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Abstract— The paper presents the use of the finite
element method for determining the parameters of
a two-axis model of a three-phase cage induction
machine. The model parameters are obtained from
the finite element field solutions. The saturation of
the motor is taken into account in calculation of the
flux distribution by using a static non-linear vec-
tor potential solution. The linear time harmonic
vector potential field solution is used for the in-
ductances determination. All the inductances are
determined as functions of the magnetizing cur-
rent. Rotor skew is also taken into account. The
accuracy of the described identification procedure
is verified through laboratory measurements of the
parameters.
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I. INTRODUCTION

The recent decade has seen development of tools for finite
elements methods based computer aided design of electrical
machines. Their aim is to compute accurately the operat-
ing properties and characteristics of the machine without
previously constructing a prototype.

The mentioned procedure was first used by a group of
authors [1]{2][3] to design synchronous permanent magnet
machines and synchronous generators. A review of con-
tributions dealing with the analysis of induction motors
and an extremely practical classification of the different ap-
proaches used are given in [4]. The main difference between
the two basic approaches is in the way the rotor currents
are calculated. According to Williamson {5-9], Demerdash
[10] and Baldassari [11], rotor and stator currents are calcu-
lated using circuit models of induction motor. This is the
so-called circuit approach. Vassent [12], Arkkio [13] and
Preston [14] use an alternative approach. They calculate
the stator currents like the previously mentioned authors
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do, but they calculate the rotor currents directly as eddy
currents induced in the rotor bars.

Both approaches have their advantages and drawbacks,
which are perhaps best classified in [4]. By combining
them, Belmans et al. [15,16] eliminate the principal dis-
advantage, i.e. the consideration of the actual current dis-
tribution in rotor bars.

In the analysis of the operating properties of induction
machines using circuit models with parameters calculated
from the finite element field solution, the procedure in
the above mentioned publications is iterative and time-
stepped. The iterative part of the computation is termi-
nated when the parameters or the responses in two succes-
sive steps are in sufficiently close agreement. The circuit
equations are then time-stepped and the entire procedure
is repeated. The combined method presented in [16] differs
from the described one in the way the rotor currents are
calculated and in the iterative determination of the element
reluctivities. The field solution is also time-stepped.

The induction machine circuit models in the aforemen-
tioned works are rather complex since every stator winding
and every rotor bar represent independent model wind-
ings. Thus, these complex dynamic models of induction
machines are, despite of their demand for intensive com-
putational efforts, usable for designers and developers of
electric machines, whereas users dealing with the synthesis
of machine control in servo-drives cannot use them.

Generally, induction motors with star-connected wind-
ings are used in AC servo-drives. That means that one of
the voltages, or the current respectively, is a linear combi-
pation of the remaining two. Consequently, the dynamics
of the machine is completely determined by the two-phase
equivalent model, generally used in the synthesis of ma-
chine control. The necessary condition for using two-phase
models of the induction motor in the so-called flux ori-
ented control synthesis (especially when using the rotor
flux orientation) is the precise knowledge of model param-
eters. However, when the variation of parameters is not
taken into account, the detuning of orientation and con-
trol is possible [17]. The parameters can be measured by
conventional measurements [18], but some clearly defined
measurement conditions, as for instance the reducing of
voltage and frequency, are very hard to realize. Similarly,
it is possible to measure the value of the current dependent
mutual inductance M with measurements at various sta-
tor current values at no-load, but it is almost impossible, to
split the rotor and the stator leakage defined by the locked
rotor test. It is also difficult to define the value of the ro-
tor resistance R,. Also, the applicability of conventional
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methods for calculating the parameters of the equivalent
model is limited due to a number of intuitive assumptions.

The purpose of this paper is to describe a method for de-
termination of the parameters of the two-phase induction
motor model under different operating conditions. The de-
termination of parameters differs from the one described
in the very recent works [19] [20] [21] because of two-axis
excitations are used. The choice of magnetic excitations
in two separate axes will be confirmed by the derivation
of a corresponding two-axis equivalent circuit model in the
general reference frame that considers the saturation. The
chosen excitation mode will make it possible to determine
the magnetizing inductance as well as the real values of
stator and rotor leakage inductances (even the saturated
ones) which cannot be separated arbitrarily with classic
measurements according to statements in [17]. The pro-
posed method for calculating the machine parameters by
using the finite element field solution is not completely new,
but it might be a useful alternative to the existing numer-
ical and experimental methods because it eliminates some
of their drawbacks.

II. DEFINING THE TWO-PHASE DYNAMIC MACHINE
MODEL IN THE STATE SPACE

The d-q circuit model of an induction motor shown in Fig. 1
is the most frequently used in the control synthesis of the
machine. In the case of steady state operation, the induc-
tances in the model are constant and the parameters of
the model are equal to those occurring in the conventional
equivalent circuit in Fig. 2.
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Fig. 1. Circuit d-q model of an induction machine.

The circuit model shown in Fig. 1 has been used to define
the modified induction motor model in which the mutual
inductance depends on saturation conditions in the direct
and quadrature axes. An approach, slightly different from
Levi’s [22], has been used to define the model including
saturation conditions [23].

The voltage equations of the two-axis induction motor
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Fig. 2. Induction motor per-phase equivalent circuit; the rotor pa-
rameters and variables are referred to the stator.

model written in the common coordinate system are:

wat = Rioa+ 204 _ 6,4,
Usg = Rslsg + % + O51sd "
Urg = Ryirg + d:ﬁ;d — 6, %rq
Urg = Ryirg + dft"’ + OrYra

where R, R, are the rotor and the stator ohmic resistances,
ird, tsq4 are the rotor and the stator currents in the d- axis,
irq, 1sq are the rotor and the stator currents in the g- axis,
Urd, Usq are the rotor and the stator voltages in the d- axis,
Urq, Usq are the rotor and the stator voltages in the g- axis,
Yrd, Ysd, Yrd, Ysq are the rotor and the stator flux linkages
in the d- and q- axes,

8, is the derivative of the reference axis angle with respect
to the stator axis,

8, is the derivative of the reference axis angle with respect
to the rotor axis.

Flux linkages in both axes can be written in the following
form:

Ysd = Lglsq + Mirg = Losisqg + M(isq + ira)
Ysq = Lsisqg + Mirg = Losieqg + M(isqg + irg)
Yrd = Lrirg + Misg = Lorira + M(isq + irq)
Yrq = Lrirg + Misqg = Lorirg + M(isq + irq)
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where
L,, L are the rotor and the stator self inductances,
M is the mutual inductance.

From (2) we can define:
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Considering (3) in (1) we get:
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In accordance with (3), the flux linkage in the chosen axis
depends on the sum of rotor and stator currents (magnetiz-
ing current) in the same axis. Consequently, by the chain



rule of differentiation the flux linkage of the air gap can be
derived:
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If (5) is taken into account, it is possible to define the
inductances and their chain derivatives according to the
sum of currents in individual axes:
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Considering the definitions (6) in (4), the voltage equations
can be given in the matrix form:
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The electrical torque of the induction motor model with
the considered magnetizing current is:

T= '@Z)Odisq - ¢0qisd = Mdisqird - Mqisdirq (8)

Equations (7) and (8) represent the two-phase induction
machine model including saturation.

In steady state the currents and the rotating speed are
constant. Therefore, only the products of currents with the
matrix A remain in the voltage equation (7).

I1I. PARAMETER CALCULATION

The determination of induction machine parameters de-
scribed in the paper is based on the idea of measurement
imitations. In their work, Lowther and Silvester [24] claim
that the computation of magnetic fields in electromagnetic
devices using finite element methods offers an ideal oppor-
tunity for simulating measurements that cannot be per-
formed in reality. In the proposed procedure a finite ele-
ment field solution is used to determine the flux distribu-
tion set up by defined set of currents in a machine with a
rotor at standstill in different positions. Self and mutual
inductances are defined in terms of flux linkages. Such a
definition leads to quite simple calculation, possibly easier
than the energy-based approach.

A. Fintte-element field model and determination of in-
duced EMFs

To obtain a two-dimensional calculation of the magnetic
field in the machine, the following nonlirear partial differ-
ential equation is used:

VUVA-%—U(%A) —3 ()

where A is magnetic vector potential, and J is the current
density. If a time-harmonic excitation using the frequency
w and linear materials are assumed, a simplified form of
the above equation is obtained:

VUvVA - jwocA =-J (10)
The self inductance in the coil is according to {24] defined
by:

4
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where i presents the current in the coil, J is the correspond-
ing current density, S is the entire area occupied by the coil
and z is the axial length of the machine. Such definition
of the inductance is closely connected with the induced
EMFSs, when the coil is excited with the unit current. If,
for example, the a-phase winding is excited with the unit
current, than back EMF induced in it is equal to the prod-
uct of its self inductance and angular frequency, and the
back EMF induced in any other open-circuited winding at
the stator and in the rotor gives its mutual inductance with
the winding a, multiplied by the angular frequency.

The calculated EMFs in the stator windings and the ro-
tor bars are transformed to the two-phase model voltages
Usd; Usqs Urd, Urg Dy the following transformations:
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where 444 are the original three-phase EMFs, u1,2,..n
are the induced EMFs in the individual rotor bars 1,2,..,n
and 6y 2, are the spatial displacements between the in-
dividual rotor bars and the d- axis measured in electrical
degrees. These spatial displacements depend on the posi-
tion of the rotor. The transformations (12) are valid for
the voltages as well as for the currents. The set of stator
currents i, and the set of rotor currents 72 . . have
only two degrees of freedom, therefore, it is possible to de-
termine their values from the previously specified values of
the is4,%sq, ira and irq. This transformation will be used
in the continuation for determination of the excitation cur-
rents.






