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During the motor design stage, it is crucial to accurately predict the characteristics of the motor at various operating points.
Performing finite-element analysis (FEA) for each point is time-consuming and impractical. Therefore, the motor parameters and
losses are typically calculated for each load point and used to solve the voltage and torque equations, thereby reducing the time
required for motor characteristic analysis. Thus, the accurate prediction of motor parameters is essential for optimizing the motor
design. This study proposes a parameter estimation method for the design process of induction motors (IMs). Accordingly, the
circuit parameters are estimated using a reduced amount of FEA data. A common approach for evaluating the circuit parameters
of IMs is through locked-rotor and no-load tests. However, these methods have limitations, because they use a fixed frequency that
may not be suitable for electric vehicle traction motors owing to their various driving points, high torque, and high power density.
This article introduces an iterative method for estimating the magnetizing inductance in IMs, owing to its significant impact on
torque. This method is based on the changes in saturation according to current and slip frequency.

Index Terms— Circuit parameter, induction motor (IM), iterative method, magnetizing inductance, saturation, slip frequency.

I. INTRODUCTION

WING to their high coercivity and energy density,

motors that use rare-earth permanent magnets (PMs)
are widely used in various fields. However, because of the
unstable supply of rare-earth PMs and their high prices,
research on motors that do not use rare-earth PMs is being
actively conducted. Among motors that do not use rare-earth
materials, induction motors (IMs) are widely used by vehicle
manufacturers because of their low cost, high robustness, low
electromotive force under no-load conditions, low cogging
torque, and low torque ripple [1], [2].

Industrial IMs are typically operated at rated speeds and
current conditions with low torque density. However, high-
power traction motors operate at various operating speeds
and load conditions, with a higher torque density. Owing to
variations in the saturation levels, the torque produced by
an IM depends on the slip frequency and the ratio of the
rotating magnetic-field speed to the rotor speed when the stator
current is held constant [3]. Thus, to design IMs as traction
motors, it is necessary to predict the motor characteristics
under various slip conditions in addition to the current.

As conventional test methods for estimating the circuit
parameters of an IM, the locked-rotor test and the no-load
test described in the IEEE-115-2009 standard [4] have been
widely used. Owing to the difficulty in conducting experiments
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under certain conditions, an alternative to conventional tests,
the standstill frequency response test method, was developed
in [5]. In addition, in [6], a method for estimating parameters
using the nameplate and the Gauss—Seidel convergence method
was proposed. In [7], a method was studied for estimating
parameters using an optimal algorithm, such as particle swarm
optimization. Despite these various approaches, a new param-
eter estimation method is required, because previous studies
do not reflect the variation in equivalent circuit parameters
according to the change in slip.

Therefore, this article proposes an iterative estimation
method for the magnetizing inductance that considers changes
in current and slip frequency. In the proposed method, the
magnetizing inductance is modified based on the parameter
estimation method of the IM using the locked-rotor and
no-load tests described in IEEE standard 112-2004 [4]. It is
modified using the difference between Tana and Trga, Where
Tana refers to the torque calculated analytically using the elec-
tric equivalent circuit and Trga denotes the torque calculated
using finite-element analysis (FEA). The characteristics of IMs
can be accurately predicted for a specific operating point using
the proposed method.

II. BACKGROUND
A. Concept of Slip in the IM

When an alternating current is directly applied to the stator
windings of the IMs, currents are induced in the rotor bars
owing to the difference in speed between the rotating mag-
netic field and the rotor. The interaction between the rotating
magnetic field and the flux induced in the rotor bars makes
the rotor rotate in the same direction as the rotating magnetic
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Fig. 1. Per-phase equivalent circuit of the IM. (a) Basic circuit. (b) Secondary
side converted to primary side.

field under the Lorentz force. The unitized relative velocity of
the rotating magnetic field and the rotor speed is called slip (s)
and is defined in (1), where @ symbolizes the angular speed
of rotating magnetic field and w,, denotes the angular speed
of rotor

§=—"" (1)

The frequency of the voltage induced in the rotor bars is called
slip frequency (sf).

B. Equivalent Circuit of the IM

An equivalent circuit is used to predict the characteristics
of IMs. Fig. 1 shows the per-phase equivalent circuit of an IM
that does not reflect iron losses. The stator and rotor of the
circuit are magnetically connected but electrically separated.
The relationship between primary and secondary flux, induced
electromotive force is defined in (2), where A denotes the
flux linkage, E denotes the induced electromotive force, N
indicates the number of turns, and k,, is the winding factor

Nikyn _ Niky
Nakyo Naokyo

The output power of the motor is generated from the air gap,
so the torque can be calculated using (3), where I’ refers
to the root-mean-square value of the current flowing through

the secondary part converted to primary, r; is the secondary
resistance converted to primary, and pp is the pole pair
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C. Common Test Procedure of the IM

According to the IEEE standard test procedure for
poly-phase IMs and generators, the circuit parameters of the
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Fig. 2. Rotor rotating condition and the equivalent circuit of the locked-rotor
test and the no-load test.

[ Equivalent Circuit ]
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IM can be obtained by measuring the stator winding resistance
and performing the locked-rotor and no-load tests. First, the
locked-rotor test provides information regarding the leakage
inductance. If the rotor is constrained and cannot rotate,
meaning the slip is one, the equivalent circuit of the IM under
locked-rotor conditions can be represented, as shown in Fig. 2.
The magnetizing reactance is generally much larger than the
secondary resistance; therefore, the magnetizing current can
be neglected. If the phase voltage, line current, and frequency
measured at the stator terminal are known, the sum of the
leakage reactance and secondary resistance can be obtained,
as expressed in (4)—(7). Here, S g denotes the locked-rotor
apparent power, P g denotes the locked-rotor active power,
0 indicates the phase difference between phase voltage and
line current, Zir indicates the locked-rotor impedance, Rygr
denotes the locked-rotor resistance, X;r denotes the locked-
rotor reactance, x;; denotes the primary leakage reactance, and
x}, denotes the secondary leakage reactance converted to the
primary

Stk = Viemsli.oms, PLr = SLrcos 0 @

Rix = ——. Zik=— (5)
11<rms Ly.ms

XLR = ZIZ,R - RIZ‘R (6)
fraled / / ’

XLR = _XLR = 4XLR = X1 +xl2' (7)
ftest

In addition, magnetizing inductance was calculated by per-
forming a no-load test. Because the slip is close to zero in
the no-load conditions, the rotor resistance, (ré /s), becomes
very large, so the secondary current can be neglected. The
equivalent circuit of the IM under no-load conditions is
shown in Fig. 2. Similar to the previous locked-rotor test,
the magnetizing reactance can be calculated, using the phase
voltage, line current, and frequency measured at the stator
terminal, as expressed in (8)—(11). Here, Snp denotes the
no-load apparent power, Pyi denotes the no-load active power,
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Fig. 3. Magnetic flux density distribution with the slip frequency changes
under (a) low- and (b) high-current conditions.

6 denotes the phase difference between the phase voltage
and the line current, Zy; denotes the no-load impedance,
Rni. denotes the no-load resistance, Xy, denotes the no-load
reactance, and x,, denotes the magnetizing reactance

SNL = Viemslimmss  PnpL = SN cos 6 ®)

Rne = g, I = Vims 9)
If s 11.1ms

XnL =/ Z3 — RYL (10)

Xm = XNL — X/1. (11)

III. PROPOSED METHOD FOR PARAMETER ESTIMATION

Following the IEEE standard [4], the circuit parameters
of the IM can be obtained by measuring the stator winding
resistance by performing locked-rotor and no-load tests. This
testing method is applicable for industrial IMs with a small
number of rated operating points. However, for traction IMs
that operate over a wide driving area, the circuit parameters at
different saturations must be considered to accurately predict
the dynamic performance of the IM [8]. As shown in Fig. 3,
even when the same current is applied, the magnetic saturation
varies with slip frequency. Therefore, the change in the electric
equivalent circuit parameter should be considered in response
to both changes in current and slip-frequency variations.

A. Effect of Change in Parameters

To make accurate predictions, it is necessary to know
how the torque is affected by the changes in each circuit
parameter caused by various slips. When the stator current,
slip frequency, and rotor speed are fixed, circuit parameters,
such as L;, Lp, L, and rp, can be obtained using FEA,
where L;; and L, are the stator and rotor leakage inductances,
respectively, L,, indicates the magnetizing inductance, and r;,
denotes the rotor resistance. Using these parameters, the torque
can be calculated analytically using an electric equivalent
circuit. Among these parameters, r, can be calculated directly
by load analysis; therefore, only inductance was considered.
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Fig. 4. Torque calculated by estimated parameters. (a) Considering leakage
inductance split ratio changing from 0.4 to 0.6. (b) Considering magnetizing
inductance changing from 0.9L,, to 1.1L,,.

Fig. 4 illustrates how the torque changes when the leakage
and magnetizing inductances change.

Since the estimation process for each parameter is different,
the range of variation was set accordingly. The leakage induc-
tance was compared with a split ratio of 0.4-0.6, considering
the IEEE standard [4], while the magnetizing inductance was
compared with the change in the result value of 0.9-1.1 times,
effectively resulting in a +10% variation range for the magne-
tizing inductance and a +20% variation range for the leakage
inductance. This confirms that the leakage inductance has a
larger variation range. As shown in Fig. 4, the magnetizing
inductance has a greater impact on the torque variation than the
leakage inductance because of the smaller variation range in
the magnetizing inductance resulted in greater torque variation.
Therefore, it is crucial to predict the magnetizing inductance
accurately.

B. Modification Method of the Magnetizing Inductance

Upon obtaining the current representative parameters from
previous tests, the magnetizing inductance for the slip is mod-
ified using the differences between Tana and Tpgpa according
to the following steps.

1) Step 1: Select load points (I; and sf).

2) Step 2: Perform common test procedure described in
Section II using FEA to calculate L;;, L, and L,,.

3) Step 3: Perform load analysis using FEA to obtain Tgga
and r,.

4) Step 4: Calculate Tana using calculated parameters.

5) Step 5: Calculate the error between Tana and Tgga for
the corresponding load points.

6) Step 6: If the absolute error is greater than its reference
value, the magnetizing inductance is modified using the
product of the error and the adjustment rate. Update the
iterative number and magnetizing inductance, and return
to Step 4.

7) Step 7: If the absolute error is smaller than the reference
value, the process is considered complete.

The flowchart of the process is shown in Fig. 5.

The results of modifying the magnetizing inductance using
this process are presented in Fig. 6. Based on these results, the
secondary current and torque before and after the magnetizing
inductance modification were calculated and compared with
the FEA results. As shown in Fig. 7, the proposed method
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Fig. 5. Flowchart of the magnetizing inductance modification method.
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Fig. 8.  Test configuration. (a) DC power supply. (b) Inverter, control
board, and oscilloscope. (c) Test motor, load motor, torque sensor, and power

analyzer.
Fig. 6. Comparison of the magnetizing inductance before and after
modification. TABLE I
—— - —— SPECIFICATIONS OF IM
OFEA = ANA (w/o L,, modification) == ANA (with L,, modification)
03 : Item Unit Value
2 025 O Pole - 4
=4 =4 Slot - 36
= | Low current || ™~ High current Number of rotor bars - 28
0 0
05 115 2 25 05 1 15 2 25
Output power kW 3.5
o p-n.) @) Dcp i \% 60
(a) (b) voltage DC
os 5 Frequency Hz 102
’:; ) ’:,‘ » Rated current Arms 72
\o] & Rated speed rpm 3000
Q 025 Q 25
=2 OO0 = Core material - 50PN470
= = o
& & R High current Rotor bar material - aluminum
=03 115 2 25 05 1 15 2 25
sf (p) s (p)
(©) (d)

configuration for the IM was constructed, as shown in Fig. 8.
Fig. 7. Comparison of the rotor bar current using FEA and analytical The specifications of the IM used in the test are shown in
approaches (without or with magnetizing inductance modification) under Table I. The test was conducted by measuring the friction
() low- and (b) high-current conditions. Comparison of Teea and Tana  (orque of the motor in the no-load test and the load torque of
(without or with magnetizing inductance modification) under (c) low- and K
(d) high-current conditions. the motor in the load test.
In the load test, the measured torque would have been
reduced by the friction torque generated by the mechanical
was confirmed to be more useful when the difference in the friction of the motor. However, this friction torque is not
saturation with the change in the slip frequency is large. included in Trga and Tana. Therefore, a no-load test was
conducted to measure the friction torque at the corresponding
speed. The friction torque obtained in this manner was sub-
This section presents a comparison between the FEA and sequently incorporated into (12) to calculate Tiey, Where Tieg
experimental results. For experimental verification, a test denotes the load test torque considering friction, Tj,,q denotes

IV. EXPERIMENTAL VERIFICATION
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Fig. 9. Friction torque obtained from no-load test.
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Fig. 10. Load torque obtained from load test under (a) low- and (b) high-
current conditions.

the torque obtained from the load test, and Tciion denotes the
friction torque obtained from the no-load test

Tiest = Tioad + Triction-

A no-load test was conducted by driving the load motor
at the rated speed, and T, Was measured at various rotor
speeds, as shown in Fig. 9. The load test was conducted by
controlling the current and frequency of the test motor using
the indirect vector control method with an inverter and control
board, as shown in Fig. 8(b), while the load motor was speed
controlled at the rated speed. Tj,,q Was measured under various
sf conditions, as shown in Fig. 10(a) and (b). Under low- and
high-current conditions, the maximum error between 7.y and
Tana is 0.12% and 1.05%, respectively, which is within the
acceptable range.

12)

V. CONCLUSION

This article proposed an iterative method for estimating the
magnetizing inductance of IMs by considering the changes in
the current and slip frequency. The purpose of this parameter
estimation method is to apply it during the design stage of
the motor. Although it requires FEA data and take some time
to complete the analysis, it offers the advantage of estimating
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parameters without the need for experimental results. In the
design process of IMs for traction applications, it is essential
to consider both the current and slip frequency owing to
their various operating points. The existing parameter esti-
mation methods only provide a representative value of the
current, necessitating a new approach. The proposed method
modified the magnetizing inductance by using the difference
between Trga and Tana. This approach is expected to reflect
the magnetic saturation changes owing to different operating
conditions of the IMs in the magnetizing inductance. Finally,
the proposed method was experimentally verified through
no-load and load tests, thereby confirming its effectiveness
and accuracy.
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