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Abstract Background/Objectives: This paper aims to
reliably evaluate the torque ripple of an optimal designed
3-phase induction motor wusing the measurement
uncertainty theory. Methods/Statistical analysis: The
measurement uncertainty theory is statistically applied to
the actual test. To apply the measurement uncertainty
theory to the simulation result such as torque ripple, the
type-A standard uncertainty can be calculated through the
periodical calculation of torque ripple and the type-B
standard uncertainty expressing non-statistical factors such
as measurement environment, instrument or method is
regarded as O in the uncertainty evaluation process.
Findings: The general expression of torque ripple of an
optimal designed 3-phase induction motor is not
dependable because of the fluctuating torque at steady state.
Therefore, in this paper, the uncertainty of the torque ripple
is evaluated by using the type-A and the type-B standard
uncertainty which is regarded as 0. As a result, the torque
ripples before and after the optimal design are reliably
evaluated in a specific confidence level. Also, it is known
that the uncertainty can be easily applied to the torque
ripple as well as other motor parameters such as power loss,
output power density and o) on.
Improvements/Applications: Since this paper deals with
evaluation method of torque ripple of a 3-phase induction
motor with respectively low torque ripple, it could be
applied to motors with large torque ripple.
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1. Introduction

Recently, many papers and studies have dealt with the
optimal design to reduce the torque ripple of motor [1, 2].
The reduced torque ripple is the evaluation factor of the
optimal design, and usually may not be same in the
repeated measurement. Thus, it is not known which torque

ripple is most reliable as the result of the optimal design. So,
additional index is needed to ensure the reliability of
expressing the torque ripple. For this purpose, the
measurement uncertainty theory is applied in this paper.
The measurement uncertainty theory is means of ensuring
the reliability of measurement results by taking into
account all uncertain factors affecting the output quantity
[3, 4]. The measurement uncertainty theory has been used
in the chemical and test fields, but it has recently been
expanded to the electro-magnetic and machinery field. As
an example, there have been studies using the measurement
uncertainty theory to reliably evaluate the motor efficiency
[5-7]. The optimal design of the motors is usually
performed using the FEM, and the torque ripple in the FEM
also may not be same as in the actual test. Therefore, this
paper presents a method to reliably evaluate the torque
ripple of an optimal designed motor by applying the
measurement uncertainty theory to the FEM. First, the
3-phase induction motor is selected to perform the optimal
design for minimum torque ripple. And then, a method for
applying the measurement uncertainty theory to the FEM is
presented. Finally, the torque ripple of the optimal
designed 3-phase induction motor is evaluated using the
presented method.

2. Optimal Design of 3-Phase Induction
Motor

For a case model in this paper, a 3-phase induction motor
is selected. The 3-phase induction motor is analyzed using
the FEM. Figure 1 shows the selected 3-phase induction
motor. And, Figure 2 shows the 2-D section of the selected
motor. For the optimal design, RSM (Response Surface
Methodology) is used as an optimization technique [8-10].
Table 1 shows the set-up for the optimal design. An
objective function is the minimum torque ripple, and
design variables are the stator slot shape parameter
presented in the figure 3. And, constraint conditions are set
according to the motor design and manufacturing process.


mailto:cogging@pknu.ac.kr

Universal Journal of Electrical and Electronic Engineering 6(3A): 68-73, 2019 69

Figure 1. The Selected 3-Phase Induction Motor

Figure 2. The 2-D Section of the 3-Phase Induction Motor

Table 1. The Set-Up for the Optimal Design

Set-up Details

Objective function Minimum torque ripple

Design variable(s)

Constraint
condition(s)

Stator slot shape (presented in Figure 3.)

Be set according to the motor design and
manufacturing process

BsO ¥ e ¥y
i Hsl
Bsl A
Hs2
Bs2

Figure 3. The Parameters of the Stator Slot Shape

The optimal design was performed using the RSM based
on the above-mentioned set-up, and the result is shown in

table 2. And, figure 4 compares the stator slot shape before
and after the optimal design. As a result of the optimal
design, the overall height has been shortened, and the width
increased.

Table 2. Physical Parameters of the Stator Slot Shape before and after
Optimal Design

Details Before optimal design After optimal design
HsO [mm] 0.8 0.8
Hs1 [mm] 0.6 0.6
Hs2 [mm] 12.5 115
BsO [mm] 24 2.2
Bs1 [mm] 3.6 3.7
Bs2 [mm] 52 5.6
/ 1 Before optimal design
-
After optimal design ; +

e

Figure 4. Comparison of Stator Slot Shape before and after the
Optimal Design

Figure 5 compares the torque waveforms before and
after the optimal design. From these waveforms, the torque
ripple can be calculated. In the FEM, the motor torque can
be obtained by calculating the mean-value for one period in
the torque waveform [11-12]. In this study, the selected
period for motor torque calculation is based on the period
of the stator current after reaching the steady-state. So, the
period for calculating the torque is eq. (1).

— [IHZ] = 16.6667 [sec] (1)

T =

Here T is a period of the stator current after reaching
the steady-state.

Similarly, the torque ripple is calculated in the same
period as the selected period for torque calculation. Table 3
shows the calculated torque and torque ripple 10 times
from the torque waveforms. As shown in table 3, since the
calculated values are not constant and all are different, it is
now known which torque ripple is most reliable. Thus,
additional index is needed to consider the dispersion of
each value.
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Figure 5. Torque Waveform before and after Optimal Design
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3. Measurement Uncertainty Theory

The measurement uncertainty is a non-negative parameter characterizing the dispersion of the quantity values being
attributed to a measurand, based on the information used [3,4]. The uncertainty is reported as eq. (2).

output value + expanded uncertainty (confidence level 95[%], k = 2) (2

In this case, the output values are the torque ripples before and after the optimal design and are evaluated by 3.4827 and
3.2201 respectively. And, these values are obtained by calculating the average of the torque ripples as shown in Table 3.
The measurement uncertainty theory has been used in the chemical and test fields, but it has recently been expanded to the
electro-magnetic and machinery field.

Table 3. Calculation of the Torque and Torque Ripple on 10 Times

Time period Before the optimal design After the optimal design
for calculating the torque Torque [N-m] Torque ripple [%] Torque [N-m] Torque ripple [%]

200 ~ 216.6667 [msec] 4.7970 3.3498 4.7922 3.0845
220 ~ 236.6667 [msec] 4.8114 3.2587 4.8120 2.9710
240 ~ 256.6667 [msec] 4.8079 3.9875 4.8063 3.4929
260 ~ 276.6667 [msec] 4.8054 3.8744 4.8036 3.6812
280 ~ 296.6667 [msec] 4.8150 3.5754 4.8120 3.3489
300 ~ 316.6667 [msec] 4.8040 3.3803 4.8040 3.2044
320 ~ 336.6667 [msec] 4.8048 3.5318 4.8002 3.3730
340 ~ 356.6667 [msec] 4.8098 3.2639 4.8102 2.9287
360 ~ 376.6667 [msec] 4.8081 3.1736 4.8054 29172
380 ~ 396.6667 [msec] 4.8045 3.4320 4.8025 3.1993

Average value 4.8068 3.4827 4.8048 3.2201

Using the uncertainty theory, it is possible to reliably evaluate the results from repeated measurement or a priori
information without additional algorithms or equipment. The uncertainty can be confused with the measurement error.
The measurement error is the value obtained by subtracting the true value from the measured value, but it is impossible to
obtain the true value because the measurand includes some error. Thus, the uncertainty is distinguished from the
measurement error in that it considers all uncertain factors affecting the output quantity [13].

Construct a measurement model equation
Y= f(XI!XZ! "'DXi)

:

Identify an uncertainty factor for input quantity X;

(measurement environment, quantity, instrument, method, etc)

/\

Calculate the type-A standard uncertainty Calculate the type-B standard uncertainty
for input quantity X; for input quantity X;
(statistical method by repeated measurement) (Non-statistical method based on information, ... etc)

e

Calculate a combined standard uncertainty

(applying the sensitivity coefficient)

l

Calculate an expanded uncertainty for the output quantity

(applying the confidence level and the coverage factor)

Figure 6. Flow Chart for evaluating the Measurement Uncertainty
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Figure 6 shows how to evaluate the measurement
uncertainty. First, construct a measurement model equation
of the output quantity for which the uncertainty is to be
evaluated. In the case of the motor, the model equation may
be efficiency, loss, current, torque and so on. Then, identify
the uncertain factors that affect the model equation. The
uncertain factors include dispersion of input quantities,
measurement environment, measurement equipment,
measurement method and so on. The dispersion resulting
from repeated measurement is expressed statistically as a
type-A standard uncertainty. On the other hand, other
experimental or priori  factors are  expressed
non-statistically as a type-B standard uncertainty [14].
Then, type-A and type-B standard uncertainties are
synthesized by applying the sensitivity coefficient and this
is defined as the combined standard uncertainty. Finally,
the expanded uncertainty is calculated by applying the
confidence level and the coverage factor.

4. Evaluation of Torque Ripple Using
Uncertainty

Obviously, since the uncertainty is experimental, a
specific method is needed to apply the measurement
uncertainty theory in the FEM. The model equations in the
actual tests or the FEM are the same. Thus, in the FEM, the
type-A standard uncertainty is estimated from n times
calculated value as shown in table 3. However, in the FEM,
type-B standard uncertainty can be regarded as 0 because
accuracy of program is indubitable and there are no
uncertain factors affecting the motor analysis except for
dispersion of torque ripple, which is expressed by the
type-A standard uncertainty.

Table 4 shows the torque ripple values and uncertainties
before and after the optimal design. The torque ripple
uncertainties are calculated based on the table 3. According
to the table 4, the torque ripples before and after the
optimal design are evaluated by eq. (3) and eq. (4),
respectively. This means that 95 times of the torque ripple
before and after the optimal design appear between about
3.28 ~ 3.68 [%] and 3.04 ~ 3.40 [%] out of the 100
times respectively.

torque ripple =

3.4827 + 0.1980 [%] (confidence level 95[%], k = 2)
@)

torque ripple =

3.2201 +0.1822 [%] (confidence level 95[%], k = 2)
4)

5. Conclusions

In this study, the torque ripple of the optimal designed
3-phase induction motor was evaluated reliably using the
uncertainty. To apply the measurement uncertainty theory

in the FEM, the type-A standard uncertainty is calculated
by n times output value as in the actual test, but the type-B
standard uncertainty is regarded as 0. As a result, it is
known that torque ripple can be evaluated reliably using
the uncertainty and the expanded uncertainty decreased
after the optimal design. Since this study dealt with 3-phase
induction motor with respectively low torque ripple, the
proposed method could be applied to the IPMSM or the
BLDCM with large torque ripple. Also, it is considered that
the uncertainty can be easily applied to the torque ripple as
well as other motor parameters such as power loss, output
power density and so on.

Table 4. Torque Ripple Values and Uncertainties before and after the
Optimal Design

Details Before optimal After optimal
design design
Torque ripple (output
quantity) [%] 3.4827 3.2201
Type-A standard
uncertainty [%] 0.0876 0.0806
Type-B standard 0
uncertainty [%]
Combined standard
uncertainty [%] 0.0876 0.0806
Expanded uncertainty [%] 0.1980 0.1822
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