ld id + \ ( (20)
The values of i/ is considered zero due to absence of flux
weakening in low speed operation of the motor. The three Where vd and vq are the d-q axis voltages, ij and iq are the
phase reference currents ia*, ib* and i* are obtained as follows: d-q axis stator currents, Ld and Lq are the d-q axis

inductances, X^ and Xq are the d-q axis stator flux linkages,
C = iq*

 c o s (#r) + id* SU1 Cr) (14) R is the stator resistance per phase, wf is the rotor speed and
\i is the stator flux linkage due to the rotor magnets.

ib* = iq* cos (9, - 120) + i / sin (0f - 120) (15)
The developed electromagnetic torque is given as:

ic* = iq* cos (8, + 120) + i / sin (0, + 120) (16)
T6 = 3P [ \ , iq + (Ld - Lq ) id iq]/2 (21)

These reference currents are fed to the PWM current
controller as a three phase reference current signals. where P is the number of pole pairs.

PWM Current Controller Modeling The torque balance equation for the motor dynamics is given
as:

The PWM current controller contributes the switching pattern
to the inverter devices. The switching logic is formulated as Te = T, +Bwr + J p wr (22)
given below.

Where Te is the developed torque, T, is the load torque, B is
if i0 < (ia* - hb) switch 1 on and switch 4 off the damping coefficient and J is the moment of inertia,
if ia > ('a* + hb) switch 1 off and switch 4 on
if ib < (ib* - hb) switch 3 on and switch 6 off For dynamic simulation, the model equations of the PMSM
if ib > (ib* -t- hb) switch 3 off and switch 6 on must be expressed in state space derivative form as:
if ic < (ic* - hb) switch 5 on and switch 2 off
if ic > (ic* + hb) switch 5 off and switch 2 on Pid = (vd - R î , + wrlqiq)/Ld (23)

where hb is the hysteresis band around the reference currents. piq = (vq - R iq - w ^ i^ -wr X^)/^ (24)

The stator winding currents i,, ib and ic are regulated in a sine pwr = (Te -T, - B wr)/J (25)
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Fig. 2. Starting Response of the
PMSM drive

P0r = w, (26)

Where vd and vq are the forcing function to decide the
currents in d-q axis model which may be obtained from
3-phase voltagestv^, v^ and vj through the Park
transformation as:

vq = (2/3) [vM cos(6t) + v

vd = (2/3) [vM sin (fl,) +Vb8 sin (0,-120) +

(̂ r -120) + v,, cos(0r+12O)
(27)

sin(0f+12O)
(28)

Where vM, vte and vra are the instantaneous phase voltages
impressed across the phase windings and are decided by the
inverter as in the case of input converter.

IV. RESULTS AND DISCUSSION

Simulated response of a 6-pole, 8.0 A, PMSM drive is
shown in Fig. 2. To examine the effectiveness of controllers
used in the PMSM drive the following observations are
made from these results.

Starting Response of the PMSM Drive

The reference speed of the motor is set at 400 rad/sec. Fig
(2) shows the motor starting response in which it takes
around 75 msec to reach the set reference speed. Initially,
the dc link is charged to its set value 1.0 pu (240.0V). It is
seen that the converter draws the current at its input and
current is in phase with the voltage keeping the input power
factor unity. The wave form of the current at the input to the
rectifier has a perfect sinusoidal shape. While starting the
drive the dc link voltage experiences negligible

Time(Sec)
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Fig. 3. Response of the PMSM Drive
During Peversal.

fluctuations, when the motor reaches its set reference
speed, the fuzzy PID controller becomes active, and
maintains the rotor speed equal to the reference speed. The
electromagnetic torque Te rises to 10 Nm( maximum
permissible value) during starting of the motor from
standstill condition. After the motor reaches the steady state
condition, the developed torque decreases to the level of 2
Nm and maintains the same value over the remaining period.
The starting current is 7.0 A (peak) and the steady state
current 1.7A(peak). The control structure maintains the
motor winding currents within the hysteresis band around the
reference currents.

Speed Reversal Dynamics of the Drive

Fig. 3 shows the response of the PMSM drive to the
reversal of speed. The motor is running stably at positive set
reference speed of 400 rad/sec. and suddenly the set speed
is changed to -400 rad/sec. In response to this change, the
speed controller is actuated and the drive system control
structure implements the regenerative braking at controlled
frequencies followed by its reverse motoring up to the set
reference speed. During the regeneration period the input
supply current increases and forces the load current to
change its direction. The current controlled converter feeds
the regenerative power to the mains. When the reference
speed is changed to -400 rad/sec. suddenly the
electromagnetic torque becomes maximum -ve value (-10
Nm) and forces the motor to speed up in the reverse
direction. There is an instantaneous change in the reference
currents as soon as the speed changes. The winding currents
follow the reference currents. This is due to fast and
accurate closed loop control structure proposed in the present
investigation.
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V. CONCLUSION

The study of PID controller in dc link voltage control and
fuzzy PID controller in speed control of PMSM has confirmed
that the control structure of the drive takes care of transients.
It is also observed that the level of the transient current never
exceeds the permissible value. Therefore, it is concluded that
the motor control scheme takes care of the over current of the
inverter devices. The power factor is always maintained at
unity due to controlled converter. The proposed scheme has
confirmed that there are quick and instantaneous changes in
the motor currents in accordance with any disturbances in the
set operating parameters of the drive system. The simulation
study also demonstrates the superior performance of fuzzy
control, because it inherently adaptive in nature. The instant
variations of the motor currents and the developed torque
provide fast response of the drive system making it suitable
for a number of applications such as machine tools, robotics
and servo drives.
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