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Analysis of Permanent Magnet Synchronous Motor

Muneeb Ahmad, L akshmikant Bopche, Virendra Umale, Saurabh K Singh

Abstract: This paper focus on various loading conditions on
the Permanent Magnet Synchronous Motor and its application
using field oriented control technique. Constant torque
application irrespective of speed is also presented. This technique
helps in lift and belt conveyors handling constant weight of
material per unit time, in pumping and compressing and electric
locos. Results of simulation shows that proposed system has high
acceleration and deceleration rate with vector control, overall
quick and dynamic response as well as excellent controlling
ability. The vector control is a excellent technology for analysis
and design of PMSM drive system. It provides designing and
debugging for practical drive system. Modeling and different
kinds of Permanent Magnet Synchronous Machines are studied
and Simulation is carried out in Matlab and performance is
studied at different operating conditions.

Keywords. Permanent magnet synchronous motor; field
oriented control; loop current control; loop speed control.
Abbreviations

P Number of poles of stator poles

i ip, ic stator phase currents (Amp)

ig, iq d and q axis currents (Amp)

€ 6, & back Emf (Volts)

Va, Vo, Ve phase voltages (volts)

Vg, Vg d & q axis voltages (volts)

Ve DC voltage (volts)

J Moment of Inertia, kg-m?

La Lps L¢ Self inductance of phase (Henrys)

Lap Coupled inductance between a, and b

Phase (Henrys)

La, Lq d & g axisinductance (Henrys)

At Mutual flux due to rotor magnet (Webers)

Ad Aq d & gaxis link fluxes (Webers)

R, Resistance of stator winding

L Average inductance L¢= (Lqt+Lg)/2

Ly Inductance fluctuation L= (Lg-Lg)/2
Am linkage flux due to magnet
0, Electrical angle between d-axisand g-axis
Ws angular Synchronous speed (Rad/sec)
Wy ;= p0, rotational speed (rad/sec)

Te Motor developed torque in (N-M)
aand f Sationary frame a-axis and S-axis.
B friction coefficient (N/rad/sec)
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l. INTRODUCTION

In servo applications PMSM can be used
very efficiently. [1]-[3],, The PMSM required a
sinusoidal back emf and sinusoidal sator current
to produce constant torque. The PMSM
considered in the paper has no damper bars and
excitation through the permanent magnet instead
of a fiedd winding. This motor is mostly used in
low and medium  power  applications like
computers, robotics, variable speed applications,
electric cars and constant torque application in
various  industries like steel mills and in
transportation for materia handling. [2], [3],[11].

Industry has demanded the need of simulation
tools for permanent magnet motor and these
system helped the process of developing new
systems including motor drives, by reducing cost
and time. Simulation tools have the capabilities
of performing dynamic simulations of  motor
drives in a visua environment so as to facilitate
the development of new systems. [7],[8],[10].

In permanent magnet machine the flux can be
distribution radial and axialy pattern.  Surface
permanent magnet and buried permanent magnet
is a type of shusoida stator supply. In surface
permanent magnet, permanent magnets are glued
on the rotor surface using epoxy adhesive
Unlike in an interior permanent magnet the
magnets are mounted inside the rotor [9], [12],[13]

This paper shows the mathematical modeling,
simulation of Permanent Magnet  Synchronous
Motor in MATLAB environment using vector
control under different operations like i) stepwise
rise in load i) dsepwise change in speed iii)
reversal  of speed, and simulation for €ectric
vehicle load.

The paper is aranged as follows:

Section Il is the modeling of the PMSM.
Section Il scalar followed by vector control
method.  Section IV.Various kinds of load.
Section V. Electric transportation load, VI.
System of drive. In section VII Results of
Simulation. VIII. PMSM AC-6 system of drive
Section X .Conclusion
.Motor parameters are as under:
Power Rating = 1.1 KW
Armature Resistance = 2.875 ohm
Flux = 0.175 weber
Direct Axis Inductance = 0.0085H
Quadrature Axis Inductance = 0.0085H
Moment of Inertia= 0.008 kg-m"2
Number of Poles= 2
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1. MODELLING OF PMSM MACHINE

The dator of ae similar. The electromotive
force generated by both the machines is
same. The mathematical modelling of a PMSM

has same to that of the wound rotor
synchronous motor.The assumptions for
derivation. [1]-[4]. Assumptions such as in the
air gaps space harmonics are neglected due
stator winding magneto motive force
distribution. Reluctance air gap has sinusoida
varying component. Three phase balance supply.
Saturation due to magnet is considered and
iron losses are neglected. Absence of damper

bars.[1],[9].[12]
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Fig 2.1. Permanent Magnet Synchronous M otor
Rotor reference frame equation of stator d, q [2], [3]

Vd = Rs id + pAd + wriq 1)
vq = Rsiq + pAq — wrAd 2
where
Aq = Lqiq ©)
Ad = Ldid + Aaf 4

Aaf isthe magnet mutua flux linkage
The power input p; isindicated as

Pi = vaia + vbib + vcic (5)
interms of d, q variables
power input = (vdid + vqid)/2 (6)
& Iq & Ld
VWA —AMN—TI
L + N
I + bii
Vq @im Vd
] oLild 7 gl
—0" —0

(8) g-axiscircuit (b) d-axis circuit
Fig 2.2.Equivalent Circuit of a PM Synchronous M otor

Fig.2.2 indicates the circuit of IPM machine. Due to
saturation magnetic circuits the current is increases. When iq
is rises, the value of Lq is fall and L, and Ly are suffer to
armature reaction. Here id is zero or negative value for
operating conditions, saturation of L4 is not occurs.[2],[3],
[4].The torque Te generated by machine

Te = 3P [ Mg + (La - Lo idiqg ] /2

(7)

Equation for the dynamics of machine

T =Tl + Bowr + jpwr (8)
Equation (7) shows that the motor torque is consisting of
two different operations. “the mutual reaction torque”
occurring between iq and the permanent magnet and the “the
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torque due to reluctance” due to the non uniform air gap.
For constant flux operation when iy equals zero, the motor
torque Te

Te=3kmig/2 = kilq 9)
Where k; is the motor torque constant. This torque equation
is similar that of the dc machine and provides ease to
control. [2]-[3].
Vg and v, are obtained from v, vy, and v, with park’s
transformation as given below.[2-6]

vq [cos® cos (9 — 2?”) cos (6 + z?n)] va
[ ] 2/3| sinf sin (9 ——) sin (0 +2?n) [Vb]

v0 1 1 1 ve
2 2 2
(10)

The zero sequence components v, under balanced three
phase system is aways zero. Since it is a linear
transformation a, b, ¢ variables are obtained from d, g
variables through the inverse of the park’s transformation as
given below.

cos6 sin@
[zZ cos(e—z?n) sin(@—— “

Ve cos (9 + 2?”) sin

(11)
Where 6 is the position of rotor. Lq > Lgq , ig must be
negative.

1. SCALAR AND VECTOR CONTROL

In scalar control the magnitude of variables is
control and scaar control is eas to implement.
Coupling effect causes the poor dynamic response
and the system is easily suffer instability because
of a high order fifth harmonic system effect,
i.e. if torque is increased by increasing the dip

(frequency), the flux tend to decrease and flux
variation is aways duggish. For controlling the
flux  additional  voltage is required  (Boost

voltage).The temporary drop in flux decreases the
torque sensitivity with dip and increases the time
response. This problem is overcome by using the
Field oriented control method. [7-12]

In field oriented control, magnitude and phase
alignment both vector variables can be control.
Vector control drive operates same as a
separately  excited  direct current motor  drive
because of performance is like direct current
machine and vector control is known as
decoupling control.  Vector control  methodology
can apply to induction as well as PMSM
drives. [8], [12].both torque and field component
is orthogonal in separately excited direct current
machine and hence independently control. The
electric torque equation of a separately excited
direct current machine as given below

Te=Kiwrva=Kilals (12)

Where k; = motor torque constant, i, =Torque component
(armature current), i; = Fiedld component (field current)
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This vector control technique is somewhat similar to that of
permanent magnet synchronous motor vector control,
except, in vector control of PMSM for maximum torque
sensitivity with the stator current, we can set ig= 0 and i, =
igs: The slip frequency oy = 0 because the machine runs at
synchronous speed .. The magnetizing current ig= 0
because rotor flux is produced by permanent magnet [8],
[12]. This condition is also gives a minimum inverter power
rating. Equation (3) and (4) can be represented in phasor
diagram as given below in fig.3.2.

iq

A

A phase A
Fig.3.2. phasor diagram of vector controller

V. DIFFERENT TYPES OF LOAD
The wvarious kinds of electrica loads which
include constant type load torque: eg. Machine
tools, Extruders, Mixers, Lift machines, Positive
displacement pumps and compressors.  Torque
proportional to sguare of the speed e.g. electric
fan type load, pumps and propelers. [6],[12].
Constant power type load: The power remains
constant while the torque varies. The torque is

inversely  proportional  to
electric vehicle drives, it
torque a low speed for
a reduced torque when at

speed. This includes
requires more starting
initial acceleration, then
running speed.[3],[4]

V. ELECTRIC VEHICLE LOAD
speed 5 V
(@) /< 10ad
torque
0 >
torque

Fig4.5.speed-tor que curve for electric vehicle

Fig4.5 shows the torque-speed curve of an electric vehicle
load. The stiction is large near zero speed because of its
heavy weight and total torque is due to stiction. The stiction
may loss at some finite speed and then windage and viscous
friction loss is dominant. Because of high stiction and need
for accelerating a heavy mass, the initial torque required for
staring a electric vehicle is much larger than required to run
it at full speed.[12],[5]
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V1. DRIVE SYSTEM

The main component of drive system consist of
permanent magnet synchronous machine, speed
and position feedback, a PWM inverter and
signa  builder for loading. A 3-phase motor
rated 1.1kw, 220V, and 3000 rpm is fed by
Pulse width modulated inverter [12], [13]. |Its
output voltage provided through controlled source
block before given to the stator windings.

The load torque mounted to the rotor shaft is
build with the help of signal builder from
MATLAB library. Using signal builder we can
construct  different types of load torque curve.
Two control loops ae used. To control the
motor currents inner loop is used. To controls
the motor speed outer loop is used. The id=0
controlling methodology is used [1], [2].

SIMULATION RESULTS

The proportional and integral controller is used
to control the speed and d-q axis current, id=0
control method is using for PMSM. The moded
runs in MATLAB using vector control of PMSM.
At dtarting the torque increases rapidly initial
point. During this period, the speed is aso
risess linearly due to vector control and the
commanded torque is equa to the maximum
capability of the motor. This shows that
machine speed up in shortest possible time.
Fig8 (a), 8(b), 8(c) shows the different
operating condition of PMSM  using vector
control methodology in Matlab

VII.

Time [sec)

speed (RPM)

Time fsec)

Fig 8 (8).Stepriseinload

It is seen that the current and torque
response time is minimum and very smal
fluctuation in speed. It is seen that at stable
operation the speed is remains constant and
current maintain a good sinusoida nature shown
in fig 8(a).
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In figure 8(a) shows a the time of darting
motor is running a no load with zero load
torque so it is caled as no load operation but

a t=0.05 sec step changed in load from no
load to a torque of 6 N-M.the torque is very
high but the same time motor achieve the
reference speed due to vector control. The

system runs very smoothly.

§ s s RRes

speed (RPM

Fig 8(b). Step change in reference speed

From result it is seen that speed can be
change from reference speed to desired speed by
changing the frequency of supply. The reference
speed is 200 rpm after 0.05 sec the supply
frequency is changed and motor speed up to
500 rpm and from figure 8(b) it is seen than
sinusoidal current and speed response is smooth.
From result we can see that speed can be
change from reference speed to desired speed by
changing the frequency of supply. The reference
speed is 200 rpm after 005 sec the supply
frequency is changed so as to achieve the 500
rom and from figure 8(b): current is sinusoida
and speed response is very smooth

Timelsec,

-----

Fig 8 (c). Speed Reversal
From figure 8 (c) the speed of PMSM can be
changed by changing the phase sequence of the
supply system, from R-Y-B to R-B-Y.
At darting reference speed is 500 rpm but at
0.05 sec speed becomes -500 rpm. At the same
time the phase sequence of supply is aso
change as shown in current waveform.
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Fig.8 (d), results shows that system has rapid
acceleration and retardation and from fig.8 (c),
plugging reversal is also possble which is
desired characteristics  for  Electrical  vehicles;
motor can run stably and has excellent static as
well as dynamic performance which is more
efficient for Electric Vehicle. In each operating
condition current and torque response time is
very small and very small fluctuation in speed.

One can see that the during steady sate

operation the speed is constant and current
maintain a good sinusoida waveform
VIII. AC6 - PERMANENT MAGNET

SYNCHRONOUSMOTOR DRIVE

The permanent magnet synchronous motor is
supplied by a pulse width modulated voltage
source inverter, which is built using a Universal
Bridge Block. The speed control loop uses a
proportional and integral controller to produce the
flux and torque references for the vector control
block. The vector control block measures the
reference line currents of the machine
corresponding to the flux and torque references
and then supply to the motor, using a three
phase current controller. Stator current, Speed,
and torque signals output of this block.

Stator cument

i «Hmm' Mm.\».hwhw 'm N

1 2 Rtorlgesd 5 § ] 10

'.UI|||‘|

Current{A}

Speecl!‘RPr.h

i i i i i i i

' i 8
Electromagnetic Torque
T T T T T

| 1 L

0C bis iokage

T T T T T

i i i I i |
3 5 § 7 [ 9 10

Time{sec)

Fig.9 (a) Simulation result for electric vehicle load
From figure 9 (@), dator current, the rotor
speed, the motor torque and the bus voltage on
the scope. The set point of speed and the
torque are display.
At dtarting t=0 set speed is 300 rpm,
that speed followed precisely the
ramp it is called as acceleration

At t =1 sec, the rated load torque is applied
to the motor. One can observe a little

it shows
acceleration

disturbance in the motor speed, which stabilizes
rapidly.
At t = 6 sec, set point of speed has

changed to zero vaue
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The speed falls down to zero
precisely the deceleration ramp.
caled as retardation. From this
say that system exhibit speed-torque curve for
electric  vehicle hence this drive system s
suitable for electric vehicle application.

value following
This time is
result one can

XI. CONCLUSION

This paper has presented modelling, simulation,
and field oriented control of permanent magnet
synchronous machine under different  operating
condition and suitable for  electric  vehicles
applications. Since vector control transform the
permanent magnet synchronous motor to an
equivalent separately excited direct current
machine. The result indicates that the small and
large signal  responses are very sSimilar.  The
large and small signal speed response is same.
Results of Simulation indicates that system has
rapid acceleration and retardation and it can run
smoothly and has good satic as wel as
dynamic responses which is more efficient for
electric traction application and Electric Vehicle.

The vector control is a excellent technology
for analysis and design of PMSM drive system.
It provides designing and debugging for practica
drive system.

Final conclusion is that Modelling and different
types of permanent magnet synchronous motor is
studied and Simulation is carried out in Matlab
and performance is studied a various operating
conditions. It is found that permanent magnet
synchronous motor can be used for variety of
application under different operating condition due
to high power, high torque, and high dynamic
response.
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