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Abstract. In this paper, some results from a simula-
tion of three-phase squirrel-cage induction motor using
COMSOL Multiphysics software are shown for the se-
lected motor operating conditions. The simulation has
been carried out under the nominal operating condition
at the nominal rotational speed, for the operation un-
der no-load and for the operation under locked rotor.
The waveforms of the stator current, the currents in
two neighbouring rotor bars, the current in the rotor
ring and the motor inner torque are presented for each
tested condition. The simulated values of some motor
parameters are compared to their values from the mo-
tor catalogue, the manufacturer’s measurement, or the
measurement in our laboratory, respectively. The sim-
ulated values of the rotor bar current and the rotor ring
current are compared to their values from the scientific
literature. The parameters of the motor equivalent cir-
cuit are calculated by COMSOL and compared to the
values calculated from the motor data plate and from
the measured values.
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1. Introduction

To design, study, calculate or optimize the electrical
machines, the Finite Element Method (FEM) can be
used [1], [2] and [3]. The FEM is a numerical technique
which subdivides a solved domain into smaller parts
called finite elements, which has several advantages [4].
Each element is represented by a set of element equa-
tions. The solution is found in the single node points
of each element. There are various types of software
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programs based on the FEM; here, the COMSOL Mul-
tiphysics has been used [5].

The induction motor was modelled as a two-
dimensional model with defined out of plane thickness,
i.e. as the quasi-3D model. The Rotating Machin-
ery, Magnetic interface under the AC/DC Module of
COMSOL is used for its stationary and time-domain
modelling [6], [7] and [8]. This physical interface solves
Maxwell’s equations formulated using a combination of
the magnetic vector potential and the magnetic scalar
potential as the dependent variables. Under the Rotat-
ing Machinery, Magnetic interface the nodes Ampere’s
Law are used solving the magnetic field in the motor
[9], [10] and [11].

The aim of this paper is a comparison of simulated
motor parameters to its parameters from the motor
catalogue and practical measurements, or to the theo-
retical presumptions, respectively. After this verifica-
tion, the model will be used for studies of the tested
motor under electrical and mechanical faults or anoma-
lies.

2. Model of Induction Motor

The model has been carried out as a non-linear one
with the 800-6AM type of electrical steel for the mo-
tor laminations. The B-H curve of this material was
used in the Materials physics of COMSOL for both the
stator and rotor laminations. Due to the laminations,
homogenization approaches are applied for a determi-
nation of the anisotropic equivalent conductivity [12],
[13] and [14]. In this work, the homogenization ap-
proach was applied by the stated formulas:

(1)

Oy = 0y = 0,

—0, (2)
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where o is the conductivity of the iron sheet in (S:m~1),
0, is the equivalent conductivity in the direction per-
pendicular to the iron sheets, n is the number of the
stacked sheets.

To feed induction motor from three-phase sinu-
soidal voltage source, the Electrical Circuit interface of
COMSOL has been used, which includes connections to
the Rotating Machinery, Magnetic interface and com-
ponents to represent end winding impedances. This
interface is also used for creating the external rotor
circuit [§], [I5] and [I6].

The resistances of the stator winding overhang
Rsend, a rotor end-ring segment Rpenq and a part of
the rotor bar outside of the rotor iron Rp,,: are calcu-
lated using the stator winding and rotor cage parame-
ters, and the cage geometry, respectively. The formulas
are stated as:

2loNg
A )

3)
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(4)
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where p is the resistivity in (Q-m), lg is the mean length
of the stator winding overhang in (m), Ng is the num-
ber of turns per one stator phase, A is the cross-section
area of the stator winding conductor in (m?), dpy is
the mean diameter of the cage end-ring in (m), @ is the
number of the rotor bars, Ag is the cross-section area
of the cage end-ring in (m?), IBoyu: is the mean length
of the bar outside of the iron sheets in (m), Ap is the
cross-section area of the bar in (m?).

The temperature of the stator winding was detected
from the motor measurements under nominal load and
no-load, and taken into account for the resistivity cal-
culation.

There are various approaches to calculate the motor
leakage inductances as can be found, e.g., in [I7], [18],
[19] and [20]. They depend, among others, on the de-
termination of the leakage permeance factor. Whereas
in [I7], one common permeance factor of the stray
around the winding overhangs is reported to be con-
stant for almost all types of winding, in [I§], it is stated
separately for the stator and rotor. In [19], the end-
winding leakage permeance factor is defined for vari-
ous combinations of the stator and rotor winding types
when calculating the total end-winding leakage induc-
tance. Nevertheless, the formula for calculating the
leakage inductance of the short-circuit ring of the cage
winding is introduced in [19] as follows:

Q 1 / TdRrN
en == - a ~ l _l ) 6
LRend = o <2 3 B —lg+v B) (6)
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where mg is the number of the stator phases, p is the
number of the pole pairs, (g is the length of the rotor
bar in (m), I is the equivalent length of the stator in
(m), v is the factor equal to 0.18 for machines with
p > 1 as defined in [19].

In [20], the end-winding leakage permeance factors
are calculated taking into account the various types of
winding, winding parameters and geometry. The leak-
age permeance factor of the stator winding overhang is
calculated from the formula:

Xo = ko (1 - 0.64y) g,
lo

where kg is a factor defined in [20] depending on the
type of the stator winding, y is the coil span in (m),
g is the number of slots per pole and per phase.

(7)

The leakage permeance factor of the cage winding is
stated as:
(8)

/\RO Tp9,

= 2mgplo
where 7, is the pole pitch, g is a factor defined in
[20] depending on the geometry of the stator and rotor
winding overhang.

Even if there are some differences in the statements
or calculations of the leakage permeance using these
approaches, they are of no great significance, resulting
in only minor impact on the results of the induction
motor simulation.

The leakage inductance of the stator winding over-
hang was calculated from the formula in [18]:

2loporoNZ
p )

Lsena = (9)
and the leakage inductance of the rotor end-ring seg-
ment was calculated using the formula in [I8]:

TdrN

Lgend = MOT)\RO- (10)

The values of both leakage inductances calculated from
Eq. @D and Eq. were used in the Electrical Circuit
interface of the motor model.

Simulation of Nominal
Operating Condition

3.

The induction motor with the catalogue parameters in
Tab. [ has been simulated.

The motor nominal speed from Tab. [I] was adjusted
in the Rotating Machinery, Magnetic physics of COM-
SOL. In Fig.[l] the induction motor geometry is shown
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Tab. 1: The selected parameters of the motor.

Parameter Value Parameter Value
Rated power 4 kW Nominal 0.83
power factor
Nominal voltage | 400 V Nominal speed 1440 rpm
Nominal current 8.4 A Nominal torque 27 N-m
Starting Starting
. 6 . 2.7
current ratio torque ratio
Nominal 50 Haz Nor:.mnal 83.1
frequency efficiency
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Fig. 1: Magnetic flux density and equipotential lines of mag-
netic vector potential.
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Fig. 2: Waveform of the stator current at motor nominal speed.
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Fig. 3: Waveforms of the currents in two neighbouring rotor
bars at motor nominal speed.
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illustrating the magnetic flux density distribution and
equipotential lines of the magnetic vector potential.

From the results of the motor simulation, the stator
current in one phase, the currents in two neighbouring
rotor bars, the current in the rotor ring, and the motor
inner torque are shown in Fig. 2] Fig. 3] Fig.[d and in
Fig. [f] respectively.
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Fig. 4: Waveform of the current in the rotor ring at motor nom-
inal speed.
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Fig. 5: Waveform of the inner torque at motor nominal speed.

The harmonic analysis of the simulated currents has
been carried out to detect the first harmonic to be used
in comparing currents. The first harmonic of one cycle
of the stator current is shown in Fig. [f] The mean
value of the inner torque at the motor nominal speed
was detected from its analysis, and it is shown in Fig.[7]

The comparison of the stator current and motor
torque from the simulation to the ones from the motor
catalogue and from the measurement in our laboratory
is presented in Tab. 2]

The currents of the rotor bar and ring are compared
to the theoretical results. The current of the rotor bar
can be calculated from the formula, as found, e.g., in

[19]:

- Qmst

Ip ~ 0 Is cos .

(11)
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Fig. 7: Waveform of the inner torque and its mean value at the
nominal speed.

Tab. 2: Comparison of the stator current and motor torque for
the nominal operating condition.
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Fig. 8: Waveforms of the first harmonics of two neighbouring

rotor bar currents from Fig. El
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Fig. 9: Waveform of the first harmonic of the rotor ring current

from Fig. @

Tab. 3: Comparison of the current of the rotor bar and ring for

the nominal operating condition.

Source Stator current Torque
Motor catalogue 84 A 27 N-m
Measured value 8.8 A 26.5 N-m

Simulation 8.6 A 27.9 N-m

Source Bar current | Ring current
Theory c. 224 A c. 503 A
Simulation 216 A 485 A

The current of the rotor ring is calculated using
Kirchhoff’s first law at each connection point of the
bar and the ring from the formula, as found, e.g., in

[19):

=15 _
B g P (12)
S ——

Q

The first harmonics of one cycle of the neighbouring
rotor bar currents and rotor ring current are shown in
Fig. 8] and Fig. [0} respectively.

The comparison of the rotor bar and ring cur-
rents from the simulation to the ones calculated from
Eq. , and Eq. , respectively, is presented in
Tab. Bl

As seen in Fig. [§] the time period of the bar current
is equal to 0.5 s, which corresponds to the frequency
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value of 2 Hz. The value of the motor nominal slip is
0.04 corresponding to the bar current frequency f, of
2 Hz according to the formula:

fr=sf, (13)

where s is the slip, f is the frequency of the supply
voltage (50 Hz).

The phase shift between the waves of the currents in
the neighbouring bars from Fig. [8 detected from their
harmonic analysis is equal to the value of 0.449 rad
(i.e. 25.730) being identical to the value calculated from
the formula, as found, e.g., in [20]:

2

©p = Pa- (14)
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4. Simulation Under No-Load

Condition

The simulation was carried out for the motor speed
equal to 1,498.5 rpm, which is the value detected from
the motor simulation for its no-loaded start-up [§]. The
waveform of the current in stator is shown in Fig. [I0]

Stator current (A)
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Time (s)

0.18

Fig. 10: Waveform of the stator current under no-load.

The value of the stator current under no-load is equal
to 5.5 A, as it was detected from its harmonic analysis.
This value is higher in comparison to the value of 4.76 A
from the manufacturer’s measurement, but close to the
value of 5.7 A measured in our laboratory.

5. Simulation of Motor Under

Locked Rotor Condition

The simulation under the locked rotor condition was
carried out for the motor speed equal to 0 rpm ad-
justed in the Rotating Machinery, Magnetic physics.
In Fig. the magnetic flux density and equipoten-
tial lines of the magnetic vector potential are shown at
the nominal supply voltage. As seen, the flux in the
rotor is pushed towards the motor air gap due to the
high currents in the rotor cage. As a result, the flux is
prevailingly accumulated in proximity to the rotor sur-
face and between the slots, which are highly saturated.
The magnetic flux density in the rest of the rotor iron
is low, as it can be seen in comparison to Fig. [1| under
the motor nominal operating condition.

The ambient laboratory temperature was taken into
account for the simulation under the locked rotor con-
dition. The stator current is compared to the catalogue
starting current at the motor standstill when the mo-
tor temperature is assumed to be equal to the ambient
one. The manufacturer’s measurement was carried out
using a quick-acting supply voltage under locked rotor
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Fig. 11: Magnetic flux density and equipotential lines of mag-
netic vector potential under locked rotor at the nomi-
nal supply voltage.

condition, so the motor temperature rise is not taken
into consideration.

From the results of the motor simulation, the stator
current in one phase, the currents in two neighbouring
rotor bars, the current in the rotor ring, and the motor
inner torque are shown in Fig. Fig. [13] Fig. and
Fig. respectively.

The RMS value of the stator current detected from
its harmonic analysis is compared to the value from the
manufacturer’s short-circuit characteristic and to the
value of the starting current in the motor catalogue in

Tab. [l

Tab. 4: Comparison of the stator current under locked rotor.

Source Stator current
Motor catalogue 50.4 A
Manufacturer’s value 54.83 A
Simulation 55.5 A
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Fig. 12: Waveform of the stator current under locked rotor.
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Fig. 13: Waveforms of the currents in two neighbouring rotor

bars under locked rotor.
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Fig. 14: Waveform of the current in the rotor ring under locked
rotor.
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Fig. 15: Waveform of the motor inner torque under locked ro-
tor.

The data for the manufacturer’s short-circuit charac-
teristic were obtained from measurements up to 90.2 %
of the motor nominal voltage, and from an extrapola-
tion for higher values, i.e. also for the nominal voltage.

It was confirmed from the harmonic analysis of the
currents that the rotor bar and ring currents frequency
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is equal to the frequency of the stator current, as it can
also be detected from comparison of the waveforms in

Fig. Fig. and Fig. [T4] respectively.

Parameters Calculated from
COMSOL Analysis

6.

The equivalent circuit of the induction motor in the
harmonic steady state is shown in Fig. [I6] neglecting
the iron loss. The stator phase resistance R; and the
stator phase leakage inductance L;, are composed of
two portions given by the formulas:

Rl = RSend + RSfema (15)

Lla = LSend + Lanem- (16)

The first portion of the formulas Eq. (15) and
Eq. (16) includes the circuit model as defined by
Eq. (3)), and Eq. @D, respectively. The second portion
includes the 2D field model. The parameters Rgend
and Lgenq substitute in 2D modelling the end winding
parameters of the stator overhangs, and Rgyfen and
Lssfem are the parameters of the stator windings in-
serted in the slots modelled by COMSOL physics. The
resistance Rgyenm is calculated automatically by COM-
SOL because the slots are defined as the multi-turn coil
domains. Note that equation Eq. for the rotor can
be written in a similar way. The inductances Lssfem
and L, Rfem/, exactly their sum, has been determined
indirectly by calculating the corresponding stator leak-
age linkage flux W, g7, under the locked rotor simulation
condition.

(e, \ g

Fig. 16: Equivalent phase circuit of the induction motor.

The stator linkage flux ¥;g is generally defined for
2D problems by the formula:

Nd g P
\Ills = — f]{ (€.A1 + €.A1) . dAsv (17)
As Asi

where A, is the stator slot cross-section, Ag; is the
stator slot area of the all stator coils connected to one
phase, A} and A, are the magnetic vector potentials at
the beginning and the end of the turn side of the stator
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coils. Then, for the sum of the leakage inductances
holds:
v
Lo‘Sfem + Lo‘Rfem/ = = 1SL; (18>
11SL

where 7157, is the stator current under the locked rotor
simulation condition. The calculated sum of the leak-
age inductances Lsgfem and LaRfem’ has been split
into two halves in the usual way. According to [21],
the difference between the magnetic vector potential
in the middle of the stator slot and the air gap is very
small under the no-load simulation condition, so the
magnetizing inductance can be estimated as:

o \1115'0

Ly, (19)

Z.150 ’
where U,g, is the stator linkage flux and i;g, is the
stator current under the no-load simulation condition.

The rotor resistance Rs' referred to the stator has
been calculated from the rotor power loss, namely from
the rotor ring-end power loss Pgreng, the outside ro-
tor bar power loss Ppo: and the rotor bar power loss
PRfem:

_ PRend + PBout + PRfem

!
R 3i2 ’
R

(20)
where i’ is the rotor current referred to the stator.
Equations Eq. to Eq. hold at each time and
have been enumerated over the period of 20 ms in the
quasi-steady state using time-stepping analysis [22], i.e.
for RMS values. For comparison, the calculated values
of the motor parameters have been shown in Tab. [
together with the ones calculated from the motor data
plate and from the measured values.

Tab. 5: Comparison of the induction motor parameters.

From the From the From
data plate | ™e@sured | conviSOTLL
values
R () 3.08 3.02 2.96
Lio (mH) 2.8 3.1 3.08
L (mH) 138 140 125
Ry () 1.22 1.22 1.38
Lzo” (mH) 28 31 3.08
7. Conclusion

The simulation results of the induction motor model
match the motor catalogue values and the measured
values rather well, especially for the nominal operat-
ing condition. There are only minor differences be-
tween the simulated and measured values of the stator
current and motor torque, as seen in Tab. [2] for the
nominal operating condition. In Tab. [3} the simulated
currents of the rotor bar and rotor ring are compared
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to the currents from the theoretical presumptions. As
seen, they match rather well. As regards the values
of the stator current from the simulation under locked
rotor condition, the difference is higher in comparison
to the catalogue value, but it should be mentioned that
the tolerance for the locked rotor current is stated as
+20 % in the motor catalogue. Similarly, there is a cer-
tain difference between simulated and measured value
of the stator current under no-load condition made by
manufacturer as mentioned in Sec. (4] As seen in
Tab. [5] the values of the equivalent circuit parameters
of the tested motor resulting from its simulation are
very close to their values obtained from measured pa-
rameters and from data plate parameters, which are
listed in Tab. Il

It is worth noting that the values of the simulated pa-
rameters depend on the accuracy of identification and
calculation of the induction motor parameters used in
the model, on the machine geometry (e.g. manufac-
ture’s stator and rotor laminations are necessary) and
material properties, on the proper meshing especially
of the motor air gap, and on the adjusted time step of
simulation.

In the future, this model will be used for some studies
of the tested motor under electrical and mechanical
faults or anomalies.
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