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Abstract: Paper presents analytical and numerical model of three-phase
asynchronous squirrel cage motor suitable for fast computation of motor
steady state and transient performance characteristics at various operating
modes: no-load, rated load and locked rotor. From the motor analytical
model, numerical model for computing transient characteristics and mag-
netic flux density in motor cross-section is deduced. Accuracy of the ana-
Iytical model is verified by experiment. Influence of various design parame-
ters on motor torque is studied. Derived computer models allow fast chang-
es in motor design and development of various motor variants with im-
proved performance characteristics.
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1. INTRODUCTION

Electrical machines are used in more and novel application throughout the
world, driven by the need for greater power efficiency in the transportation, aero-
space, defense, and industrial automation markets. There is a clear global demand to
develop more power-efficient machines but progress has been hindered due to the
large amount of computation resources and time required to simulate an electrical
machines. This issue becomes especially important in case of electromagnetic fields
simulation inside the electrical machines. It is a huge computational undertaking to
characterize an electrical machine of any kind for steady-state operation. This limits
the number of design points that engineers can acquire in a reasonable amount of
time to make critical design decisions [1]. Design of the three-phase induction squir-
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rel cage motor, belongs to the well-known designs of the induction motors, which
involves calculation of motor parameters such as: reactance and inductances, as well
as motor performance characteristics of torque, currents, efficiency, power factor
and output power at different speeds [2-6]. Paper proposes the analytical model
suitable for fast computation of three phase induction motor parameters and steady—
state performance characteristics. The model requires several input parameters relat-
ed to the motor geometry and laminations of the stator and the rotor. As an output
from the analytical model all important motor parameters are calculated as well as
the steady-state performance characteristics with computation time of several sec-
onds [7]. The motor design can be simply altered by varying some of the input de-
sign parameters such us motor length, input voltage, stator diameter or stator wind-
ing parameters. On that way, several design alternatives can be created quickly with
short computational time and the designer can decide which model is the best for a
given application. The results from the analytical model are compared with the ex-
perimental data for validation of model accuracy. Analytical model of the motor
does not provide data of magnetic flux density distribution in motor cross-section i.e
the parts of magnetic core with high saturation and losses cannot be detected only by
the analytical model. In recent years, different numerical techniques have been de-
veloped for simulation of low frequency electromagnetic fields based on several ap-
proaches: finite differences, finite elements and finite volumes [8-15]. The finite el-
ement method (FEM) is widely used in engineering practice because it can model
complex inhomogeneous, anisotropic materials and represent complicated geometry
using irregular grids. Paper proposes three different numerical models based on
FEM for three different operating modes: no-load, rated load and locked rotor. Tran-
sient characteristics of torque and currents are obtained from the numerical models.
They allow understanding of different operating modes of the motor during motor
acceleration and steady-sate operation. Finally, influence of several design parame-
ters on motor torque is analyzed, by applying the parametric analysis in motor nu-
merical model. The latest analysis allows the designer to make several motor designs
in very short time, to understand the influence of various design parameters on mo-
tor performance and finally to choose the best design for the given application.

2. ANALYSIS APPROACH FOR THREE-PHASE INDUCTION
MOTOR

2.1. Analytical model

For a three-phase induction motor, the stator winding (with a sinusoidal spatial
distribution and p pairs of poles) is connected to a three-phase symmetric voltage
power supply. The resulting currents in the stator winding produce a rotating mag-
netic field. The rotor winding is often a squirrel cage type. Currents are induced in
the rotor bars and produce, in turn, a second rotating magnetic field. The two rotat-
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ing fields produce a resultant rotating magnetic field in the air gap of the machine.
The interaction of this field in the air gap with the rotor bar currents produces an
electromagnetic torque, which acts on the rotor in the direction of the rotation of the
field in the air gap [7]. The performance of three-phase induction motors is analyzed
based on the equivalent circuit of one phase in the frequency domain as shown in
Fig. 1.
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Figure 1. Induction motor equivalent circuit

In the Fig. 1, Ry is the stator resistance, X is stator leakage reactance, which
consists of stator slot leakage reactance, end-winding leakage reactance, and differ-
ential leakage reactance. X, and R; are rotor leakage reactance and rotor resistance,
respectively. X includes rotor slot leakage reactance, end-ring leakage reactance,
differential leakage reactance, and skewing leakage reactance. The parameters in the
equivalent circuit are dependent on the stator and rotor currents. Rotor parameters
vary with the rotor slip-s. All rotor parameters have been referred to the stator side.
Xm is the magnetizing reactance, and Rre is the resistance corresponding to iron-core
losses. Xm is a linearized nonlinear parameter that varies with the saturation of the
main field. The electromagnetic power Pn, or air-gap power, is computed by the fol-
lowing:

Pn=312-R, /s (1)
I, is the rotor current calculated from the transformation of the equivalent circuit
from Fig. 1.
Electromagnetic torgue is:

T,=P,/® 2
where o is synchronous speed in rad/s. The output mechanical torque T is:
Ty =Tn—Th ©)

T is the frictional and wind torque.
The output power is:
P, =Ty -, 4)
where o, = w(1—s)is the rotor speed in rad/s as s is the motor slip.
The input power is:
R=R+PFRy,+Pe+Ru+Hh (5)
Peu2, Pre, Poir and Ps are rotor copper loss, iron-core loss, stator copper loss and
stray loss respectively.
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The power factor is derived from :

m is the number of phases The efficiency is computed by:
PZ
=—=.100 7
Uy (7)
Stator resistance is found from:
I.W
R, = i 8
1= Peu Aua; (8)

Peu 1S the resistance of copper, Ic is the coil length including active part of the wind-
ing and end connections, W is the number of turns in stator winding, Ac is the con-
ductor cross-section and a; is the number of current paths in parallel.

Rotor resistance-R; is consisted of the rotor bar resistance and end ring re-
sistance.

R, =k, (R, +R;) )

Ry is the rotor bar resistance and Ry is the end ring resistance. k is the coefficient for
referring the rotor resistance to stator winding.
Rotor bar resistance is:
Ry = pal SL (10)
b
pa is the resistance of the aluminum as rotor cage winding is from aluminum, | is
the bar length and Sy, is the bar cross-section. Ring resistance is found from:

Ry = 27D, py /ZZSrkrz (11)
D. is the average ring diameter, Z, number of rotor slots, Si-ring cross section and ki
coefficient of refereeing the ring current to bar current.

Stator leakage reactance is calculated from:

X; =158 fl W4 /(p; 10%) (12)
fi-supply frequency, li-motor length, Ai-leakage coefficient of stator winding, gi-
number of stator slots per phase per pole.

Rotor leakage reactance is calculated from:

X, =Ky - (7.9f,4,107) (13)
A2 is the leakage coefficient of rotor winding. Magnetizing reactance is calculated
from:

X,=E/l, (14)
where E is the induced voltage and I, is the magnetizing current.
I, =2.22F,,,p/(MW,k,) (15)

Fsum is the sum of magnetomotive forces per pole and ky, is the winding coefficient.
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2.2. Experiments

Experiments are performed on motor type 2AZ 155-4 from company Rade
Koncar. Rated data obtained from the motor producer are: output power P, of 2.2
kW, line current at 220 V in delta winding connection of 8,7 A, or at 380 V and
star connection of stator winding phase/line current of 5 A, power factor cose of
0.81 and rated speed 1410 rpm. The newer version of the same motor is presented in
Koncar catalog as motor type 5AZ 100LA-4 [16]. The purpose of the experiments is
to determine the main motor operating characteristics such as input power P1, output
power P, output torque M., power factor cose, efficiency factor n and to compare
them, first with manufacturer data and second with the results obtained from com-
puter model of the motor for calculating steady-state characteristics. Motor is con-
nected to the power supply according to Fig. 2.

Figure 2. Measuring circuit

At rated voltage motor is loaded up to the value of rated current while motor
voltage is kept constant 220 V. Voltmeter, ammeter and wattmeter are read out. On
that way, motor input power is measured from:

R =k (2 *a,) (16)
kw- wattmeter constant W/no. of scale parts, oz and o, number of parts of the scale
of the wattmeter from reading of the instrument.

Output powver is:

P=R—-(R+Pe+R) (17)
Py are the short circuit losses, i.e.

Pk = Pcul + l:)cu2 (18)
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Short circuit losses are found from the locked rotor experiment (rotor of the
machines is in stand-still while the stator current is gradually increased up to the
rated current and simultaneously voltage is measured-Ux). Iron losses-Pre and stray
losses-Ps are obtained from the no-load experiment (motor is accelerated without
load up to the rated voltage of 220 V). In that case, iron and stray losses are equal
to:

Pe, + P, =Py —3Ry1Z (19)

Po is the input power of the motor at no load from wattmeter readings, lo is the
measured stator winding current at no-load from ammeters readings, and R is the
measured resistance with onmmeter. The sum of iron and stray losses at rated volt-
age 220 V is 147.99 W.

On the base of measurements output torque-T», power factor-cose and efficien-

cy-n factor are calculated respectively:
P2

T, =955 (20)
n
n — rotor speed in rpm/min and P is the motor output power in watts.
R
cosp=—1— (21)
‘/§U1I IlI
U, lu —measured line voltage and currents
P2
-2 22
Ly (22)

Results from measurements of a loaded motor are presented in Table 1.

Table 1. Motor measurements

Locked rotor No- Loaded motor
load
Uik Pk Pr&P | Un lu n P1 P2 T2 COos® n

M | W WV @ mm | W W | Nm |0

48.62 417 1479 | 220 | 8.44 | 1410 2510 1945 13.17 | 0.78 | 0.775

43 325 1479 | 220 | 7.45 | 1430 2290 1817 12.1 | 0.80 | 0.793

38.3 284.6 | 1479 | 220 | 6.57 | 1440 1910 1477 9.79 | 0.76 | 0.777

32.75 | 2423 | 1479 | 220 | 5.63 | 1450 1440 1049.7 6.91 | 0.67 | 0.728

30.17 225 1479 | 220 | 5.23 | 1455 1270 897.01 588 | 0.63 | 0.706

26.1 192.3 | 1479 | 220 | 4.48 | 1470 790 449.7 292 | 0.46 | 0.569

24.8 180.8 | 1479 | 220 | 4.2 1475 430 101.2 0.655 | 0.26 | 0.236
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3. COMPUTER AIDED DESIGN OF ANALYTICAL AND
NUMERICAL MODEL

Next step in the motor analysis is to build the model of the motor in software
Maxwell suitable for calculating motor steady-state characteristics. All motor data
necessary for the motor design and performance analysis are presented in Table 2.
Based on the data from the producer, stator and rotor laminations are input into
computer model of the motor (Fig. 3a). Next step in modelling the motor analytical
model is to calculate and design the stator winding (Fig. 3b). Stator winding is a
three-phase distributed winding and its parameters and presented in Table 3. Rotor
winding is an aluminium cage winding with parameters presented in Table 4. Once,
the all motor parameters (stator and rotor laminations, motor axial length, rated pa-
rameters and materials properties) are input, analytical model of the motor in soft-
ware program Maxwell, is ready for calculating the steady — state characteristics.

(b) stator winding
Figure 3. Modelling motor cross-section and stator winding

(a) cross-section

Table 2. Motor data

nominal power P=2.2 kW
number of poles 2p=4
nominal voltage A4/ Y 220/380 V
nominal current A/ Y 8.7/5A
power factor cos¢=0.81
nominal speed 1410 rpm
number of stator slots Z:=36
number of rotor slots Z,=40
stator winding resistance per phase | R;=2.76 Q2
stator outer diameter Dsa=152 mm
stator inner diameter Dsi=97mm
radial air gap length g=0.6mm
stack length l,e=100
nominal frequency f=50 Hz
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Table 3. Stator winding data

winding layers 2
parallel branches 2
conductor per slot N.=97
coil pitch 7
Table 4. Rotor winding data
IM bar conductor cast aluminium
IM end ring width 8 mm
IM end ring height 19 mm

As an output from software program, the motor steady-state characteristics of
stator winding current (l1), efficiency factor (r), power factor (cose), output power
(P2) and torque (T,) for different speeds (n) are calculated. Calculation of the
steady-state characteristics is closely related to calculation of motor parameters and
they are obtained as an output from the analytical model of the motor in Maxwell
software. Based on motor model for computer aided design and calculation of
steady-state characteristics the numerical model of the motor is derived. Numerical
model uses FEM for simulation of transient low-frequency electromagnetic fields.
Transient electromagnetic field simulation allows analysis of dynamic systems with
nonlinear materials and permanent magnets under a variety of conditions, employing
sinusoidal waveforms and particularly any other pulsed wave excitations. The pro-
cess requires sequential calculation, over many time steps, of saturation, eddy cur-
rents, slotting effects and rotor movement in time and space [1]. The procedure of
transient simulations includes discretization of whole domain of analyzed object, in
this case the motor, into numerous elements (usually triangles) that create the mesh
of finite elements (Fig. 4).

Figure. 4. Mesh of finite elements in motor cross-section

For each element magnetic vector potential A is found and from A, the vector of
magnetic flux density B is deduced. The problem is solved for sinusoidal excitation
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with frequency of 50 Hz. FEM is used to solve the Maxwell set of equations. FEM
discretization produces a set of matrix differential equations. They are solved with
time decomposition method (TDM). The domain is decomposed along time axis and
all time steps are solved simultaneously instead of solving them time step by time
step. The nonlinear matrix equations are linearized for each of the nonlinear itera-
tions. As an output results from the numerical models the magnetic flux density in
motor cross-section is plotted and the transient characteristics of torque and currents
for different operating modes- no load, rated load and locked rotor are obtained as
well.

In the numerical model parametric analysis is run with respect to several design
possibilities of two parameters: stator inner diameter (length of the air gap) and sta-
tor voltage. The variations of these two parameters are presented in Table 5.

Table 5. Ranges of variations of design parameters
Parameter Variation range
Stator inner diameter (97-97.4) mm
Stator voltage —amplitude (300-315) V

It should be stated that parametric analysis is run for end values of each param-
eter, i.e. stator inner diameter 97 mm or 97.4 mm and the amplitude of the stator
voltage 300 or 315 V. On that way, four design alternatives are created. Each of the
alternatives is analyzed with respect to its influence on motor torque. Motor basic
model is for voltage 310 V and stator inner diameter of 97 mm. Parametric analysis
is run at rated load operation.

4. RESULTS AND DISCUSSIONS

Analytical model of three-phase induction motor in Maxwell software allows
calculation of parameters and steady-state characteristics of the motor. Steady—state
characteristics of stator current, efficiency, output power, power factor and torque
for different speeds are presented in Fig .5. They are computed for different motor
speeds, i.e. slips, allowing insight into the complete motor operating range from slip
zero to one.

Accuracy of the motor analytical model is verified by comparing the basic out-
put results of this model with data from the motor producer based on experiments in
its premises and experiments in faculty laboratory. This comparison is presented in
Table 6.

Producer of the motor declares in star connection of stator winding and supply
voltage of 380 V stator-winding current of 5A [16]. According to the Fig. 5a at
speed of 1362 rpm which is the rated speed from the analytical model and supply
voltage of 380 V, the current is 5.1 A.
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Table 6. Comparison of analytical model and measurements

Analytical Producer | Measurements
model data
Star connection, voltage 380 V

rated phase current (A) 5.1 5 4.87
no-load phase current (A) 2.9 2.4 2.36
no-load input power (W) 142 170 196
locked-rotor phase current (A) 22.1 25 /
nominal output power (kW) 2.12 2.2 1.94
nominal power factor 0.8 0.81 0.78
rated speed (rpm) 1362 1410 1410
rated torque (Nm) 15 14.9 13.17

In the measurements (Table 1) according to the average value from three amme-
ter in all three phases the line current for 220 V and delta connection at 1410 rpm is
8.44A or this gives the phase current of 4.87 A. No load current according to Fig.
5a at speed of 1490 rpm is 2.9 A, according to the measurement at 220 V, the line
current is 4.1 A or phase current of 2.36 A. For the no-load operation at 1490 rpm
Fig. 5¢c gives an output power of 142 W. From the measurements at no-load at 1490
rpm the output power is 196 W. The producer specifies the no-load power 170 W.
Locked rotor current or short circuit current is compared only with the producer da-
ta, which is 25 A [16]. Locked rotor current is measured only up to the value of rat-
ed current at decreased supply voltage in order not to damage the machine by the
short circuit current. Locked rotor current in analytical model is obtained from Fig.
5a at zero speed and it is 22.1 A. Value of nominal output power from Fig 5c at
1366 rpm (since 1366 rpm is the nominal speed of the analytical model) is 2.12 kW.
This value is compared with the result from Table 1 at 1410 rpm the rated output
power Py is 1.94 kW. The motor producer declares rated output power of 2.2 kW
[16]. From Fig. 5d, power factor at 1362 rpm (rated speed of analytical model) is
0.8, while from measurements in Table 1 at 1410 rpm (rated speed of the machine in
experiments) it is 0.78. Producer declares power factor of 0.81 [16]. Analytical
model calculates the rated operating point at speed 1362 rpm while the producer and
measurement set the operating point (speed at which rated power and torque are ob-
tained) at 1410 rpm. Rated torque from analytical model is obtained at 1362 rpm at
Fig. 5e and its value is 15 Nm. Torque of the producer is easily found using the
equation (20). The producer declares rated power P, of 2.2 kW and rated speed n of
1410 rpm, which give the output torque of 14.9 Nm. Value of the torque from
measurements is somewhat lower 13.7 Nm (Table 1), but still sufficiently close to
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the value from producer data and analytical model. Results presented in Table 6 ver-
ify the accuracy of analytical model as obtained data from this model are very close
to the measurements. Analytical model is calculated for constant torque application.
Therefore, the output torque from the analytical model and producer data are almost
identical that verifies the model as accurate enough. From previous analysis of
steady-state characteristics and their comparison with producer data and measure-
ments it is evident that analytical model of the motor calculates the motor character-
istics with satisfactory accuracy. Accurate calculation of steady state characteristics
is only possible if motor parameters are calculated accurately. They are presented in
Table 7 and compared with producer data and measurements. The stator winding
resistance is the only parameter compared with the measurements because the motor
is squirrel cage type and there is no possibility to measure rotor parameters.

Table 7. Motor parameters

Analytical | Producer | Measurements
model data

Stator resistance at 20 T (€2) | 2.9 2.76 2.84

Stator leakage reactance (£2) | 3.687 / /

Rotor resistance at 20 T (¢«2) | 3.59 / /

Rotor leakage reactance (£2) | 3.2 / /

Magnetizing reactance (£2) 70.254 / /

K
ANSOFT

2250

Curve Info
= |nput Current

17.50

~
o1
S

Input Current (A)
I
w1
o
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

N
o1
S

0.00 250,00 500.00 750,00 1000.00 1250.00 1500.00
Speed (rpm)

(a) steady-state characteristic of input current



International Journal on Information Technologies & Security, Ne 2 (vol. 9), 2017

£
ANSOFT
87.50 - Curve Info
] o
75.00
62.50 -
S ]
£50.00
2 ]
0 .
£37.50
& ]
25.00
12.50
0.00 . . . . .
0.00 250.00 500.00 750.00 1000.00 1250.00 1500.00
Speed (rpm)
(b) steady-state characteristic of efficiency
widorr
3750.00 Curve Info
1 —— Output Power
§2500A00 —
s _
3 4
o
o -
g ]
=3
©1250.00
0.00 T T T T T
0.00 250.00 500.00 750.00 1000.00 1250.00 1500.00
Speed (rpm)
(c) steady-state characteristic of output power
AN%FT
B Curve Info
0.80 —-//———-‘—-—-_\ - Power Factor
0.60 4
§ -
g ]
w
£0.40
o .
o -
0.20 3
0.00 T T T T T
0.00 250.00 500.00 750.00 1000.00 1250.00 1500.00

Speed (rpm)

(d) steady-state characteristic of power factor



International Journal on Information Technologies & Security, Ne 2 (vol. 9), 2017 77

ey
ANSOFT

- Curve Info
] — Tomue

Torque (Nm)
N
o
o
o
i

0.00 250.00 500.00 1000.00 1250.00 1500.00

750.00
Speed (rpm)
(e) steady-state characteristic of torque
Figure 5. Steady-state performance characteristics

Numerical model of the motor includes definition of the motor geometry, prop-
erties of all materials, boundary conditions on motor outer geometry, type of the ex-
citation and time step for problem solving. Three different numerical models are
simulated for three different operating modes: no load (motor speed 1490 rpm), rat-
ed operation (motor speed 1362 rpm) and locked rotor (motor speed O rpm). For
these three modes, magnetic flux density in motor cross section is calculated and
transient characteristics of torque. Fig. 6 presents the magnetic flux density in motor
cross section for all three mentioned operating modes. From presented results of
flux density distribution, it is evident that at no-load and rated load some points of
stator yoke have increased flux density, which in case of rated load is close to the
point of material saturation. Yet, it can be concluded that the motor design is rea-
sonable as losses and efficiency factor from the analytical model are within the ex-
pected ranges for this type of the motor. At locked rotor operation, very small areas
of the stator teeth have high flux density. The value of the flux density can be further
reduced by applying high quality magnetic materials.
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Figure 6. Flux density distribution

Fig. 7 presents the transient characteristics of torque at no-load, rated load and
at start-up respectively, obtained from motor numerical model. The numerical model
allows obtaining the transient characteristics of torque and calculation of rms values
of torque after transients are suppresses. On that way, obtained results of torque can
be compared with measurements or with the results from analytical model and
steady state characteristics in order to verify the accuracy of the numerical model.
Once, the numerical model has been confirmed as accurate enough, the parametric
analysis in the numerical model can be run, in order to study the influence of varia-
tion of different motor parameters to motor operation i.e. motor output torque. Par-
ametric analysis is a software module in the numerical model (FEM software),
which allows influence of different design parameters on the certain target function
to be analyzed. Rms values of torque after the motor acceleration has finished, are
calculated for each operating mode and they are compared with data from the motor
producer and where available with data from measurements. For rated load, motor
producer gives 14.9 Nm, from numerical model is 16.1 Nm and from measurements
13.9 Nm [16]. For no-load, from producer data is 1.1 Nm, from numerical model
1.25 Nm and from measurements by taking into consideration that at 1495 rpm (no-
load speed), at voltage 220 V, the measured no-load losses are 196 W. According to
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equation (20) the no-load torque is 1.25 Nm. For starting torque from producer data
it is 33 Nm, from numerical model is 39 Nm [16].
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Figure 7. Transient characteristics of torque

Fig. 8 presents the motor torque for different combinations of stator inner diam-
eter and supply voltage. The basic motor model is obtained at voltage magnitude of
310 V, stator inner diameter of 97 mm for which the output torque is 16 Nm (Fig.
7b). As expected, decreased supply voltage reduces the motor torque (Fig. 8). The
increased air gap length (increased inner stator diameter) reduces the available
torque, increases the magnetizing current, and reduces the power factor. Additional-
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ly, motor runs with increased slip. Obtained results from parametric analysis are

presented in Table 8.

Table 8. Parametric analysis

Stator inner diameter (mm) | Voltage magnitude (V) | Torque (Nm)
97 300 14.872
97 315 16
97.4 300 14.12
97.4 315 15.22
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Figure 8. Parametric analysis of torque

From presented results of torque it is evident that analytical and numerical
model provide sufficient accuracy for calculating motor torque at steady —state op-
eration and at transient operation. The advantages of presented models are fast com-
putation of the complete motor and its characteristics with few needed input parame-
ters. This reduces the design time for each variant of the same type of the machine
allowing the most suitable solution quickly and effectively to be created.

5. CONCLUSION

Paper presents analytical and numerical model of three-phase squirrel cage mo-
tor suitable for calculating steady state and transient characteristics at different op-
erating modes. Accuracy of derived models is verified by experiments. Developed
analytical model uses few input parameters such us: winding parameters and geome-
try of core laminations. As an output from this analytical model complete set of mo-
tor parameters are calculated and operating characteristics at different speeds are
plotted. Numerical model is derived from the analytical. From the numerical model
besides steady state and transient characteristics, distribution of the magnetic flux
density in motor cross-section is plotted. It allows parts of motor construction with
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the high values of flux density to be detected and consequently the motor design to
be improved. Parametric analysis is run in the motor numerical model with variation
of stator inner diameter and stator voltage. Obtained results confirm that increased
length of air gap and reduced stator voltage, reduce the available motor torque. Pre-
sented models allow quick changes of motor design with short computing time. This
allows a variety of motor designs to be created and the best solution for a given ap-
plication to be chosen.
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