National Conference on Emerging Trends in Computer, Electrical & Electronics (ETCEE-2015)
International Journal of Advance Engineering and Research Development (IJAERD)
e-ISSN: 2348 - 4470 , print-ISSN:2348-6406, Impact Factor:3.134

Mathematical Modelling of Permanent Magnet
Synchronous Motor with Rotor Frame of Reference

Mukesh C Chauhan', Hitesh R Khunt?
!p.G Student (Electrical)? Electrical Department, AITS, rajkot

'mcchauhan1@aits.edu.in
2hrkhut@aits.edu.in

Abstract - The mathematical model of PMSM, using the powerful
simulation modeling capabilities of Matlab/Simulink is
implemented. The main advantage of SIMULINK ower other
programming softwares is that, insttad of compilation of
program code, the simulation model is built up systematically by
means of basic function blocks. With the simulation of the motor,
we can analyse a variety of simulation waveforms and it provide
an effective means for the analysis and design of the PMSM
control system. PMSM has more advantages like compact form
with high torque density and less weight, higher continuous
torque over a wider range of speeds, lower rotor inertia, higher
dynamic performance under load, higher operational efficiencies
with no magnetizing current, and the corresponding absence of
heat due to current in the rotor, low torque ripple effect, more
robust performance compared to dc motors, because of these
advantages Permanent magnet synchronous motors are
increasing applied in several areas such as traction, automobiles,
robotics and aerospace technology. In this paper mathematical
modeling of PMSM is done and simulation results compared
with MAT LAB SIMULINK model.
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I. INTRODUCTION

With introduction of permanent magnets to replace the
electromagnetic poles with windings requiring an electric
energy supply source resulted in compact dc machines.
Likewise in synchronous machines, the conventional
electromagnetic field poles in the rotor are replaced by the PM
poles and by doing so the slip rings and brush assembly are
dispensed. With the advent of switching power transistor and
silicon controlled rectifier devices the replacement of the
mechanical commutator with an electronic commutator in the
form of an inverter was achieved. These two developments
contributed to the development of PMSMs and brushless dc
machines. The armature of the dc machine need not be on the
rotor if the mechanical commutator is replaced by its
electronic version. Therefore, the armature of the machine can
be on the stator enabling better cooling and allowing higher
voltages to be achieved as significant clearance space is
available for insulation in the stator. The excitation field that

used to be on the stator is transferred to the rotor with the PM
poles.

Based on arrangement of permanent magnets on the rotor
there are many types of PMSMs like surface-mounted PMSM,
surface-inset PMSM, interior PM SM, Line-start PMSM. The
permanent magnet motors classified based on type of back
emf induced. Permanent magnet synchronous motor has
sinusoidal back emf and Brushless DC motors have
trapezoidal back emf. The silent features of PM SM motor are:

o Dueto low inertia used in servo applications.

e High torque density.

e High reliability (no brush wear), even at very

e High achievable speeds.

e High efficiency.

e low EMI.

Il. MODELING OF PMSM

The dynamic model of the permanent magnet synchronous
machine is derived using a two-phase motor in direct and
quadrature axes. This approach is done to obtain conceptual
simplicity of modeling. The rotor has no windings, only
magnets. The magnets are modeled as a current source or a
flux linkage source, concentrating all its flux linkages along
only one axis. Constant inductance for windings is obtained
by a transformation to the rotor by replacing the stator
windings with a fictitious set of d-q windings rotating at the
electrical speed of the rotor.
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Figure 1 A two phase PMSM
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The transformation from the two-phase to the three-phase
variables of voltages, currents, or flux linkages is derived.
From the obtained current and flux linkages electro magnetic
torque is derived. The differential equations describing the
PMSM are nonlinear

The windings d-q axis are displaced in space by 90
electrical degrees and the rotor winding is at an angle 6r from
the stator d-axis winding. It is assumed that the g-axis leads
the d-axis to a counter clockwise direction of rotation of the
rotor. A pair of poles is assumed for this figure, but it is
applicable with slight modification for any number of pairs of
poles. Note that Or is the electrical rotor position at any instant
obtained by multiplying the mechanical rotor position by pairs
of electrical poles. The d- and g-axes stator voltages are
derived as the sum of the resistive voltage drops and the
derivative of the flux linkages in the respective windings as
below.

Vas = Rslgs + igsPLag + LagPlgs + LgaPias

+ids P Lgg + AatP Sin Or (0
Vis = Rs _ids +_iququ + qupiqs .
+LgaPlgs + lgs P Lag + AarP cosOr (i)

where, p =differential operator(d/ dt)
Vgs and Vgs are the voltages in the g- and d-axes
windings
igs and igs are the g- and d-axes stator currents R is the
stator resistance
Ags and Ag are the stator g- and d-axes stator flux
linkages
Lgq and Lgg are the self-inductances of the g and d-
axes windings
Or is the instantaneous rotor position
AafiS the rotor flux linkages that link the stator

The rotor type is surface mounted in which the
inductances are equal, the self inductances and mutual
inductance of windings is found, and rearranging the terms the
motor equations are obtained | stator reference as

% i L1
as | _ qs
[=r 2]+ [

01d [iqs] [ COSQT
Vds ids /dt +lafVVr

L2 i gs —sing,

The equations reveal that inductances are rotor position
dependent. So, the rotor position dependency is eliminated by
transformation

I1l. TRANSFORMAT ION TO ROT OR REFERENCE FRAMES

The rotor field position determines the induced emf and
affects the dynamic system. So by viewing the entire system
from the rotor, ie., rotating reference frames, the system
inductance matrix (equ.iii) becomes independent of the rotor
position, thus leading to the simplification and compactness of

the system equations. Reference frames rotating at the speed
of the rotor is referred to as rotor reference frames. The
relationship between the stationary reference frames denoted
by ds and gs axes and the rotor reference frames denoted by d,
and g, axes. Transformation to obtain constant inductances is
achieved by replacing the actual stator and its windings with a
fictitious stator having windings on the g, and d, —axes. The
fictitious stator will have the same number of turns for each
phase as the actual stator phase windings and should produce
the equivalent mmf. The actual stator mmf in any axis (say g
or d) is the product the number of turns and current in the
respective axis winding. The mmf produced by the fictitious
stator windings on the g- and d-axes is same as actual stator
mmf. Similarly, the same procedure is repeated for the d axis
of the actual stator winding. This leads to a cancellation of the
number of turns on both sides of the q- and d-axes stator mmf
equations, resulting in arelationship between the actual and
fictitious stator currents. The relationship between the currents
in the stationary reference frames and the rotor reference
frames currents is written as.
iqds = [T] irq ds
and similarly voltage relation is given as
Vods =[T] quds
Where T is transition matrix
Tt = [ cos6,.  sind,
—sinf,. cos0,
The PMSM model in rotor reference frames is obtained as

[vqg] _ [RS +L,P

WL, 1[i
: WL dP”qS]Jr[WTAaf]
Vas rbq 0

R, + L, i gs

Where wr is the rotor speed in electrical radians per second.

The equations that are derived is for a two-phase PMSM
but PMSMs with three phases are prevalent in industrial
applications. A dynamic model for the three-phase PMSM is
derived from the two phase machine by the equivalence
between the three and two phases is established. The
equivalence is based on the equality of the mmf produced in
the two-phase and three-phase windings and on equal current
magnitudes. Assuming that each of the three-phase windings
has T1turns per phase, and equal current magnitudes, the two-
phase windings will have 3T1/2 turns per phase for mmf
equity. The d and g-axes mmfs are found by resolving the
mmfs of the three phases along the d- and g-axes. Then three
phase to two phase transformation (abc to dq0).

Electromagnetic Torque can be derived as below. The
dynamic equations of the PMSM can be written as

V = [Ri+[L] p i+[G] wi v)

By pre multiplying Equ.(v) by the transpose of the current
vector, the instantaneous input power is
Pi=it V=il [R]i+ ' [L]pi+i'[G]wi (vi)
Where
[R] matrix consists of resistive elements
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[L] matrix consists of the coefficients of the

derivative operator p ﬂ
Step
load

[G] matrix has elements that are the coefficients of proee
the electrical rotor speed,0,

The term i'[R]i gives stator and rotor resistive losses. The

T
t N~@:B“—°B :-—a: = <Rotor speed wm (rad/s)>
term i[L] pi denotes the rate of change of stored magnetic ( g AL R Gain Wt

“Rotor angle thetam (rad)> Thets

Ale—*|

energy. The air gap power, is given by the term i'[G]w;i. The L et Theethase permanent agnet

~ Voltage Source V-1 Measurement Synchronous Machine

<Stator current is_a (A)>

air gap power is the product of the mechanical rotor speed and
air gap or electromagnetic torque. Hence, the air gap torque,
Te, is derived from the terms involving the rotor speed, wp, in S et S
mechanical rad/s, as

<Stator curents_b (>

WinTe= P=1'[G] i Wy

=i'[G] i [P/2] Wi (vii) ) ) _ o
Where, P is the number of poles. Figure 2 Simulation of PMSM Simulink Model
Cancelling speed on both sides of the equation leads to an s

electromagnetic torque that is

sbocurents

Te=(P12) i[G] i (viii)

poviergui

Substituting [G] in Equ.(13) with the observation from
Equ.(9), the electromagnetic torque is obtained as

Te (3/2)(P/2)Dar* (La-L) e Tar (N.m) (i%)

dq2abet

Three phase supply speed

IV. MODELED EQUATIONS IN SIMULINK BLOCKS il D‘ﬂ

PMSM model in rotor frame

Three pahse supply of Vrms =200V, f=50 Hz is provided e Mo e
as source. Using Parks Transformation three phase is PN Nedarial ol
transformed into two pahse for ease of modelling. Parks
Transformation give Direct axis (d), Quadrature axis(d) and e e
zero-sequence currents. Zero sequence currents are terminated.

A. Current and Torque Subsystem: ET
The stator currents g, ig are derived by state space model =
and these are represented in subsystems as shown in the fig 2.

The electromagnetic torque of motor is given by Figure 3 Simulation of Mathematical PMSM Model in Rotor frame of

Reference
Te=T; +Bwy +J pwp (%)

Where B - Friction coefficient of motor,

J — Inertia &’
p — Derivative - ’ H daris @
- . poles2
Fromabove equation speed (wy,) is found as

W =(Te =T ~BW ) * (1/3) o) >
A

The mathematical model of PMSM is compared with
MATLAB PMSM model, it is as shown below

A

fa\ -

1q

H

Figure 4 SubSystem of PMSM Mathematical Model
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Figure 5 Mechanical Model of PMSM
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V. SIMULATION RESULT

The motor simulation is carried out with values as below
Stator Resistance Rs=2.875Q
B = 5.12752 x 10” kg/m"2
J=8x10* N-ms
Direct axis Inductance(Ld) = 0.0085 H
Quadrature axis Inductance(Lq) = 0.0085 H
flux=0.1750 Vs
Poles = 8
Vrms = 200V

Figure 6 Electromagnetic Torque
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Figure 7 Currents(A)
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Figure 8 Speed(rpm)

On the basis of expressions (i)-(xi) a Mathematical model
of PMSM in the Matlab/Simulink environment has been built .
In order to come as close to reality as possible and for easy
connecting of the PMSM subsystem to other models from
Simulink libraries, the machine is simulated as a three phase
one.

In the Subsystem the following quantities are calculated:
EMF of rotation and self induction EMF of machine with use
of the obtained dependences from a current of inductances, as
well as the value of the electromagnetic torque of the machine
from expression (ix). In this subsystem the blocks of direct
and return transformation of co-ordinates dgq-ABC are used. In
PM Flux Subsystem the magnetic linkages of a armature
windings with permanent magnets of the rotor taking into
account higher harmonics, obtained from field analysis, are
calculated. The defined value Rs is multiplied by matching
phase currents, and thus the obtained voltage drops values
match the input circuits of the machine through the controlled

voltage sources.

The results of Mathematical model and simulink model of
permanent magnet synchronous motor is shown in Fig.6 to
Fig.8. The results are nearly same of both cases.
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VI. CONCLUSION

In this paper simulation based mathematical model of
permanent magnet synchronous motor is implemented using
MATLAB. The performance characteristics of permanent
magnet synchronous motor, i.e. speed of motor, the stator
currents and electromagnetic torque magnitudes are obtained
and compared with results of MATLAB SIMILINK model of
PMSM. In extension to the work a suitable drive can be
implemented by choosing appropriate drive based on
application.
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