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Influence of Magnetic Saturation on Induction
Motor Model Selection

Marko Hinkkanen, Anna-Kaisa Repo, and Jorma Luomi

Abstract—Effects of magnetic saturation on various equivalent
circuit models of an induction motor are studied. The parameters
of 2.2-kW and 37-kW motors with closed rotor slots are analyzed
using finite element computations. Both skewed and unskewed
rotor slots are studied. The magnetizing inductance not only
depends on the main flux, but is also dependent on the rotor
current, especially if the rotor slots are skewed or closed. The
stator leakage inductance is essentially constant, while the rotor
leakage inductance depends significantly on the rotor current.
The performance of vector-controlled drives can be improved by
using a T or ['-equivalent circuit model whose inductances also
depend on the rotor current.

Index Terms—Closed slots, induction motors, magnetic satu-
ration, motor models, rotor skew.

I. INTRODUCTION

Induction motors are usually saturated in the rated operating
point. Typically, small motors have skewed and closed rotor
slots, increasing the complexity of the saturation phenom-
ena. In induction motor drives, the accuracy of the torque
production depends on the dynamic motor model used in
the estimation and control algorithms. The model is usually
illustrated by a dynamic equivalent circuit. It is difficult to
identify the leakage inductances of the ordinary T model by
means of practical measurements. Therefore, transformations
leading to the I' model or the inverse-I' model are often
preferred [1].

The resistances of the T model depend only on the tem-
perature at usual slip frequencies, while the inductances vary
strongly with the operating point. Conventionally, the mag-
netizing inductance is assumed to saturate as a function of
the main flux (air-gap flux). However, it has been observed
that the magnetizing inductance may also depend on the elec-
tromagnetic torque (or the rotor current) [2]. This dependency
originates from skewed rotor slots [3], saturation of stator tooth
tips and rotor surface at high stator and rotor currents, and flux
lines crossing the slots [4]. Furthermore, if the rotor slots are
closed, the rotor leakage inductance saturates significantly as
a function of the rotor current [5]. The effects of the saturation
become more complicated when the I' or inverse-I" model is
considered.

This paper deals with model parameters in operating points
typical of controlled induction motor drives. Equivalent-circuit
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parameters describing the fundamental-wave behavior of the
T model are evaluated using a finite element (FE) method.
The effect of the rotor skew on the parameters is clarified
by analyzing both skewed and unskewed motors. Finally, the
variation of the I' and inverse-I" model parameters is analyzed.

II. MODELS

The three flux linkage models of the induction motor
shown in Fig. 1 are mathematically equivalent for constant
parameters. The conventional T model is commonly used in
the literature, but the simpler inverse-I" model is more suitable
for control purposes.

A. T Model

The voltage equations of the induction motor are in a
general reference frame

L Ay

Uy = Rig + 2 + Jonthy )]
L Ay

0= Rufy + 3+ (wk —wm) P, 2

where u, is the space vector of the stator voltage, Rs the
stator resistance, ¢, the stator current vector, and wy the angular
speed of the reference frame. The rotor resistance is R, the
rotor current vector %,, and the electrical angular speed of the
rotor wy,. The stator and rotor flux linkage vectors are

%S = Lsis + Lmira ﬁr = Lmls + Lrir (3)

respectively. The stator and rotor inductances are defined by
Ly =Ly + Ly and L, = Ly, + L,,, respectively, where
Ly, and L,, are the stator and rotor leakage inductances,
respectively, and Ly, is the magnetizing inductance. The flux
linkage model corresponding to (3) is shown in Fig. 1(a),
where the magnetizing current ., = %, + ¢, and the main flux
linkage ¢ = L, are also depicted. For per-unit quantities,
the electromagnetic torque is given by

Te = Im{i. ¢} = Im{9, it} @)

where the complex conjugate is marked by the symbol *.

B. Inverse-I" Model

The number of model parameters can be decreased from
five to four by scaling the rotor flux linkage as ER = k:p_and
the rotor current as iz = i,/kr, where the magnetic coupling
factor of the rotor is defined by k, = L,,/L,. Furthermore,
the scaled magnetizing inductance Ly; = k,Ly,, the scaled
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Fig. 1. Flux linkage models: (a) T model; (b) inverse-I" model; (c) I" model.

rotor resistance Rr = ker, and the total leakage inductance
L, = Lss + kL., are introduced. Now the rotor voltage
equation (2) becomes

0 = Rgri dwR j 5
= RZR‘FF'FJ(wk_wm)%R 5)

and the flux linkage equations (3) become
¥, = Lo+ Lm)is+ Luig, ¢y =Lm(i+ig) (6)

The flux linkage model corresponding to (6) is shown in Fig.
1(b). Equations (1) and (4) remain unchanged for the inverse-I"
model.

C. T Model

Alternatively, the number of model parameters can be
decreased from five to four by choosing w =1 /ks and
ir = ksi,, where the magnetic coupling factor of the stator
is deﬁned by ks = Ly,/Ls. Furthermore, the parameters
Ry = R /k2, Ly = Luw/ks, and L, = Lgy/ks + Lyo/k2
are introduced. The flux linkage equations are

Y, =Ly (G +in), ¥y = L+ (L, + Ly)ig (D

corresponding to Fig. 1(c). The variables and parameters of the
rotor voltage equation (2) are replaced with the scaled quan-
tities defined above. Equations (1) and (4) remain unchanged.

III. OVERVIEW OF MAGNETIC SATURATION
A. Main Flux and Leakage Fluxes

A vector diagram showing fluxes and currents of the T
model is depicted in Fig. 2(a), where the rotor leakage flux
is 1/1 = L,,i, and the stator leakage flux 1/1 = Lssi,.
The main flux path, the rotor leakage flux path, and the stator
leakage flux path are sketched in the motor cross-section in
Fig. 2(b). The main flux causes saturation principally in the
teeth and yokes of the stator and the rotor.

In the case of closed rotor slots, the slot bridges provide a
path for the rotor leakage flux. The rotor leakage inductance
L., saturates strongly as a function of the rotor current [6],
[7]. The rotor flux is smaller than the main flux due to the rotor
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Fig. 2. (a) Space vector diagram and (b) magnetic flux paths: main flux
(solid), stator leakage flux (dashed), and rotor leakage flux (dotted).
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Fig. 3. Effect of skewed rotor when the motor consists of three slices
with different rotor positions: (a) current space vectors and (b) saturation
characteristics. Currents in the end slices are marked by subscripts 1 and 3
and currents in the middle slice by the subscript 2.

leakage flux since ¢, = \/¢2 — L2,i? in steady state. Thus,
increasing the rotor current should decrease the saturation in
the rotor teeth and yoke. However, the rotor leakage flux is
nearly perpendicular to the main flux, and it can be noticed
in Fig. 2(b) that the saturation at the rotor surface and in the
slot bridges caused by the rotor leakage flux appears in the
main flux path. Therefore, the magnetizing inductance L., may
saturate significantly as a function of the rotor leakage flux (or
the rotor current), particularly if the rotor slots are closed.

If the stator slots are semi-closed (or open) as usual, the
saturation of the stator leakage inductance Lg, is insignifi-
cant unless the current is very high. The stator leakage flux
increases the load dependency of L, only slightly.

B. Rotor Skewing

Assuming linear magnetic properties, skewing the rotor slots
increases the rotor resistance and the rotor leakage inductance
[8]. When the magnetic saturation is taken into account, the



TABLE I
MOTOR RATING

Power (kW) 2.2 37
Speed (r/min) 1430 1470
Frequency fn (Hz) 50 50
Line-to-line voltage Un (V, rms) 400 380
Current I (A, rms) 5.0 73

rotor skew also has an influence on the magnetizing inductance
[3]. A dominant effect is the change in the relative phase of
the stator and rotor currents in the axial direction due to the
skewed rotor bars, causing the saturation level of a loaded
motor to vary in the axial direction. A skewed motor can
be considered to consist of an infinite number of elemental
machines lying in radial planes and connected in series, with
a gradual relative phase shift between the stator and rotor
currents in the axial direction [9]. The motor is assumed to
consist of three slices in Fig. 3(a), where the rotor current
vectors are ., {9, and 7.5 and the magnetizing current vectors
are 4,7 = Lg+iqs Iyg = 45 +ip9, and 4,5 = 1 +1,5. The effect
of magnetic saturation on the corresponding flux linkages 1,
Ym2, and Yy, 3 is illustrated in Fig. 3(b). If a skewed motor is
saturated, the magnetizing inductance

— 7v[}ml + U)mQ + 1/}m3
Z.ml + 7:mZ + 7:mS

m (8
becomes a function of the rotor current and decreases as the
rotor current increases.

IV. ANALYSIS OF PARAMETER VARIATIONS

Parameter variations of 2.2-kW and 37-kW induction mo-
tors were analyzed in different steady-state operating points by
means of a two-dimensional multi-slice FE method [10]. The
motor rating is given in Table I. Both motors have closed rotor
slots and semi-closed stator slots. Both skewed and unskewed
rotors were studied. The skewed motors were assumed to be
made up of six slices with different rotor positions. In the FE
method, the time-dependence was approximately represented
by sinusoidally varying quantities, and the magnetic saturation
of iron was modeled using an effective reluctivity curve [11].
Furthermore, the iron losses were omitted. The parameters of
the T model were evaluated from the results of the FE analysis.

The FE analysis was carried out at the constant stator
frequency of ws = 0.5 p.u., while the magnitude of the stator
voltage and the slip frequency w, were varied. At constant
frequency and stator temperature (here 20°C), the stator re-
sistance Rs can be assumed to be constant. A comparison
between the calculated and measured currents for the skewed
2.2-kW motor can be found in the Appendix.

In Figs. 4-7, the calculated parameters are depicted as
a function of the rotor flux magnitude v, and the rotor
current magnitude ¢,. This choice is preferred due to the
orthogonality of ¢ and 7, in steady state. The constant rotor
flux and constant rotor current curves were obtained using
linear interpolation. It is to be noted that Figs. 4-7 change
only slightly if they are plotted as a function of the main flux
magnitude vy, and the rotor current magnitude i,.

A. 2.2-kW Motor

The stator resistance of the 2.2-kW motor is Rs = 0.063 p.u.,
the number of stator slots is 36, the number of rotor slots 26,
and the rotor skew is 1.38 stator slot pitches. In the rated
operating point, the magnitudes of the rotor flux and the rotor
current are ¢, = 0.90 p.u. and 7, = 0.76 p.u., respectively.
Figs. 4(a) and (b) show the magnetizing inductance L, as
a function of the rotor flux ¢, and the rotor current i,
respectively. It can be seen that L,,, decreases almost linearly
as a function of ¢,. Figs. 4(c) and (d) show the rotor leakage
inductance L,, as a function of v, and 1%, respectively. The
rotor leakage inductance L, saturates strongly as a function of
1 when the flux is low. For the small values of the rotor current
iy, the inductance L,, also depends on the flux. This kind of
saturation characteristics are due to the closed rotor slots; a
comparably small rotor current or rotor flux causes saturation
in the thin slot bridges. The stator leakage inductance and
the rotor resistance are not shown since they are essentially
constant in the given range of the rotor flux and rotor current
(Lso = 0.05...0.07 p.u. and R, = 0.037...0.039 p.u.).

In order to separate the effect of the skewed rotor, the
parameters of the unskewed motor were also evaluated. The
magnetizing inductance Ly, shown in Fig. 5 is still a function
of the rotor current i,, but the dependency is reduced especially
at higher flux levels. The saturation characteristics of the rotor
leakage inductance L,, are similar to those of the skewed
motor [Figs. 4(c) and (d)], except that L,, is slightly smaller.

B. 37-kW Motor

The stator resistance of the 37-kW motor is Rs = 0.021 p.u.,
the number of stator slots is 48, the number of rotor slots 40,
and the rotor skew is 1.53 stator slot pitches. The magnitudes
of the rotor flux and the rotor current in the rated operating
point are i), = 0.93 p.u. and i, = 0.87 p.u., respectively.
Figs. 6(a) and (b) show the magnetizing inductance L,
as a function of the rotor flux ¢, and the rotor current
iy, respectively. Figs. 6(c) and (d) show the rotor leakage
inductance L,, as a function of v, and 1%, respectively. The
effect of rotor current 7. on both L,, and L,, is even more
significant than in the case of the 2.2-kW motor. In the studied
operating range, the stator leakage inductance and the rotor
resistance are nearly constant (Lg, = 0.075...0.085 p.u. and
R, =0.015...0.017 p.u.).

The parameters of the unskewed motor were also evaluated.
The magnetizing inductance L,, is shown in Fig. 7. The
saturation of Ly, caused by the rotor current i, is decreased
compared to the skewed motor, but L,, still depends con-
siderably on ¢, even at higher flux levels. The rotor-current
dependency of L., is mainly caused by the saturation at
the rotor surface and in the slot bridges due to the rotor
leakage flux. This phenomenon was confirmed by analyzing
the unskewed 37-kW motor equipped with semi-closed rotor
slots; the variation of L,, as a function of 7, was reduced
significantly and L,, was almost constant.
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Fig. 4. Parameters for skewed 2.2-kW motor: (a) and (c) ¢x = 0.4 p.u. (dotted line), 0.8 p.u. (dashed), and 1.2 p.u. (solid); (b) and (d) r = 0.5 p.u. (dotted

line), 0.7 p.u. (dashed), and 0.9 p.u. (solid).
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Fig. 5. Parameters for unskewed 2.2-kW motor: (a) ¢ = 0.4 p.u. (dotted line), 0.8 p.u. (dashed), and 1.2 p.u. (solid); (b) ¥» = 0.5 p.u. (dotted line), 0.7

p-u. (dashed), and 0.9 p.u. (solid).

V. EFFECTS OF SATURATION ON CONTROLLED DRIVES

A. Rotor Flux Orientation

The principle of rotor flux orientation is briefly described
here using the inverse-I' model. The d-q reference frame is
fixed to the actual rotor flux, i.e. wy = wg and QR = YR +]j0,
where ws is the angular speed of the rotor flux. The dynamics
of the rotor flux and the slip relation can be written as

dyr )
P — = Lnisa,
Ty + YR Mfsd

o RRisq

Wy = w
R

©)

respectively, where the angular slip frequency is wy = ws —wm
and the rotor time constant is 7, = Ly/Rgr. The rotor flux

magnitude is controlled using the d component i5q of the stator
current. The electromagnetic torque (4) can be expressed as

Tc = 1/)Rl.sq (10)
If the rotor flux iR is constant, the torque is proportional to
the q component iy, of the stator current. Equations (9) and
(10) can be rewritten using the T model quantities; the desired
constant relationship T, /isq is achieved only if g = k1), is
kept constant.

The motor model used in speed-sensored vector-controlled
drives is usually based on (9) in some form. It can be shown
that inaccurate parameter estimates result in an erroneous
flux level and inaccurate torque production [12]. In sensorless
drives, inaccurate parameter estimates may even cause stability
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problems. Hence, the performance of induction motor drives
can be improved by incorporating the saturation effects caused
by the rotor current into the motor model.

B. Model Selection

The parameters of the I' and inverse-I" models depend on the
coupling factor kg of the stator and the coupling factor &, of the
rotor, respectively. These factors are shown for the skewed 2.2-
kW motor in Fig. 8. The coupling factor k, depends strongly
on the rotor current, contrary to ks. Furthermore, the variation
of k, caused by the rotor flux is more complicated than that
of k.

A disadvantage of the inverse-I" model is the dependency
of the rotor resistance Rg = k2R, on the operating point, in

addition to the effect of slowly changing temperature. Other
inverse-I' model parameters also behave inconsistently in the
case of closed rotor slots. Hence, the parameter variations of
the I' model (or the T model) are generally easier to model
than those of the inverse-I' model. If rotor flux orientation
is used, (9) and (10) can be rewritten for the I' model, or
the inverse-I" model parameters can be easily calculated from
those of the I' model.

VI. CONCLUSIONS

The effects of closed rotor slots and rotor skew on the equiv-
alent circuit parameters were analyzed using a FE method.
The magnetizing inductance and the rotor leakage inductance
depend significantly on the rotor current. To guarantee a good
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accuracy in the torque production, this dependency could
be incorporated into the motor models of high-performance
drives. The parameter variations of the I' model are generally
easier to model than those of the inverse-I' model. Methods
to identify the rotor-current dependency of the inductances is
a suitable topic for future research.

APPENDIX
COMPARISON OF COMPUTED AND MEASURED RESULTS

Results of FE calculations for the skewed 2.2-kW motor
are presented with the corresponding measured results in
Fig. 9. The stator current magnitude ¢ and the power factor
cos¢ are shown in Figs. 9(a) and (b), respectively, as a
function of the stator voltage magnitude ug at different angular
slip frequencies w;. It can be seen that the results of FE
calculations agree well with the measured results. The small
difference in the power factor at low voltages may be related
to the thickness of the rotor slot bridges, which is uncertain
due to tolerances associated with the punching of the rotor
sheets. Results of FE calculations for the 37-kW motor have
been compared with measured results earlier [13].
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