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A physical phase variable model for permanent magnet synchronous motors is proposed. This model is initiated to pursue an accurate
and fast motor model for integrated motor drive simulation. Since the full finite element (FE) model may be time consuming and the
direct- and quadratic-axis (dq)-model is inaccurate, the proposed physical phase variable model eliminates these deficiencies. The proposed model is a circuit model with inductance, back electromotive force (EMF), and cogging torque calculated from nonliner transient
FE solutions. The main characteristics of this model are that it is as accurate as the full FE model while giving fast computational results.
The Simulink implementation of the proposed model is studied. Comparisons of the proposed model with the full FE model and the
dq-model are performed. The results verify the validity of the proposed model and show its practical superiority in drives applications.
Index Terms—Finite element analysus (FEA), integrated motor drive, PM synchronous motor, phase variable model.

I. INTRODUCTION

T

HE direct- and quadratic-axis (dq)-model is established
based on the assumption that both the working flux distribution and the winding flux linkage are sinusoidal. There are
two types of effects which are ignored by the dq-model. One
relates to the geometrical structure, for example, the effects of
slotting, the shape of the rotor iron, magnet surface, etc. The
other relates to the nonlinear magnetization property of iron core
material including the effects of saturation, unequal mutual inductances due to asymmetric magnetization, etc. The ignored
effects bring the inaccuracy to the dq-model.
The finite element (FE) model takes into consideration all
these effects ignored by the dq-model. As a result, the working
flux at the air gap and the winding flux linkage includes harmonic components. Compared with the dq-model, the FE model
gives accurate results but it is time consuming.
A physical phase variable model is proposed in this paper.
It is a circuit model, whose parameters are obtained from the
nonliner transient FE solutions of the machine. It provides fast
simulation speed with the same performance level as the results
obtained using the full FE model. A permanent magnet (PM)
surface mounted synchronous motor in a drive system is used
as an example. The equations of the physical phase variable
model, its parameter acquisition, as well as its Simulink implementation are presented. Comparisons of the proposed model
with dq-model and the full FE model are performed.

(3)
(4)
where
, and
are the terminal voltage, phase curand
are the output torque
rent, and winding resistance.
and the load torque.
, and are the number of pole pairs,
inertia, and friction factor. is the angular speed.
is the rotation angle/rotor position.
is the cogging
is the stator winding flux linkage.
torque.
is the flux linkage contributed by permanent magnets.
is the inductance matrix of stator winding described as
(5)
As the iron core has the nonlinear magnetization property, the
winding inductance is a function of both current and rotor position. For PM machines, their winding magnetic fields are domiis considnated by the permanent magnets, the inductance
.
ered as rotor position dependent only, expressed as
, and
profiles are calculated from
the nonliner transient FE solution. They are rotor position dependent. In addition, the saturation effect is included in them
also.

II. PHYSICAL PHASE VARIABLE MODEL
The proposed physical phase variable model for PM synchronous machines is given below. The voltage, torque, and the
motion equations are [1]–[3]
(1)
(2)
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III. SIMULINK IMPLEMENTATION
Two types of machine block in Simulink are developed according to (1)–(4). One is referred as the equation based model;
the other is referred as the circuit component based model. The
equation based model is built by directly writing (1)–(4) using
Simulink graphical operation symbols, for example, multiplication, derivative, etc. The circuit component based model is built
using circuit components, for example, inductor, VCS, resistor,
etc. The equation based model is described as follows; circuit
component based model is presented in [4].
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Fig. 1. Equation-based PM motor block.

The voltages applied to the motor are line voltages. For coupling the phase variable model with external circuits, (1) needs
and
instead of
, and . For
to be rewritten with
Wye connection winding, one has

table, using
directly will cause a very high
abnormal pulse at the first simulation step. This phenomenon is
avoided by using the following transformation:

(10)

(6)

In actual Wye connection winding, the currents
, and
satisfy KCL, which enforces the third harmonic components
, and
to be zero. Therefore, the following constraint to
needs to be considered:
(7)
Substituting (7) into (6), one can obtain
(8)
The state equations are required for performing the simulation in Matlab/Simulink. Substituting (2) into (8) and rearranging it, one can obtain

is used to build the
Instead of using
model. As the rotor speed equals zero at the first simulation
step, the very high pulse can be restrained.
The PM motor block based on state equation (9) and (3)–(4)
is shown in Fig. 1.
Three inputs of the block are line voltages; three outputs are
the torque, speed, and the rotor position. The resistance matrix,
inverse inductance matrix, and the constant matrix of (9) are
represented by subsystem 2, 3, and 4, respectively. The rotor
position dependence of inductances, flux linkage due to the permanent magnets and the cogging torque are stored in the three
lookup-tables. The data retrieving is performed in terms of the
rotor position. According to (9), variables and are obtained
using integrator 1 and 2. According to (4), angular speed
is calculated using integrator 3. The rotor position is evaluated using integrator 4. Torque calculation block calculates
the electromagnetic torque, given by the first two terms on the
right-hand side of (3). Adding the electromagnetic torque and
the cogging torque, one obtains the total torque.
and
are variables but not circuit
Up to now, and
signals. In order to connect the equation based model with the
external circuit, “subsystem 1” transfers variable and into
phase currents,
and
into line voltages. The phase cur, and signals are produced through two controlled
rents
and
are
current sources CS1 and CS2. The Line voltage
generated by voltage measurement blocks VM1 and VM2.

(9)
IV. VARIOUS MODEL COMPARISON
where and are the state variables. Their initial values are set
is retrieved from
zero. As the value of

Comparison is performed on a six-pole surface mounted PM
motor.
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Fig. 2. One pole filed distribution of the 6-pole 36-slot PM motor.

Fig. 4.

Rotor position dependence of flux linkage due to PM.

Fig. 3. Rotor position dependence of inductance.

A. Full FE model

Fig. 5. Cogging torque.

A nonliner transient FE model of the PM synchronous is built.
The potential equations involving both the electric and magnetic
potentials are as follows:

to remove the influences of PWM on torque, voltage, and current
profiles.

(11)

(12)
(13)
The parameters used in (11)–(13) have their conventional
meanings. One pole field solution of the motor being implemented is given in Fig. 2. In addition, using the nonliner
transient FE solutions of (11)–(13) with the appropriate
, and
profiles,
boundary conditions,
which is used in the proposed physical phase variable model
are obtained, as shown in Figs. 3–5.
B. dq-Model
The dq-model of the PM synchronous motor is also built [3].
and
are obtained by implementing the
The inductances
transformation on the dc and fundamental components of
. Similarly, the flux linkages
and
inductances profile
are obtained by performing the
transformation on the
fundamental components of the flux linkage profile
.
Fig. 6 shows the speed control system used for examining the
performances of various types of machine models [5]. In order
to investigate the intrinsic behavior of the dq-model, the phase
variable model and the full FE model, a filtering circuit is added

C. Comparison Results
Fig. 7 gives the torque profiles during the starting process
of the PM motor. Before reaching the given speed, the output
torque is controlled at the maximum torque 20 Nm.
The output torque equals the required load torque after the
motor operates at the given speed. The torque obtained from
the phase variable model is very close to the one from the full
FE model. Under this excitation condition, the dq-model gives
a very smooth torque as it ignores the harmonic effects caused
by the pole shape, rotor position dependence of inductance, flux
linkage, as well as the cogging torque.
V. APPLICATION EXAMPLE
A commonly-used PWM vector control speed regulation
system is built in Simulink. Fig. 8 shows the simulation results obtained using the proposed phase variable model. The
fluctuations in the back electromotive force (EMF) waveform,
Fig. 8(a), show the effects of the permanent magnet pole shape
as well as the rotor iron surface. These effects are contained
in the waveform of flux linkage contributed by the permanent
magnets, shown in Fig. 4. The harmonic components existing
in the voltage profile, shown in Fig. 8(b), are from back EMF,
rotor position dependent inductance shown in Fig. 3, the PWM
excitation pattern, as well as the current. The pulsations of the
torque profile in Fig. 8(c) are composed of cogging torque and
ripple torque components. The cogging torque, shown in Fig. 5,

MOHAMMED et al.: PHYSICAL MODELING OF PM SYNCHRONOUS MOTORS FOR INTEGRATED COUPLING WITH MACHINE DRIVES

Fig. 6.

1631

Integrated drive system.

Fig. 7. Torque profile obtained by (a) dq-model, (b) FE model, and (c) physical phase variable model.

Fig. 8.

(a) Back EMF. (b) Voltage. (c) Torque profile obtained by using a physical phase variable model in a PWM drive system.

arises from the variation of the magnetic permeance of the stator
teeth and slots. The ripple torque occurs as result of fluctuations of the working flux distribution and the armature MMF.
All these effects are ignored in the dq-model.
VI. CONCLUSION
A physical phase variable model of PM machines for the purpose of integrated drive system simulations is developed and
verified. The developed model uses transient FE solutions to
establish a detailed block description of the implemented machines in Simulink. The established model provides the same
performance in application as the full utilization of FE models
but with much faster simulation speed.
The proposed model can be used for the evaluation of various
machine designs as well as plug and play machine drives components and their practical control strategies.
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