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Simulation model of three phase induction motor
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Abstract: Simulation model of three phase in-
duction motor. In this paper a simulation model
of induction motor has been proposed. The model
has been realized in the Spice-class software.
The complete system of differential equations
describing of induction motor has been present-
ed. Results has shown, that there is possibility
of electric drive system simulation in electronic
simulation software. Step response curves of mo-
tor parameter for a change of load torque has been
presented.
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INTRODUCTION

Electric motors are widely used in an
economy. It has been estimated, that
about 40 to 45% of overall electrical
energy has been consumed by motors
[Waide et al. 2011, Van Werkhoven et
al. 2016]. The induction motors are most
often used type of motors. The advan-
tages are reliable structure, low material
and manufacturing cost [Hu et al. 2016].
In agriculture, electric motors drive farm
machines such as: chaff-cutters, threshes
or milking machines [Gozlinska 2015]
and pumps, conveyors [Waide et al.
2011]. From the research and design
point of view, the key problem is a mu-
tual cooperation of all system parts. This

issue may be tested by computer simula-
tion. Apart the mechanical system there
is a demand of simulation of electric
drive, including induction motor.

There are some numerous publica-
tions about induction motor simulation.
Unfortunately, most of them require
Matlab/Simulink software for calcula-
tions [Okoro 2003, Soe et al. 2008, Ak-
taibi et al. 2011, Gupta et al. 2014, Jain
et al. 2014, Phukon et al. 2015]. This
software package has only one draw-
back — high price. This research is based
on the LTSpice software, which is free.
In this paper, the three phase, symmet-
ric, squirrel-cage induction motor is
considered only. Because of simpler and
cheaper rotor construction, this type of
motor is widespread used.

MATHEMATICAL MODEL
OF THREE PHASE INDUCTION
MOTOR

From the circuit theory, supply stator
voltages of any phase (a, b and ¢) are
equal [Latek 1982, Popescu 2000, Gao
et al. 2004]:
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where: u__u__are stator or rotor volt-
ages [V] respectively (in the case of
squirrel-cage motor u... =0); R , R
are stator and rotor resistances [Q]; i ,
i _are stator and rotor currents [A]; ¥
¥ are flux linkages [Wb] of stator and
rotor.

The flux linkages are functions of
self and mutual inductances. The last
ones are complicated functions of ro-
tor position and current on the machine
windings [Gao et al. 2004]. Because of
this complexity, some other authors pro-
posed model, based on two orthogonal
windings: one pair for the stator and sec-
ond for the rotor [Otypka 2016]. Hence,
three phase machine changes to equiva-
lent two phase machine. The translation
requires of application so-called space
vector theory [Zelechowski 2005]. The
advantage of this procedure is the trans-
formation of stator and rotor voltages,
currents and fluxes to common frame of
reference (coordinate system) [Krause

et al. 1965]. This system may be rotat-
ing with arbitrary angular speed w or
rotor angular speed @ _, or to stationary
coordinate system fixed with rotor (not
rotating, @ = 0). The last case is realized
in this paper.

Hence, inductances are not joint to
rotor position [Simion et al. 2012]. The
voltage equations from [Zelechowski
2005] are transformed with conversion
of rotor quantities on stator side (final-
ly marked by r and’) as it has shown in
[Latek 1982]:

d¥.
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The flux linkages equations are
[Krause et al. 2002]:

¥, =L, +L,)i, +Ly,i, (11)
Y =(L + L), +L,i, (12)
¥y =(L,+ 1Ly, +LMi:ﬂ (13)
'1’,:6 =(L, +LM)i:ﬂ + Ly, (14)

where: o and £ denotes first and second
component of stationary coordinate sys-
tem. They match positive parts of x and
y axis of Cartesian coordinate system
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respectively; L,, L, [H] are the stator
or rotor windings leakage inductances;
L, [H] is magnetizing inductance and
p, is number of pole pairs, which is
a constructional parameter of given
motor. Resistances and inductances in
above equations can be calculated based
on free-running and locked rotor mo-
tor tests, and resistance measurements
[Latek 1982].

Three phase induction motor torque,
called electromagnetic torque 7, [Nm]
can be written as [Salahat 2011]:
Tzip (P is—Fs,) (15)

e 2 b sa’sp sPB sa

Because of rotating nature of drive
system with electric motor, equation of
motion, based on Newton’ second law,
is described by [Okoro 2004]:

dw,
dt

T-T=J

e

(16)

where: T, is the load torque [Nm], J is
the total moment of inertia of drive sys-
tem [kg'm?], w_is rotor angular speed
[rad-s™].

Input quantities of induction motor
model are three phase supply voltages
and load torque, output — three phase
stator currents, electromagnetic torque
and rotor angular speed. Equations 7-14
need of calculations a, f (two phase)
components from three phase (a, b, ¢)
quantities and vice versa.

Clarke transformation allows to con-
vert any quantity f to quantity f 5 by
formula [Chattopadhyay et al. 2011, Mi-
crosemi 2013]:

1.=1,
@a%m+m>

(17)

(18)

Inverse Clarke transformation is as
follows:

fa:fa (19)

fy=5 L4331 (20)
1

fo=5(1=31) 1)

Mathematical equations 7-21 are ba-
sis of motor simulation model construc-
tion in LTSpice software.

SIMULATION MODEL OF THREE
PHASE INDUCTION MOTOR

The first part of simulation model is
presented on Figure 1. Voltage sources
V4-V6 are three-phase power supply:
3 x 400 V, 50 Hz. Current sources BI1-3
are implementation of inverse Clarke
transform of currents iaﬁ toi, (eqn. 19—
—21). Labels A—C allows for convenient
voltage measurement. Resistor R6 is only
for numerical reason — each part of circuit
have to have one grounded node. On the
Figure 2 is the second part of model.
Sources: BV _salfa, BV_sbeta are im-
plementation of Clarke transform: u , to
Uy (eqn. 17-18). Zero-voltage sources:
V _ralfa, V_rbeta are left side of equa-
tions 8§ and 10. B1 and B2 sources are
last part (£p, ...) of equations 8 and 10
respectively. Voltage sources: BPsi...
(Fig. 3) calculate flux linkages from
equations 11-14. Schematic diagram of
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FIGURE 1. Electrical circuit of simulation model — part 1
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FIGURE 2. Electrical circuit of simulation model — part 2
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FIGURE 3. Electrical circuit of simulation model — part 3

circuit, which is realization of mechani- source V_TL (both cases 1 V for 1 Nm).
cal part of simulation model is shown on  Rotor angular speed w_as a current of in-
Figure 4. ductor L7 is integrated in circuit on Fig-

Electromagnetic torque is calculated ure 4. Resistor RS is from point of view
(eqn. 15) by voltage source BV Me, of numerical stability. The approach of
whereas load torque is set by voltage dynamical simulation of mechanical sys-
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FIGURE 4. Electrical circuit of simulation model
—part 4

tems in electric simulation software have
been presented in [Korupczynski 2016].
Parameters of modeled three phase squir-
rel-cage induction motor are shown on
Table. They are based on the literature
[Simion et al. 2012]. Rotational speed n
[min'] (the Table) can be calculated from
angular speed by the formula:

30
n="—aw
T

(22)

TABLE. Parameters of simulated motor

Parameter Value
P, [kW] 4.0
U, [V] 400
1 [V] 8.1
n, [min'] 1,440
T [Nm] 26.5
R [Q] 1.1
R’[Q] 0.95
L, [mH] 9.5
L, ’[mH] 9.5
L, [mH] 172.7
p, [ 2
J[kgm™] 0.02
RESULTS AND DISCUSSION

The first simulation concerns of motor
startup and idle state for nominal sup-
ply conditions. For convenience, rotor
angular speed w_ have substituted by

rotational speed n. Torque T, phase cur-
rent / and speed n waveforms are pre-
sented on Figures 5 and 6. All wave-
forms in this paper have been prepared
in Octave software (www.octave.org).
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FIGURE 5. Electromagnetic torque 7, (a) and
phase current / (b) versus time ¢ (idle state)
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FIGURE 6. Rotational speed n versus time # (idle
state)
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For the first moment of time, the
torque, current and rotational accelera-
tion (dn/d¢) have high values (Figs 5-6).
When the speed is going up, the torque
and current are going down. There are
some oscillations of rotational speed
(Fig. 6). The startup time is less than
0.1 s. Steady state current is about 4.2 A
(Root Mean Square — RMS), steady state
speed is 1,499 min™!. It should be noted,
that in the real conditions at the starting
moment the supply voltage is slightly
going down, because of high current is
flowing. In all simulations supply volt-
age has constant value the whole time.

The second simulation have been
performed for startup and load with con-
stant 7, = 21 Nm. Waveforms are shown
on Figures 7 and 8. Startup time is
slightly more than 0.2 s and steady-state
speed is 1,465 min! (Fig. 8). During the
startup time, phase current / is more than
28.4 A (RMS). At steady-state current is
going down to 6.8 A (Fig. 7). From time
value of 0.2 s electromagnetic torque 7,
oscillates around value 21 Nm, which is
equal of load torque 7,. In this case me-
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FIGURE 8. Rotational speed n versus time ¢ (7,=
=21 Nm)
chanical power P _ as as product o load
torque and angular speed in steady-state
is about 3,200 W.

The other simulations concern of step
change of load torque 7, and return to
idle state after idle startup. Two cases are
considered: value of load torque change
AT, is equal 26.5 Nm or 53 Nm. Wave-
forms are presented on Figures 9-12.
Dynamic changes of parameters can be
analyzed quite easily. The startup process
is the same on both cases. The higher load
torque 7| cause build-up of phase current:

8.1 A and 16.3 A (RMS) respectively

b s

60

40

20

1[A]

0

-20

-40

.80 ; i I .
0 0.1 0.2 0.3 0.4 0.5
tis]

FIGURE 7. Electromagnetic torque 7, (a) and phase current / (b) versus time # (7, = 21 Nm)
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FIGURE 9. Electromagnetic torque 7, (a) and phase current / (b) versus time ¢ (step change
AT, =26.5 Nm)
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FIGURE 10. Rotational speed n versus time ¢ (step change AT, = 26.5 Nm)
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FIGURE 11. Electromagnetic torque 7, (a) and phase current [ (b) versus time ¢ (step change

AT, =53 Nm)
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FIGURE 12. Rotational speed n versus time ¢
(step change AT, = 53 Nm)

(cf. middle part current waveform of
Figs 9 and 11). Simultaneously, the speed
is significantly going down: 1,460 min™'
and 1,386 min! respectively (cf. middle
part of Figs 10 and 12).

It should be noted that steady-state
mechanical power P (calculated as
product o load torque and angular speed
after loading of motor) is going up from
3,980 W (T, = T,=26.5 Nm) to 7,690 W
(T,= T =53 Nm). The second value can
indicate motor overheating. Computer
simulation has strong advantage: there is
no risk of motor damage. In the steady-
state always load torque is equal elec-
tromagnetic torque: 7, = T, (cf. torque
waveform of Figs 9 and 11). Moreover,
step change of load triggers oscillations
of T, and n waveform. From the con-
trol theory point of view, motor has to
be considered as oscillating system. As
is shown above, the first value of step
change of load torque is equal of nomi-
nal motor torque 7 (the table). In this

case, calculated mechanical power P is
very close to nominal motor power P
(the table). Hence, accuracy of simula-
tions can be recognize as sufficient.

SUMMARY

In the paper, the complete simulation
model of induction motor have been pre-
sented. It can be used in wide accessible
software. The model allows to analyze
dynamical states in drive systems, also
at the design stage. Motor and working
machinery data and characteristics are
required. From the result of simulations
of particular motor it is clear, that some
parameters of system can be determined
quite easily and quickly. Moreover, there
is no risk of equipment failure, e.g. due
accidental excess of nominal parameters.
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Streszczenie: Model symulacyjny tréjfazowego
silnika indukcyjnego. W artykule opisano model
symulacyjny trojfazowego silnika indukcyjnego,
klatkowego. Model zostat zrealizowany w opro-
gramowaniu LTSpice, przeznaczonym do symu-
lacji obwodow elektronicznych. Na podstawie
literatury przyjeto uktad rownan rézniczkowych
i algebraicznych, ktory zostal przeksztalcony na
rownowazny mu obwod elektryczny. Uzyska-
ne rezultaty potwierdzily przydatno$¢ metody
symulacyjnej do analizy stanéw dynamicznych
uktadow napedowych z silnikami indukcyjnymi.
Zaprezentowano odpowiedzi parametrow silnika
na skokowe zmiany napigcia zasilajacego i mo-
mentu obcigzenia.
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