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Abstract The main aim of this paper is the presentation of induction motor model
with the iron loss and the saturation effect of magnetizing and leakage inductances.
The previous published standard models of induction motor using the d-q model
actually neglect the iron loss effect. Hence, the iron loss represents about 3—5 %
total loss in the induction motor. This paper is focused on the inferred model, which
considers the iron loss in motor, and comparing with the standard models. The
second part of the paper deals with the saturation effect of magnetizing and leakage
inductances.
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1 Introduction

The conventional model of induction motor is based on the classical T-form layout
without the iron loss. This model is widely used for the operation of induction
motor. The conventional model is presented many researchers [1-4]. In case of the
operation of such motor with minimal losses or the power dynamic analysis of
induction motors powered by the harmonic or nonharmonic source, the conven-
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tional model is not sufficient for the using. Hence, this model must be enlarged with
the consideration of the iron loss.

This paper presents the enlarged model with the iron loss in d-q coordinate frame
system. New model is compared with the conventional model for the starting of
induction motor without a load. Each kind of loss is calculated by this model as the
conventional model considers only the stator and rotor windings losses. On the
other hand, the iron loss is not separated from the eddy-current loss and hysteresis
loss, because the physical interpretation of both losses is relatively complicated.
The possible solving of this problem is published in [5]. Therefore, the enlarged
model operates only with one value of the resistance R, represented the iron loss,
which includes both losses.

This paper is also focused on the saturation effect of magnetizing and leakage
inductances, which are considered to be constant according to the stator and rotor
currents for the standard solving. These nonlinear parameters are obtained by the
identification method from the short circuit test and the idle test, which were
measured on the specific type of induction motor. The model involves the blocks
for direct calculation of the actual values of saturated magnetizing inductance and
stator and rotor leakage inductances, which are given by nonlinear dependence on
the magnetizing, stator and rotor currents. The topic conclusion is devoted to the
simulation results of induction motor starts with the linear and nonlinear models.

2 The Model of Induction Motor with Iron Loss

The conventional model of induction motor is based on the classical equivalent
circuit in T-form, from which derives the d-q coordinate frame model, presented in
[1-4]. If this model is enlarged by the additional iron loss resistance Rg., the
currents flowing in the transversal branch must be defined. The transversal branch is
presented by the parallel combination of iron loss resistance Rg. and magnetizing
inductance L,,. The model of induction motor with the considering of iron loos is
obtained, when the model derivation is based on the magnetizing current i,,, which
flows through the magnetizing inductance L.

The derivation of the induction motor model is obtained from Fig. 1, where the
currents (the main current iy, which flows through the transversal branch and the
current in iron ig.) are defined by using the current divider. These currents are
obtained as the function of the magnetizing current i.,. This approach for derivation
of the induction motor model with iron loss is presented in [3, 6, 7].

The model of induction motor with the iron loss is given by these equations
presented in [3, 6, 7] for the general d-q coordinate frame system, which rotates
with the general angle speed w:
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Fig. 1 The equivalent circuit model of induction motor in T-form with the iron loss
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where @, is the electrical rotor angle frequency. The magnetic fluxes components
are given by the equations in axis d and q:

‘Plés = Lﬁsigs + Lmilgm’ (9)

W, = Losig, + Linigy, (10)
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lI’l(gr = LGRilcir +Lmil(;m7 (11>
W = Lorig, + Linigy- (12)

The inducted voltage on the magnetizing branch is defined by the following
equations in d-q coordinate frame:

k dil&m -k
Ugi = m? — COLmldm, (13)
ik
k m -k
uly = Lmd—qt + OLinlgy- (14)

The electromagnetic torque in general d-q coordinate frame is given by the
interaction between rotor magnetic fluxes components and stator currents
components:

3 Ly J
Tem = 2pP LcR —‘rL [q]k (lds ldFe) lP](;r( - l](;Fe)]a (15)

The mechanical equation is given by:

dQ,
—— = Tem — TL — kgQp, 16
dr b (16)
where Q,, is the mechanical angle speed, J is inertia, 71 is load torque and kg is
friction coefficient. The calculation of total losses is presented in [8], thereafter the
total losses in model could be separated to dissipated power by the joule effect in
stator and rotor winding and the iron loss. The total losses are given by:

APcelk. = AP_]S + APJI’ +APFe
3 2, 2 1
=3 [Rs (zﬁs + zgs) +Re (zﬁr + lﬁr) + R (ufﬁ + ui)} : (17)

The induction motor identified parameters are given in Table 1. The parameters
of longitudinal branch: rotor resistance Ry, leakage inductances L,g a Lsg are
obtained from the short circuit test. The parameters of transversal branch: magne-
tizing inductance L, and the iron loss resistance R, are obtained from the idle test.
These parameters are considered to be constant in simulation.

The model of induction motor with the iron loss is created in the Matlab
Simulink environment. The simulation is focused on the starting process without
load, when the enlarged model of induction motor with the iron loss is compared
with the conventional model. Both models are simulated in stationary d-q frame for
angle speed @ = 0 rad/s and supply voltage has amplitude 325 V with frequency
50 Hz. The simulation results are presented at Figs. 2, 3, 4, 5, 6 and 7, where the
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Table 1 The table of
identified parameters for
specific type of induction
motor

Fig. 2 The waveform of
electromagnetic torque for
both models

Fig. 3 The waveform of
stator current in first phase for
both models

15
Parameter Sign Value
Nominal power Py 4 kW
Nominal voltage Un 400 V
Nominal current In 8.1 A
Nominal frequency of mains N 50 Hz
Nominal speed ny 1440 rpm
Effectivity class 1E2
Stator resistance Rs 1.1 Q
Stator leakage inductance Lss 9.5 mH
Rotor resistance Ry 1.478 Q
Rotor leakage inductance Lor 14.8 mH
Magnetizing inductance L, 172.7 mH
Equivalent resistance for core loos Rg. 491 Q
Inertia J 0.02 kg m?
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Fig. 4 The detail of stator
current waveform for both
models

Fig. 5 The absolute value of
magnetizing current i, given
by the vector sum of
components in d and q axis
for enlarged model of
induction motor

Fig. 6 The absolute value of
iron current ig. given by the
vector sum of components in
d and q axis for enlarged
model of induction motor
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Fig. 7 The absolute value of -
inducted voltage over
magnetizing branch u; given 00 ol
by the vector sum of
components in d and q axis e
for enlarged model of
induction motor s 2 AW A~
=

t(s)

electromagnetic torque Te,, the stator current of first phase i, the magnetizing
current i, the iron current ig. inducted voltage over magnetizing branch u; are
shown.

3 The Saturating Effect of Magnetizing and Leakage
Inductance in Induction Motor

The parameters like magnetizing inductance, stator and rotor leakage inductance are
considered to be constant in the previous simulations of induction motor. Therefore,
the magnetizing flux and leakage fluxes are taken as the linear functions of mag-
netizing current or stator and rotor currents. In fact, the magnetizing inductance is
saturated, thus the magnetizing flux is nonlinear versus the magnetizing current, as
it is described in [9, 10] and it is shown on Fig. 8. The similar effect could be
observed for the leakage fluxes, which pass predominantly through the air. Hence,
the stator and rotor leakage fluxes are conventionally expected to be linear
depending on the stator and rotor currents. However, a little part of the stator and
rotor leakage fluxes passes through the iron, because the leakage inductances are
nonlinear to the stator and rotor current. This issue is solved in [11-13].

3.1 The Saturating Effect of Magnetizing Inductance

The main magnetizing flux is nonlinear to the magnetizing current of induction
motor, as it is shown on Fig. 8. This fact is proved by the analysis from the idle test
measured in the steady state. These nonlinear dependence of magnetizing flux ¥,
and magnetizing current i, can be approximated by the odd order polynomial
function. The reason is that the supply voltage consists of the characteristic
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Fig. 8 The nonlinear 0s
dependence of magnetizing
flux ¥, on magnetizing
current i,
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harmonic frequencies with general frequency f; and only odd harmonic frequencies
3f1. 51, 7f1, --. pfi, which are generated by the source and nonlinear magnetizing
branch [10]. The nonlinear dependence between magnetizing flux and current can
be approximated by the following function:

Vi = kiim + kaidy + ksiy, + kgil + -, (18)

where ki, ks, ks, etc. are coefficients of polynomial function. The magnetizing
inductance is defined by form:

_dY,
odiy,

L (19)

The nonlinear dependences of the magnetizing flux ¥, and the magnetizing
inductance L,, on the magnetizing current i,,,, which are obtained by the direct
approximation from the measuring and parameters identification, these are shown
on Figs. 8 and 9.

3.2 The Saturating Effect of Leakage Inductances

The nonlinear dependence is also determined for both leakage inductances Lsg and
Lr. This fact was verified from the short circuit test measured with reduced voltage.
Itis evident in Fig. 11 that the leakage inductances have higher values in the range of
low currents comparing with the nominal current. This important fact must be
included to the model of induction motor. This issue is described in [11-13].
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Fig. 9 The nonlinear
dependence of magnetizing
inductance L,,, on magnetizing
current i,

Fig. 10 The nonlinear
dependence of leakage fluxes
on stator current

Fig. 11 The nonlinear
dependence of leakage
inductances on stator and
rotor current

035

19

L
E
=]
oaf 4
005} 4
° 1 2 3 4 5 6
i (A)
01z - - . : : r r -
01
0.08 -
g
= onosk 4
£
W
o
004
_ps'lleok.r ~aprox
pdlsak P L
0.0z g . .
x PSlga . -measured
» psiIealk i -measured
0 1 2 3 4 5 & 7 8 9
iy(A)
0.08 T T T T T T T T
_Ls'-gma.s *gpr,
- —Lsigm_r - aprox.
® Lﬁgmabs - measured
* Lﬁﬂmabr - measured

Ly )

[ T



20 J. Otypka et al.

The stator and rotor leakage inductance are separated into the constant com-
ponents and nonlinear components according to [11, 12]. Thereafter, the leakage
inductances are given by:

LGS = LGS,a + LGS,i(is)> LGR = LGR,a + LO‘R,i(ir)7 (20)

where L;s, and Lgg , are the linear components of leakage inductances in the air
and L ;(is) and Log i(i;) are nonlinear components of leakage inductances in the
iron, which depend on the stator and rotor currents. The nonlinear dependences of
the leakage fluxes and inductances on currents are shown on Figs. 10 and 11, which
were obtained by the short circuit test.

3.3 Simulation Results

The model of induction motor with the iron loss according to Egs. (1)-(17) was
enlarged by the saturating effect of magnetizing inductance L., and leakages
inductances L,s and Lgg. Each inductance is implemented by the polynomial
function to the model, which calculates the values of inductances from the actual
values of each current. The general schema is presented on Fig. 12.

The model with the iron loss and constant parameters is compared with the both
models, which includes the saturation effect of magnetizing inductance and leakage
inductances (model with only saturated magnetizing inductance and model with
each saturated inductance). The simulation results are better illustrated by the
electromagnetic torque waveform, see Fig. 13.
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Fig. 12 The model of induction motor with calculation of magnetizing, stator and rotor leakage
inductance
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Fig. 13 The electromagnetic 100r T
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4 Conclusion

The simulations results show than the differences between the conventional model
and the enlarged model with iron loss are negligible for normal operating condi-
tions. The minor differences may appear in dynamic states. This fact is shown in
Figs. 2, 3 and 4, where the starting process of induction motor is shown. The correct
solution of model with iron loss is confirmed, as the iron current is much smaller
than magnetizing current (ige <K in,. Therefore, the iron current does not consid-
erably affect the stator current, as is shown in Figs. 3 and 4. The simulated iron
current caused the power dissipation 350 W in the steady state, confirms the values
measured during the idle test.

It is evident in Fig. 13, that the nonlinear dependence of inductances on currents
have major impact for simulation of torque, motor currents and speed waveforms,
because the electrical time constant is dynamic changed due to the inductances
calculations. The saturating effect has the major impact on the dynamic changes in
the models of induction motor against the model with constant parameters.
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