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MATHEMATICAL MODELING AND SIMULATION OF
INDUCTION MOTOR WITH EDDY CURRENT LEAKAGE
INDUCTANCE IN THE CORE LOSS BRANCH

OLIMPIU STOICUTA!

Abstract: The article presents the parallel mathematical model of the induction motor
in which the stator iron core losses are modeled taking into account the core loss resistance and
the eddy currents leakage inductance, in series connected in the base loss branch of the equivalent
circuit of the motor. The induction motor simulation program is made in Matlab-Simulink and is
based on the use of an S-Function block.
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1. INTRODUCTION

Currently, the vast majority of field-oriented control (FOC) algorithms of
induction machines are based on the mathematical model of the machine in which iron
losses are neglected [2], [4], [11], [18], [19].

E. Levi, as well as other researchers have shown that these iron losses cannot be
neglected when voltage source type inverters (VSI) are used in the vector control systems
of induction machines [5] - [9], [12] - [15], [17]. Neglecting the iron losses in the
mathematical model of the induction motor leads to reduced dynamic performances of
the vector control system [6],[7].

Considering the mentioned, this article presents the parallel mathematical model
of the induction motor, in which the losses from the stator iron, as well as the losses due
to the eddy currents, are modeled by means of a series RL circuit, placed in parallel with
the mutual inductance, in within the equivalent circuit of the induction motor [7]. This
type of mathematical model of the induction machine was suggested for the first time by
Boldea and Nasar in 1987, and then it was investigated by several researchers [3].

In this context, this article presents in detail how to use the S-Function block,
specific to the Matlab-Simulink program [10], [16], in order to modeling and numerical
simulation the induction motor in which iron losses are not neglected.
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2. THE PARALLEL MODEL OF THE INDUCTION MOTOR

The equivalent circuit of the induction motor in which iron losses are not
neglected, is presented in Fig.1 [7].

In order to model the iron losses in the stator, an RL series connection is used,
consisting of the resistance of the stator iron (Rr) and the eddy currents leakage
inductance (L¢). In the equivalent circuit of the induction motor, the series RL connection
is placed in parallel with the mutual inductance. By means of the leakage inductance (Ly)
the rate of change of the eddy currents iron loss is modeled.
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Fig. 1. The equivalent circuit of the induction motor
Based on the equivalent circuit in Fig.1, the equations that define the parallel
mathematical model of the induction motor can be determined very easily. The

mathematical relationships that can be written based on the circuit in Fig.1, are [7]:
e the stator voltages equation

. d .
gslst'!sA—Fazsi—FJ'wz’lﬁsl (1)

e the rotor voltages equation

. d .
O:Rr'!rl+azrﬂ+J'(a)ﬂ_a)).Zrﬂ (2)
e the stator flux equation

lﬂsﬂ :Zmﬂ + LO'S .ESA (3)

o the rotor flux equation
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Ve =Vt Lol (4)
e the air-gap flux equation
Yoy = bl ®)
o the currents equation
[ I I (6)

e magnetic branch voltage equation

. d. d .
!m:Rf'!M‘H—f'a!fzzaﬂmﬂ+1'wi'ﬂmz ()

e motion equation of the induction motor

J-%a)rzTe—F-a)r—TL ®)

where T, is the electromagnetic torque and T, is the load torque

T =

e

% lm(l/_/; Y ) )

T _mi
LO'I’

N | w

The following notations were used in the above relationships:

Us, :udsl_'_J'uqsl; Us, :udfl+1'uqf/1; I, :Idsi+J'|qsi; [ :Idri—'—J'Iqm;
Vo =lama ) Mgmas Vea =laa - Ugeas Y =Wasa T 1 Vesas Y =War T 1 Wors
W =W = i Wi Vo, =V T 1 Vs 1=V-15 0=2,- a0,

The previously presented relations are written in an orthogonal reference system
dA—qg4 which rotates with the angular speed », =dA/dt.

The previous relations can be put in matrix form. In the following we will
present the stator currents-rotor fluxes-air-gap fluxes mathematical model.

isﬂ all a12 a13 isﬂ bll

Y., |~ 0 &, a;| Ve |t 0 |-y (10)
%mi A A Ay %m b31
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d .
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When @, =0 in (10), we obtain the mathematical model in stator reference of
the induction motor. On the other hand, the mathematical model of the induction motor
in rotor reference, is obtained when in relation (10) we have o, = .

3. NUMERICAL SIMULATION OF THE INDUCTION MOTOR

The mathematical model of the induction motor, which is simulated in Matlab-
Simulink based on an S-Function type block, is given by relations (10) and (11), for
®, =0. In the simulation, starting the induction motor is of the direct on-line (DOL)

type, in load (the load torque is equal to the rated torque).

In order to numerical simulate, a 1.5 [KW] induction motor is used, which has
the electrical and mechanical parameters given in table 1.

Table 1. The electrical and mechanical parameters of the induction motor [1]
Name Value Name Value

Rs Stator resistance 4.85 [Q] J Motor inertia 0.031[kg-m?]

Ry Rotor resistance 3.805[Q] | F | Friction coefficient | 0.008[N-m-s/rad]
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Ri | Core loss resistance 500 [Q] NN Rated speed 1420 [rpm]

Ls Stator inductance 0.274[H] | 2 Numl;e;ig‘ pole 2

Ly Rotor inductance 0.274[H] | fn Rated frequency 50 [Hz]

Lm Mutual inductance 0.258 [H] | Un Rated voltage 220 A/380 Y [V]
Eddy currents leakage

Lt inductance 0.1[H] Mn Rated torque 10 [N-m]

The induction motor simulation program is presented in Fig. 2.

Induction mator

Scope dg

n Scope dg .

Fig. 2. The induction motor simulation program

The internal structure of the “Induction motor” block (from Fig.2), is presented
in Fig.3.
Within the simulation program, the d-g components of the stator voltages are

given by the following relations
u, =U, -\E-sin(a)-t)

(12)

where: U, =380[V]; w=2-7-f; f =50[Hz].
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Fig. 3. The internal structure of the “Induction motor” block

In Fig.3, the “IM” block is of the S-Function type. The Matlab program attached
to this block is shown in Fig.4.

The parameters of the S-Function block (from Fig.3) are: Rs, Rr, Rf, Lf, Ls, Lr,
Lm, J, F, zp (see Table 1). The "Induction motor" block (see Fig. 2) is obtained based
on the program shown in Fig. 3, using the operation of creating a subsystem (shortcut
key: Ctrl+G), specific to the Simulink program. On the other hand, the "Induction motor"
block (from Fig.2) has a created mask (shortcut key: Ctrl+M), in which electrical and
mechanical parameters of the induction motor are entered (see Table 1).
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function [sys,x@]=induction_motor_v3(t,x,u,flag,Rs,Rr,Rf,Lf,Ls,Lr,Lm,J],F,zp)
Lgs=Ls-Lm;
Lgr=Lr-Lm;
Tgs=Lgs/Rs;
Ter=Lgr/Rr;
Tf=Lf/Rf;
kla=(1/Lf) +(1/Les);
klb=(1/Lgr) +{1/Lm);
kl=kla+klb;
ga=(Lgs*k1)/(Lgs*kl-1);
gam=1/ga;
all re=-gam*((1/Tgs) +(1-gam)/(gam*Tf));
al2_re=((gam-1)/Lgr) *((1/Tf) -(1/Tgr));
al2_im=(1-gam)/Ler;
al3 re=(gam-1) *((1/(Ter*Lgr))-klb/Tf);
a22_re=-1/Tgr;
a3l_re=Lgs*(1-gam) *((1/Tf) -(1/Tgs));
a32 re=-Lgs*al2 re;
a32_im=-Lgs*al2 im;
a33 re=-Lgs*al3 re;
bll=gam/Lgs;
b31=1-gam;
Hml=(3*zp)/(2*J*Ler);
Hm2=F/7;
Hm3=1/7;
if abs(flag)==1
sys=[all_re*x(1)+al2_re*x(3)+al2_im*zp*x(7)*x(4)+al3_re*x(5)+b11*u(1);
all_re*x(2)+al2_re*x(4)-al2_im*zp*x(7)*x(3)+al3_re*x(6)+b11*u(2);
a22_re*x(3)-zp*x(7)*x(4)-a22_re*x(5);
a22_re*x(4)+zp*x(7)*x(3)-a22_re*x(6);
a3l _re*x(1)+a32_re*x(3)+a32_im*zp*x(7)*x(4)+a33_re*x(5)+b31*u(1);
a3l_re¥*x(2)+a32_re*x(4)-a32_im*zp*x(7)*x(3)+a33_re*x(6)+b31%u(2);
Hm1%x(3)*x(6) -Hm1*x(4)*x(5) -Hm2*x(7) -Hm3*u(3)];
elseif flag==3
Sys=X;
elseif flag==0
sys=[7 @7 3 0 0];
x0=[0;0;0;0;0;0;0];
else
sys=[1;
end

Fig. 4. The Matlab program of the “IM” block

The simulation of the induction motor is done using the Dormand-Prince
numerical method (ode45), which has a relative and absolute error of £ =107,

The results obtained after the simulation are presented in the following figures
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Fig. 5. The rotor flux (a) and the air-gap flux (b) space vectors - absolute values
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Fig. 6. The trajectory of the rotor flux (a) and of the air-gap flux (b) - space vectors
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Fig. 7. The currents space vectors - absolute values

(a) the stator current; (b) the rotor current; (c) the magnetizing current; (d) the current

through the core loss branch
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Fig. 8. The electromagnetic torque (a) - The speed of the induction motor (b)

From Fig.8 it can be seen that the induction motor, upon direct application of
the supply voltages, starts the load without problems, reaching a speed of 1406 [rpm],
after a time of 0.5 [s]. At the same time, the electromagnetic torque developed by the
induction motor reaches the approximate value of 11 [Nm].

On the other hand, from Fig.7, it can be seen that both in transient mode and in
stationary mode, we can write the following inequalities between the values of the

induction motor currents space vectors: [i,| > [i,| > [i,,|>|i |-

At the moment of starting in load of the induction motor, the module of the stator
current space vector reaches the value of 27.13 [A], while the module of the rotor current
space vector reaches the value of 24. 08 [A]. The time at which these maximum values
are reached is approximately 7.5 [ms].

The trajectories of the space vectors of the rotor flux and of the air-gap flux are
perfectly circular in stationary regime (see Fig. 6). Due to the direct start in the load, the
trajectories of the two space vectors, in transitory regime, show oscillations that amortize
in time (see Fig. 6). These oscillations stabilize after a time of approximately 0.5 [s] (see
Fig.5).

On the other hand, from Fig. 5, it can be seen that: ‘l/im‘ > ‘Zr‘ (this inequality is

valid both in transitory regime and in stationary regime).
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4. CONCLUSIONS

The inclusion of the eddy current leakage inductance in the core loss branch
complicates the parallel mathematical model of the induction motor. The number of
mathematical operations increases, and the 3x1 vector that multiplies the stator voltage
space vector, has an additional element, compared to the mathematical model in which
the eddy current leakage inductance is not taken into account. On the other hand, the
inclusion of the eddy current leakage inductance in the core loss branch does not
significantly increase the accuracy of the mathematical model of the induction motor.
However, the use of the mathematical model presented in this article in the vector control
systems of the speed of induction motors can lead to better dynamic performances, in
terms of the dynamics of flux and/or speed observers.

The detailed presentation of both the mathematical model and the induction
motor simulation program offers specialists a very useful support. The induction motor
simulation program is based on the use of an S-Function type block, specific to the
Simulink program.
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