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Equivalent Circuit considering the Harmonics of Core loss in the Squirrel
cage Induction Motor for Electrical Power Steering Application

Su-Jin Lee, Ji-Min Kim, Dong-Kyun An, Jung-Pyo Hong

Department of Automotive Engineering, Hanyang University, Seoul 133-791, Korea

The consideration of the saturation of the core is essential to the designing of the motor for automotive application, because the size
limitations are large in the automotive electric motors, such as those equipped with electrical power steering (EPS). In the design of the
squirrel cage induction motor, the equivalent circuit analysis using lumped parameters is often used for investigating the performance

of the induction motor. The estimation of the motor characteristics is limited, however, because the standard equivalent

circuit

considering the space harmonics does not consider the core loss. To improve the reliability of the characteristic analysis, a new method
that can solve these problems is required. Thus, the study of a new equivalent circuit that considers the saturation of the core and the
harmonics of core loss is needed. Consequently, to obtain the reliable characteristics of the induction motor, this paper presents the
modified space harmonic equivalent circuit that considers the harmonics of core loss resistance. The modified equivalent circuit is
verified by comparing the analysis results of the suggested method and the experiment results of the test model.

Index Terms—Core loss, electrical power steering (EPS), equivalent circuit, harmonics, induction motor.

I. INTRODUCTION

HE induction motor is used in many different fields for

operating the small fan to the large automobile engine.
Recently, electric vehicles (EVs) and fuel cell electric vehicles
(FCEVs) needed various operation regions that make good use
of the induction motor [1 - 4].

Electric power steering (EPS) is becoming increasingly
favored as the alternative to hydraulic power steering (HPS)
because of the advances in electrical machines, sensors, and
control electronics. EPS presents several advantages over the
conventional HPS, such as improved fuel economy, ability to
provide assistance even when the engine is off, and
elimination of hydraulic fluid. These benefits result in
significant energy savings [5 - 8].

The saturation of the core can not help increasing, because
the size limitations are large in the automotive electric motors.
Therefore, the consideration of the saturation of the core is
essential to designing the motor for automotive application.
The most convenient method of analyzing the characteristics
in a squirrel cage induction motor is finite element analysis
(FEA) [9]. This method, however, requires  much
computational time and a large memory capacity. In the
design of the squirrel cage motor, the equivalent circuit
analysis using lumped parameters is often used for
investigating the performance of the induction motor [10].
Nevertheless, the estimation of the motor characteristics is
limited because the standard equivalent circuit considering the
space harmonics does not consider the core loss. To improve
the reliability of the characteristic analysis, a new method that
can resolve these problems is required. Thus, the study of a
new equivalent circuit that considers the saturation of the core
and the harmonics of core loss is needed. Consequently, to
obtain the reliable characteristics of the induction motor, this
paper presents the modified space harmonic equivalent circuit
considering the harmonics of core loss resistance.

Manuscript received March 7, 2014. Corresponding author: Jung-Pyo
Hong (e-mail: hongjp@hanyang.ac.kr).
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Fig. 1. Modified space harmonic equivalent circuits for the induction motor
considering the harmonics core loss.

The relative permeability of the stator and rotor core is
renewed by using the B-H data from the steel manufacturer.
Besides, the magnetic flux distribution is investigated in the
load, and then the saturation of the core is considered. The
modified equivalent circuit is verified by comparing it with the
analysis results of the suggested method and the experiment
results of the test model.

Il. MODIFIEDEQUIVALENTCIRCUIT

A. Conventional equivalent circuit

It has been assumed that the input voltage and current is a
sinusoidal wave in the conventional equivalent circuit of the
induction motor, but, because the motor that has the teeth-and-
slot structure is essentially included in the slot harmonics, as
suggested by Alger et al. [10], an equivalent circuit analysis
considering the space harmonics is needed. It is occasionally
useful to visualize the electromagnetic behavior of the various
space harmonics as being similar to the behavior of separate
motors, with a common stator winding and a common shaft,
but with the magnetizing reactance and secondary impedances
corresponding respectively to the air gap flux wave of each
specific harmonic. Viewing the various space harmonics from
the above point of view is the harmonics torque on the
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Fig. 2. Air gap flux density by stator and rotor winding

fundamental speed-torque curve. Nevertheless, the estimation
of the motor characteristics is limited because the standard
equivalent circuit considering the space harmonics does not
consider the core loss. To improve the reliability of the
characteristic analysis, a new method that can solve these
problems is required.

B. Modified equivalent circuit
A modified equivalent circuit is shown in Fig. 1. In this circuit
the phase quantities ry, xi1, I2’, X2, e, and Xy are identical to
those used with the standard equivalent circuit. The
magnetizing reactance and core loss resistance of each
harmonic are based on the component of the air gap flux of
that particular harmonic. As the motor with the teeth-and-slot
structure is essentially included in the slot harmonics, the flux
density in the air gap contains the slot harmonics of the stator
and rotor. The air gap flux density by stator and rotor MMF is
shown in Fig. 2. The ratio of the area per pole of the kg
harmonic to the area per pole of the fundamental wave is 1/k.
Then, as the flux is equal to flux density B multiplied by the
area per pole, the ratio of the flux per pole for the ki, harmonic
to the flux per pole of the fundamental is equal to 1/k times.
As the voltage induced in the winding is proportional to the
magnetizing reactance, the rotor parameters [r2]k, and [X2']«
are based on the impedance of the effective rotor winding.

It will be noted that the slip function of [r2]x, and [x;]x for

each harmonic is set up for the rotor slip for that particular

harmonic, and is dependent on the order of the harmonic and

on whether the harmonic field is forward-rotating (s¢") or

backward-rotating (s« ).
N —n

s Mok sy —ak) rks (1)
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R T T T e
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k

There will be several harmonic torque dips on the resultant
motor torque, and the space harmonics can have a large impact
on the induction motor starting. Additionally, to obtain the
reliable characteristics of the induction motor, this paper
presents the modified space harmonic equivalent circuit
considering the harmonics of core loss resistance.
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Fig. 3. DC saturation curve of steel

Ill. EFFECT OF THE SATURATION OF THE CORE

Fig. 3 shows a plot of the corresponding values of B and H
for magnetic core steel from the steel manufacturer. Such plot
gives the familiar normal saturation curve of the material and
is of course an important magnetic characteristic of that
material.

The reluctance is expressed based solely on geometric data
of the motor, the material information, and the winding
distributions, as shown in Fig. 4. The single tooth equivalent is
calculated by using the tri-diagonal matrix algorithm (TDMA).

The flux density in the core is obtained through single-tooth
magnetic circuit analysis considering the nonlinearity of non-
oriented silicon steel. At this time, to consider the change of
the flux path due to the stator and rotor MMF, the stator and
rotor MMFs are inputted respectively. To verify the proposed
analysis method, the validity of the analysis results is verified
by comparing them with the FEA result. Fig. 5 compares the
flux density of the stator teeth using the modified equivalent
circuit results with the FEA result under the load condition (@
slip 0.2). It can be seen that the profiles of the flux density
distribution by stator and rotor MMF are very close to them.
To consider the saturation of the core, this paper introduces
the saturation factor (ksa). The saturation factor accounts for
sum of the MMF loss in the core and air gap as divided by the

MMF loss in the air gap.

Fig. 4. Concept of the single tooth equivalent
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Fig. 5. Distribution of the flux density in the stator teeth @ slip 0.2
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Fig. 6. Core loss data Item Unit Value
TABLE | Number of poles - 4
FUNCTION EXPRESSION OF THE CORE LOSS COEFFICIENTS NUMDET Of the STAtor SIotS } 56
Coefficient Function A B Number of the rotor slots - 24
Hysteresis A+B/X*® 0.00135 0.0144 DC link voltage v 12
Eddy current A+B/X*® 0.0000374 0.00196 Rated Powers w 450
Anomalous A+B/X*® 0.00087 0.00742 Rated speed rpm 1500

Consequently, the presence of a core may be considered an
increased air gap g” [10].

AT + AT
Lo @
AT

where ATy, and AT.are the MMF losses of the air gap and the
core respectively. The saturation factor was calculated using
the iteration routine and the numerical technique.

IVV. CALCULATION OF THE HARMONICS CORE LOSS

Motors are becoming more and more favored to the high
speed machine due to their high efficiency, miniaturization,
and light weight. As a result, the precise prediction of the core
loss accounting for a large percentage of the total energy loss
in the induction motor is very important for improving the
performance capability of the motor under all operating
conditions. The three typical models are the empirical formula,
FEA, and equivalent circuit models. These models have both
strengths and weaknesses. In the case of the empirical formula
model, a set of approximation models is used to predict the
core loss of the induction motor. This method has been proven
to have high precision in predicting the core loss in
transformers where the alternating field is dominant.
Nevertheless, in rotating machines, in which the flux density
variation is very complex, less satisfactory results have been
obtained. On the other hand, the FEA makes it possible to
consider the rotational core loss as well as the core loss caused
by the flux density harmonics in rotating machines, but it is
cumbersome and needs much iteration for every operating
condition. In the equivalent circuit model, however, if the
modeling of the core loss resistance inserted in a parallel way
in the circuit is correct, the prediction of the core loss
according to the load condition is feasible without a number of
iterations, as with the FEA. In this paper, the core loss density
considering the excess or anomalous loss is expressed as
o B o b —k Bk 1282k (15 19 (@)

ck h e a h e a B
where B is the peak value of the flux density, f is the
frequency, ki is the hysteresis loss coefficient, k. is the eddy
current loss coefficient, ka is the anomalous loss coefficient, n
is the Steinmetz constant, and the decision is 2 in this paper.

Fig. 6 shows the core loss data from the steel manufacturer.
As you can be seen, only the data at 50 kHz are given.
Therefore, in this paper, the core loss data expressed as the
function are obtained as below.
(1) The core loss data provided by the manufacturer are
rearranged and plotted as a function of Pce/f vs. B.

(2) The frequency vs. core loss data are plotted through the
curve fitting of Peore/f vs. B.

(3) The derivation of the non-linear curve fitting functions
for the core loss coefficients is shown in Table I.

The fundamental core loss and the harmonic core loss are
calculated, respectively, using the frequency and the flux
density of the core, such as each tooth, yoke, and rotor
calculated in section IV. The electromotive force is estimated
using the ratio of the ku harmonics content, and then each
harmonic core loss resistance is calculated. As a result, in the

harmonic equivalent circuit, the core loss resistance is
calculated using in (5).
2
I —Ek—
[C]k: Pck/3 (5)

where Eyis the ki back-emf and P is the total core loss.

The model was developed based solely on geometric data,
material information, and winding distributions. The model
takes into account the local saturation of the individual stator
and rotor teeth as well as the back yoke sections of the motor.

V. VERIFICATION OF THE HARMONIC EQUIVALENT CIRCUIT

The described models were applied for the analysis of a three-
phase, four-pole, and squirrel cage induction motor. The
parameters of the machine equivalent circuits were calculated
for operation with a fundamental frequency of 50Hz. A cross-
section view of the analysis model and the test motor for EPS
application is shown in Fig. 7. The detailed specifications of
this motor are listed in Table Il. Fig. 8 shows the testing
apparatus that was used to measure the characteristics of the
motor. The comparison of the test and equivalent circuit
results is shown in Table IIl. As previously stated, the
conventional equivalent circuit analysis assumed that the input
voltage and current are a sinusoidal wave, and the slot
harmonics were ignored. Therefore, these results have a big
error. As the existing standard equivalent circuit considering
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Fig. 8. Testing apparatus for measuring the characteristics

the space harmonics is unconcerned about the core loss, the
input current and efficiency, and the power factor, has a bigger
error than the modified equivalent circuit.

Fig. 9 compares the conventional and modified equivalent
circuit results with the measurement results under the load
condition (@ slip 0.2). This figure shows that the conventional
equivalent circuit underestimates the space harmonics while
the modified equivalent circuit provides more accurate
simulation. Additionally, it shows that the standard equivalent
circuit considering the space harmonics underestimates the
harmonic core loss while the modified equivalent circuit
provides more accurate simulation. The obtained results
illustrate the proposed model’s suitability for nonsinusoidal

wave supply analysis considering the harmonic core losses.

VI. CONCLUSION

To obtain the more reliable characteristics of the induction
motor, this paper presents the modified space harmonic
equivalent circuit considering the harmonics of core loss
resistance and the saturation of the core.

The modified space harmonic equivalent circuit based
solely on geometric data, material information, and winding
distributions has the following advantages:

(1) The modified harmonic equivalent circuit is
accomplished by the proposed approach that improved the
estimation of the characteristic in the induction motor
compared with the result of the present method. The validation
of the analysis result in this paper was verified by this
experiment.

(2) The modified harmonic equivalent circuit can quickly
present the direction of the initial design. In other words, the
proposed method is a technique that can reduce the design
time and cost. Thus, the proposed method in the induction
motor is very useful for the initial design. Additionally,
improvement of the quality and reduction of the cost at the
initial design are the expected applications of this study.
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TABLEIII
COMPARISON OF THE TEST AND EQUIVALENT CIRCUIT RESULTS

Item Test Convention Spfcteazg?ﬂ';dm Modification
Voltage [Vphase_rms] 3.86 3.86 3.86 3.86
Toque [Nm] 3.66 3.43 3.72 3.69
Speed [rpm] 1200 1200 1200 1200
Current [Arms] 74.62 76.88 72.78 73.31
Out Power [W] 459.9 431.1 467.0 463.5
Efficiency [%] 60.82 58.24 61.28 59.95
Power factor [%] 89.74 83.10 91.48 92.14
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