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Abstract:

JFE Steel established a technique to accurately mea-
sure motor characteristics under a wide range of motor
drive conditions. Effect of core lamination and assembly
methods on motor efficiency was experimentally evalu-
ated by the technique. In 20JNEH1500, which is 3% Si
steel with a sheet thickness of 0.2 mm, iron loss increased
due to punching and shrink fitting, resulting in a signifi-
cant decrease in efficiency in the low torque range. On
the other hand, Si gradient steel 10JNHF600, which has
Si distribution in the thickness direction, showed a
smaller increase in iron loss than 20JNEH1500. From
the above results, the application of Si gradient steel is
suitable for shrink fitted motors and high efficiency small
motors such as those used in drones.

1. Introduction

Because electrification is progressing in various
fields, represented by the automotive sector, with the
aim of realizing a carbon neutral society, motors are
expected to be utilized in a wider range of applications
than in the past. Since motors occupy about half of
total world electric power consumption, improved
motor efficiency will play an extremely important role
in energy conservation". Non-oriented electrical steel
sheets are widely used as a core material for motors,
and are a key component material that determins
motor efficiency. In order to improve motor efficiency
further reductions of the iron loss of electrical steels is
strongly required, and various materials have been
developed to meet this need” .

JFE Steel fabricates and evaluates model motors
using newly-developed electrical steel sheets, and has
confirmed improvement in motor characteristics by
evaluations based on actual measurement®”. On the
other hand, IPM (Interior Permanent Magnet) motors,
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which can be used under a wide range of operating
conditions, have become the main stream in EV/HEV
traction motors, and use of reluctance torque by vector
control and downsizing achieved through higher motor
rotating speeds are progressing®. However, because
evaluations of the electric consumption of electric
vehicles (EV) is not based on specified motor operating
conditions, but on driving patterns such as WLTP
(Worldwide harmonized Light duty driving Test Proce-
dure), efficiency maps evaluation covering a wide
motor operation region has now become necessary.
Therefore, JFE Steel established a technique which
enables accurate measurement of motor characteristics
under a wide range of motor operating conditions. Fig-
ure 1 shows an example of a motor efficiency map
measurement result by this technique. The target of the
evaluation was a model motor (8 poles, 48 slots) simu-
lating an automotive traction motor, which was fabri-
cated using the non-oriented electrical steel sheet
20JNEH1500 (thickness: 0.20 mm). Motor efficiency
was measured under various conditions through step-
wise changes in the current amplitude, phase angle and
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Fig. 1 Example of motor efficiency map evaluation
*2 Senior Researcher Manager, Electrical Steel Research Dept.,
Steel Res. Lab., JFE Steel
*3 Senior Researcher Deputy General Manager, Electrical Steel
Research Dept., Steel Res. Lab., JFE Steel
47



Evaluation Techniques for Motor Characteristics in JFE Steel

rotating speed, and the efficiency map was drawn for
the current phase angle condition which achieved the
maximum efficiency. The open circles (O) in the figure
indicate the measurement evaluation points. This tech-
nique has made it possible to measure and evaluate the
effects of the magnetic properties of electrical steel
sheets and the core lamination and assembly method
on motor characteristics under a wide range of drive
conditions.

It is known that motor efficiency changes depending
on the core lamination and assembly method®'?. Fig-
ure 2 is a schematic diagram of the iron loss increase
factors related to the motor core lamination and
assembly process. It is known that iron loss is increased
by processing distortion, which is introduced by the
punching process, and by compressive stress due to
shrink fitting. Since these are factors that prevent high
efficiency in motors, a number of studies have been
reported'"™'?. The present paper introduce examples of
evaluation of the effect of lamination and assembly
methods of electrical steel sheets on motor characteris-
tics using the motor characteristics evaluation tech-
nique established in JFE Steel. Chapter 2 describes the
results of an evaluation of the effect of shrink-fitting
to fix the motor core for an IPM motor, and Chapter 3
discusses the results of an evaluation of the effects of
punching and interlocking of the stacked core of a

| Stress by shrink fitting |

Stator
(Stacked electrical steel sheets)

L Distortion affected area by punching J

Motor case

Fig. 2 Schematic diagram of iron loss increase factor

small SPM (Surface Permanent Magnet) motor with
an outer rotor type, assuming use in drone applications.

2. Effect of Shrink Fitting on Motor
Characteristics

This chapter presents the evaluation results of the
effect of compressive stress on iron loss and the effect
of shrink fitting on the motor characteristics for the
non-oriented electrical steel sheet 20JNEH1500 and the
Si gradient magnetic steel 10JNHF600. As shown in
Fig. 3, the Si gradient steel INHF™ has a Si concentra-
tion gradient in the thickness direction, in which the Si
concentration in the surface layers is 6.5%, while the Si
content in the central region is approximately 3%, and
features low iron loss under high frequency condi-
tions'?. Since Si gradient steel is also known as a mate-
rial that uniquely displays minimal changes in iron loss
due to processing, it is expected to be effective for
achieving higher efficiency in motors'>. Table 1 shows
the representative magnetic properties of the two sam-
ple materials.

2.1 Experimental Method

First, the method of single sheet magnetic measure-
ment under compressive stress will be explained. Single
sheet samples with dimensions of 180 mm in length
and 30 mm in width were prepared by shearing
20JNEH1500 and the Si gradient steel 10JNHF600.
Figure 4 shows the Single Sheet Tester (SST) used in
the evaluation. Iron loss was measured under a condi-
tion in which compressive stress was applied in the
magnetization direction of the single sheet sample.
Buckling of the single sheet samples was prevented by
applying planar pressure of 100 N by pressing a resin
plate in the sample thickness direction.

Next, the motor fabrication method will be
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Fig. 3 Silicon distribution in Si gradient steel JNHF ™

Table 1 Magnetic properties of Si gradient steel and conventional electrical steel

. Thickness Magnetic flux density at Iron loss (W/kg)
Material
(mm) 5000 A/m, Bso (T) Wor400 Wior000 Wi013000
Si gradient steel
10JNHF600 0.10 mm 1.53 10.1 30.0 100
3%Si steel
20JNEH1500 0.20 mm 1.66 12,5 473 231
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Fig. 4 SST for magnetic measurement under stress

Table 2 Specification of test IPM motor

Items Specification
Rated power output 3 kW
Input voltage 220 Ve
Current limit 20.0 Arms
Current phase angle 0.0-20.0 deg
Number of poles/slots 12/18
Outer diameter of stator 156.0 mm
Stacking length 25.0 mm
Winding connection Three phase star connection,
concentrated

explained. In order to evaluate the effect of shrink fit-
ting on motor characteristics, cores fabricated using
20JNEH1500 and the Si gradient steel 10JNHF600
were assembled as motors under two conditions, i.e.,
with or without shrink fitting, and their motor charac-
teristics were measured and evaluated. To extract and
evaluate only the effect of shrink fitting, the cores were
fabricated by a Wire Electrical Discharge Machining
(Wire EDM) and gluing lamination process, which
does not cause significant distortion. For the shrink fit-
ting process, an aluminum alloy (AL5056) case was
used with shrink fitting allowance of 0.045 mm. The
compressive stress applied in the back yoke circumfer-
ential direction of the motor core was estimated to be
approximately 50 MPa. Under the condition without
shrink fitting, the core was glued with an adhesive on a
motor case which was larger than the outer diameter of
the motor core so that compressive stress was not
applied to the core. Table 2 shows the specification of
the test motor. For motor control, the motor was
driven by vector control using a PWM (Pulse Width
Modulation) inverter, and motor characteristics were
evaluated by mapping at the current phase angle which
showed the highest efficiency at each measurement
point.

2.2 Experimental Results and Discussion

First, the results of the single sheet magnetic mea-
surements under compressive stress will be described.
Figure 5 shows the effect of compressive stress on the
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iron loss of 20JNEH1500 and the Si gradient steel
10JNHF600. In 20JNEH1500, iron loss increased
greatly depending on compressive stress, and an iron
loss increase of around 50% could be seen under stress
of 50 MPa or more. On the other hand, deterioration
of iron loss due to compressive stress was slight in the
Si gradient steel I0JNHF600 in comparison with
20JNEH1500, being no more than 5%. Since the Si
gradient steel has internal stress, which originates from
the difference in the Si concentration in the sheet thick-
ness direction, it is thought the change in iron loss
under compressive stress is small due to this feature'.
Next, the motor evaluation results will be described.
Figure 6 shows results of the motor efficiency map
evaluation. Although 20JNEH1500 showed a decrease
in motor efficiency under the condition with shrink fit-
ting in comparison with the condition without shrink
fitting, almost no change in motor efficiency due to
shrink fitting was seen in the Si gradient steel
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Fig. 5 Effect of compressive stress on iron loss
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Fig. 6 Results of motor efficiency map evaluation
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10JNHF600. Fig. 7 shows the difference in motor effi-
ciency due to the assembly conditions with and without
shrink fitting. In the case of 20JNEH1500, motor effi-
ciency decreased over a wide region, and a maximum
decrease in motor efficiency of about 1 point could be
seen in the low-load torque region. In the low-load
torque region, the proportion of iron loss in total
motor loss is large, suggesting that the effect of
increased iron loss on motor efficiency is large. On the
other hand, in the Si gradient steel 10JNHF600, the
decrease in motor efficiency due to shrink fitting was
clearly small in comparison with 20JNEH1500.

Figure 8 shows the result of separating motor loss
into iron loss and copper loss when the motors were
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Fig. 7 Comparison of motor efficiency maps
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driven at a rotating speed of 4 000 rpm and torque of
5.0 Nm in order to analyze the change in motor loss
due to shrink fitting. Iron loss was separated by the fol-
lowing Eq. (1), and motor iron loss also includes
mechanical loss and stray load losses such as leakage
flux, etc.

Pin_P0u1:P0u+PFe ........................... (1)

where, Pj, is input power to a motor, Poy 1S motor out-
put, Pcy is copper loss and Pr. is ion loss, and the val-
ues other than Pr. were directly measured and evalu-
ated. Copper loss did not change regardless of the core
lamination and assembly method in both materials.
However, the iron loss increase behavior due to shrink
fitting differed depending on the material, and motor
iron loss of 20JNEH1500 increased by approximately
14% as a result of shrink fitting, while almost no
increase in iron loss due to shrink fitting was seen in
the Si gradient steel 10JNHF600. It is thought that the
Si gradient steel 10JNHF600 displays this behavior
because the Si gradient steel is virtually unaffected by
compressive stress, as was shown in Fig. 5. Thus, this
study demonstrated that motors fabricated using Si
gradient steel are not prone to the problems of
decreased motor efficiency and increased iron loss
accompanying shrink fitting.

Based on the results described above, Si gradient
steel is a suitable core material for motors in which
shrink fitting is to be used because deterioration of
iron loss due to compressive stress is slight, and high
motor efficiency can be maintained even when motors
are assembled by shrink fitting.

3. Effect of Punching on Motor Characteristics

This chapter present the study results on the effect
of punching of electrical steel sheets on motor charac-
teristics. A stress analysis utilizing synchrotron radia-
tion and numerical analysis confirmed that residual
stress occurs around the cut edge of electrical steel
sheet as a result of punching'®'”. The residual stress
caused by punching has a large compressive compo-
nent. This stress is a contributing factor to the increase
in iron loss. Although depending on the material and
the processing conditions, this type of deterioration of
iron loss is thought to occur in the region around the
punched edge, which means the adverse effect of
punching easily appears in small motors with a narrow
tooth width. Therefore, the change in motor character-
istics due to punching of electrical steel sheets was
evaluated in a small outer rotor-type SPM motor used
in drone applications. The test materials were the same
20JNEH1500 and Si gradient steel I0JNHF600 as in
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Chapter 2.

3.1 Experimental Method

This section explains the iron loss evaluation
method for materials simulating the effect of punching.
As shown in the schematic diagram in Fig. 9, samples
(rolling direction and perpendicular to rolling direc-
tion) with a length of 180 mm and widths of 5 mm,
7.5 mm, 10 mm, 15 mm or 30 mm were prepared by
shearing. Although samples for use in magnetic mea-
surements are normally machined with a width of
30 mm, the effect of residual stress introduced by
punching or shearing becomes larger in samples with
narrower widths. The narrow-width samples were first
aligned in the widthwise direction and fixed with tape,
and iron loss was then evaluated by the Epstein test.

Next, the motor evaluation method will be
described. Table 3 shows the specification of the SPM
motor which was the object of evaluation. The object
SPM motor is a small-scale motor with a tooth width
of 1.5 mm, and is considered to be a type of motor in
which the effect of punching on motor characteristics

Strain region due to shearing

e

Origingl size
width: 30 mm

a

2 divisions
width: 15 mm

3 divisions
width: 10 mm

4 divisions
width: 7.5 mm

6 divisions
width: 5 mm

Fig. 9 Schematic view of sample

Table 3 Specifications of test SPM motor

Items Specification
Rated power output 300 W
Input voltage 30 Ve
Current limit 20.0 Arms
Current phase angle 0.0 deg
Number of poles/slots 14/12
Outer diameter of stator 35.0 mm
Stacking length 10.2 mm
Winding connection Three phase star connection,
concentrated
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is particularly large. To evaluate the effect of the core
lamination and assembly method on motor efficiency,
cores were prepared by two methods, namely, “punch-
ing and interlocking” and “Wire EDM and gluing,”
and motor efficiency was evaluated. The samples were
assembled by V-type interlocking with a depth of
0.35 mm, and interlocking dowels were arranged in all
teeth. Figure 10 shows a photograph of the appearance
of the core fabricated using the Si gradient steel
10JNHF600. The motor efficiency of each of the fabri-
cated motors was evaluated at various rotating speeds
up to a maximum of 10 000 rpm.

3.2 Experimental Results and Discussion

First, the results of the iron loss evaluation by the
Epstein test will be described. Figure 11 shows the rela-
tionship between the sheared width of the magnetic
measurement samples and iron loss. Since a tendency
in which iron loss increased as the sample width
became narrower was observed in all samples, it is
thought that iron loss increased due to the effect of the
residual stress introduced by shearing. In the
20JNEH1500, the iron loss of the 5 mm width sample
was approximately 20% larger than that of the 30 mm
width sample. On the other hand, it was found that
increase in iron loss due to processing was substantially
smaller in the Si gradient steel 10JNHF600, as the
increase was limited to 5% or less. In Si gradient steel,
which shows little increase in iron loss due to compres-

Fig. 10 Appearance of motor core
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Fig. 12 Evaluation results of motor efficiency map

sive stress, it is thought that effect of residual stress
caused by shearing is slight, even if compressive stress
occurs.

Next, the results of the motor evaluation will be
described. Figure 12 shows the motor efficiency maps
for the Wire EDM method and the punching method.
With 20JNEH1500, the map contained a region where
operation with high efficiency exceeding 85% was pos-
sible when the Wire EDM method was used, but a sim-
ilar high efficiency region was not observed with the
punching method. In other words, a decrease in motor
efficiency by punching was observed in the 20JNEH1500
material. On the other hand, with the Si gradient steel
10JNHF600, almost identical motor efficiency maps
were obtained with both processing methods, and the
change in motor efficiency due to the difference in the
processing method was slight.

To compare the change in motor loss due to differ-
ences in core lamination and assembly methods, motor
loss at the rotating speed of 10 000 rpm and torque of
0.1 Nm, which are near the maximum efficiency condi-
tions, was separated into iron loss and copper loss. The
results are shown in Fig. 13. Motor loss was separated
by the same method as in section 2.2. In the case of
20JNEH1500, motor iron loss was larger with punching
than with the Wire EDM method, but in contrast, the
difference between iron loss with the Wire EDM
method and the punching method was small with the
Si gradient steel I0JNHF600.

From the results described above, it was found that
the Si gradient steel shows little iron loss deterioration
due to punching, and is an effective material for achiev-
ing high efficiency in motors. In particular, because Si
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gradient steel has the feature of little deterioration of
iron loss as a result of processing, it is considered to be
a suitable core material for small motors, in which the
effect of punching on iron loss easily appears.

4. Conclusion

In this paper, the effects of core lamination and
assembly methods for electrical steel sheets on motor
efficiency were verified experimentally by using a
motor evaluation technique that provides highly accu-
rate results over a wide range of operating conditions.
In addition, material evaluations simulating the effects
of shrink fitting and compressive stress caused by
punching on the iron loss of electrical steel sheets were
carried out. As a result, in the case of the general elec-
trical steel sheet 20JNEH1500, deterioration of iron
loss by processing was observed in both the motor eval-
uation and the material evaluation. A wide-ranging
evaluation of motor characteristics evaluation also
demonstrated that the effect of the decrease in motor
efficiency due to this deterioration of iron loss is large
in the low-load torque region.

On the other hand, this study showed that the Si
gradient steel 10JNHF600 displays deterioration of lit-
tle iron loss due to punching, and thus can contribute
to higher motor efficiency regardless of the core lami-
nation and assembly method. In motors in which
shrink fitting is performed to remove internal heat in a
motor to the casing and small motors in which the core
is manufactured by punching, it is difficult to achieve
high efficiency due to the effects of processing of the
steel sheets. Therefore, Si gradient steel, which is rela-
tively unaffected by electrical steel sheet core lamina-
tion and assembly methods, is expected to be utilized in
these types of motors.

‘JNEH and JNHF are registered trademarks of
JFE Steel Corporation.
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