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Abstract: This paper presents the world’s smallest inset permanent magnet synchronous motor
(PMSM) with a soft magnetic composite (SMC) core, providing ease of manufacturing for
micromachine applications without silicon steel laminations. The inset motor can offer an additional
reluctance torque and higher torque density with a lower usage amount of permanent magnet.
A 15 mm diameter inset motor was developed with the thickness of a tile-type permanent magnet
which is limited to 1 mm by the manufacturer. The motor was designed with high torque density and
low torque ripple by varying the interpole iron width for the rotor. Two inset motors were made
using both SMC and silicon steel materials for comparison. The performance of the SMC motor was
inferior to the silicon steel motor, but it still meets the specifications of the commercial market. If the
thickness of the tile-type permanent magnet is further reduced, the micro inset motor with a SMC
core can be easily mass-manufactured using powder sintering.

Keywords: inset permanent magnet synchronous motor; soft magnetic composite; silicon
steel; micromotor

1. Introduction

The permanent magnet synchronous motor (PMSM) has inherent advantages of having high
efficiency and a high torque density compared to other industrial motors. The inset PMSM is superior
in performance to the surface-mounted type as it has a strong rotor structure, low eddy current loss,
and wide flux-weakening capability [1-3]. The inset PMSM is currently used in electric vehicles [4],
wind power generation [5], and flywheel energy storage systems [6]. However, the inset PMSM is
mainly utilized for medium to large size applications rather than small size ones due to the difficulty of
manufacturing it. Hwang et al. [7] made the smallest inset motor with an external diameter of 78 mm
and a length of 50 mm. The rotor had a particular slot shape design for magnet retention and ease
of assembly.

Buttgenbach [8] reviewed the latest development of electromagnetic micromotors with
breakthroughs in lithography, electroplating, and other micromachining technologies to expand
new possibilities in microfluidics, micropositioning, and microrobots. One of the major technological
challenges is to improve the magnetic properties of electroplated soft magnetic materials. Pang and
Lai[9] developed a 1 mm diameter micromotor and its stator was made with a nickel-cobalt electroplated
shell and flexible print circuit coils. The motor performance was limited by the nickel-cobalt shell with
a saturation flux density of 0.5 T and a relative permeability of 600.
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Soft magnetic composite (SMC) material was first used as a motor core in 1995 [10] and has
unique three-dimensional (3D) isotropic magnetic properties and low eddy current loss [11]. Hoganés
offers commercial SMC Somaloy products for different performance levels and applications [12,13].
For example, the Somaloy 1000 3P provides the best mechanical strength and permeability with a
saturation flux density of 1.42 T and a maximum relative permeability of 950. SMCs are widely
used in various motor types, such as PMSMs [14], brushless DC motors [15], reluctance motors [16],
and induction motors [17]. Kim [18] confirmed the superior performance of an axial-flux PMSM core
material using SMC over silicon steel at a high-speed region. Furthermore, the SMC motors made by
powder metallurgy are suitable for 3D integrated structures without assembly and meet competitive
price in mass production [19-22]. In 2019, Wang et al. [23] made the smallest SMC BLDC PM motor,
with an external diameter of 40.6 mm and a length of 32.5 mm, for small aircraft electric motors.

The inset PMSM provides excellent performance and is a great candidate for micromotors, but its
development is currently limited due to the difficulty of micromachining. The SMC material provides
better magnetic properties than the electroplating nickel alloy used in micromotors. The powder
sintered SMC material offers a net-shaping stator and rotor for ease of microfabrication. In this paper,
a micro inset PMSM design is proposed for higher torque density and lower torque ripple. The inset
PMSMs were made using two different core materials: electrical steel and SMC. The performances of
both motors were experimentally tested to demonstrate the feasibility of their miniaturization.

2. Inset Permanent Magnet Synchronous Motors Design and Analysis

2.1. Inset Permanent Magnet Synchronous Motors Design

The micro inset motor was designed with a six-slot stator and a four-pole rotor. The stator had an
external diameter of 15 mm, an internal diameter of 8.2 mm, and stack length of 5 mm. The rotor had
an external diameter of 7.4 mm, root diameter 5.4 mm and an internal diameter of 2 mm. The tile-type
permanent magnets were made of sintered NdFeB, grade N48H (Teslar Technology Co., Ltd., Taichung,
Taiwan) with radial magnetization. The thickness of the permanent magnet was limited to 1 mm by
the manufacturer. Each winding coil had a total of 60 turns and resistance of 2.65 (). Table 1 lists the
design specifications of the inset permanent magnet synchronous motor. Figure 1 shows the exploded
view and assembly drawing of the inset motor.

Table 1. Design specifications of the inset permanent magnet synchronous motor.

Mechanical Specifications

Slots 6 Poles 4

External diameter 15 mm External diameter 7.4 mm

Stator Internal diameter 8.2 mm Rotor Internal diameter 2 mm

Stack length 5mm PM thickness 1 mm
Air gap length 0.4 mm Interpole iron width 1.6 mm

Electrical Specifications
Phase 3 Step angle 60°
Number of turns of coil 60 turns Diameter of coil 0.162 mm

Maximum current 1A Resistance of coil 2.650
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Figure 1. Exploded view and assembly drawing of the inset permanent magnet synchronous motor.

To demonstrate the feasibility of powder sintering the SMC material, the micro inset motors
were developed using two different soft magnetic materials: a silicon steel sheet (35CS300)
(China Steel Corporation, Kaohsiung, Taiwan) and Somaloy 700 1P (Hégnds AB, Bruksgatan, Sweden).
The magnetization curves of both materials are shown in Figure 2.
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Figure 2. Magnetization curves of silicon steel (35CS300) and Somaloy 700 1P.

2.2. Rotor Design of the Inset Permanent Magnet Synchronous Motor

The design parameters of the inset motor were fixed for this study, allowing variation only in the
interpole iron width of the rotor. Figure 3 shows an illustration of the inset magnet rotor. There was
no air gap between the interpole iron and the permanent magnet. The surface-mounted motor was a
special case where the interpole iron width was set to zero.
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Figure 3. Illustration of the inset magnet rotor.

The 2D electromagnetic analysis of inset motors was determined using JMAG finite element
analysis software developed by the JSOL Corporation, Tokyo, Japan. Various motor designs were
evaluated with the interpole iron width ranging from 0 mm to 2 mm. The analytical models assumed
that the motors were made of silicon steel (35CS300) and driven by the single-phase square wave
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current of 1 A at a rotational speed of 1000 RPM under a no-load condition. The final motor design
was chosen based on its high torque density and low torque ripple.
Torque ripple (Tyjppie) was defined as

_ Tonax = Toin o 1000y, 1)

T
Tzwg

ripple

where Tinax, Tiyin, and Tppg are the maximum, minimum, and average torques, respectively.

Torque density (Ty) was defined as

T, = @
°7 Vol

where Vol is the volume of the magnet.

The preliminary analysis of the motor designs was assessed with interpole iron widths of 0, 0.5,
1, 1.5, and 2 mm, as shown in Figure 4. The torque characteristics and volume of the magnet were
obtained as shown in Table 2. The best design can be found in the interpole iron widths between 1 mm
and 2 mm.

Figure 4. Motor designs with various interpole iron widths.

Table 2. Motor characteristics with interpole iron widths of 0, 0.5, 1, 1.5, and 2 mm.

d (mm) Tavg (mN-m) Trippte (%) Vol (mm?3) T, (mN-m/mm?)
0 3.608 90.33 25.53 0.141
0.5 3.503 82.73 23.02 0.152
1 3.316 68.00 20.51 0.162
1.5 3.065 70.43 17.96 0.171
2 2.763 98.30 15.36 0.180

To find the final motor design, further analysis was conducted with interpole iron widths changing
from 1.1 mm to 1.9 mm in increments of 0.1 mm. The motor characteristics were calculated as shown
in Table 3. The final design was selected with an interpole iron width of 1.6 mm. The motor had an
average torque of 3.008 mN-m, a torque ripple of 74.77%, and a torque density of 0.172 mN-m/mm?3.

Table 3. Motor characteristics with interpole iron widths between 1.1 mm and 1.9 mm.

d (mm) Tapg (mN-m) Trippte (%) Vol (mm?) T, (mN-m/mm?3)
1.1 3.270 62.96 20.00 0.164
1.2 3.222 62.70 19.49 0.165
1.3 3.172 64.68 18.98 0.167
14 3.119 67.25 18.47 0.169
15 3.065 70.43 17.96 0.171
1.6 3.008 74.77 17.44 0.172
1.7 2.950 80.40 16.92 0.174
1.8 2.889 87.73 16.40 0.176

1.9 2.827 93.87 15.88 0.178
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2.3. Electromagnetic Analysis of Inset Permanent Magnet Synchronous Motor

The performances of the inset motors were analyzed using both silicon steel 35CS300 and Somaloy
700 1P materials for comparison. The output torque was calculated at a single-phase square wave
current input of 1 A at rotational speed of 1000 RPM under a no-load condition. Figure 5 shows the
torque-angle curves of the silicon steel and SMC motors. The silicon steel motor had an average torque
of 3.01 mN-m and torque ripple of 74.8%. The SMC motor had an average torque of 2.73 mN-m and
torque ripple of 64.4%. The BEMF was computed at a rotational speed of 9000 RPM. Figure 6a,b shows
the BEMF-angle curves for the two motors. The BEMF of the silicon steel and SMC motors is 3.77 V
and 3.34 V, respectively. The motor characteristics are summarized in Table 4.

35CS300

Somaloy 700 1P

Torque (mN-m)
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Angle (Degree)

Figure 5. Torque-angle curves of 35CS300 and Somaloy 700 1P motors at an input current of 1 A.
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Figure 6. BEMF-angle curves of (a) 35CS300 and (b) Somaloy 700 1P motors at a rotational speed of

9000 RPM.
Table 4. Theoretical properties of 35CS300 and Somaloy 700 1P motors.
Motor Type and Model Tavg (mN-m) Trippte (%) BEMEF (V)
35CS300 3.008 74.77 3.766
Somaloy 700 1P 2.731 64.39 3.335
Difference 9.2% 13.9% 11.4%

The performance of the SMC motor was poorer than that of the silicon steel motor because of
its lower saturation magnetic flux density and permeability. The maximum torque of the silicon
steel motor occurred at a 94° angle and the magnetic flux density distribution is shown in Figure 7a.
Magnetic saturation occurred at the tooth and yoke of the stator since the maximum flux density of
1.72 T was higher than the saturation magnetic flux density of 1.63 T for 35CS300. The maximum torque
of the SMC motor occurred at an 86° angle and the magnetic flux density distribution is shown in
Figure 7b. There was also magnetic saturation in this case because the maximum flux density of 1.75 T
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was higher than the saturation magnetic flux density of 1.31 T for Somaloy 700 1P. If the geometries of
the stator are redesigned, the magnetic saturation problem in the motors will be resolved.
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Figure 7. Magnetic flux density distributions of (a) 35CS300 and (b) Somaloy 700 1P motors at
maximum torques.

2.4. Improved Designs of Inset Permanent Magnet Synchronous Motors

The magnetic saturation problem of two motors can be solved by increasing the cross-sectional
areas and chamfers in the yoke and tooth. The performance of the SMC motor was further enhanced
by changing the soft magnet material to Somaloy 1000 3P. The stator of the silicon steel motor was
redesigned with an external diameter of 15.5 mm, a yoke width of 1.3 mm, and a tooth width of 2.5 mm.
The maximum torque of the silicon steel motor occurred at a 97° angle and the magnetic flux density
distribution is shown in Figure 8a. The stator of the SMC motor was redesigned with an external
diameter of 15.5 mm, a yoke width of 1.4 mm, and a tooth width of 2.7 mm. The maximum torque of
the SMC motor occurred at a 97° angle and the magnetic flux density distribution is shown in Figure 8b.
The motor characteristics of the improved designs are summarized in Table 5. The average torque,
torque ripple, and BEMF all increased without magnetic saturation. However, the final designs of
the two motors are unchanged and the same as shown in Table 1, to demonstrate the performance
difference of the two soft magnet materials.
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Figure 8. Magnetic flux density distributions of (a) 35CS300 and (b) Somaloy 1000 3P in improved
motor designs at maximum torques.

Table 5. Theoretical properties of 35CS300 and Somaloy 1000 3P motors.

Motor Type and Model Tyypg (mN-m) Tippte (%) BEMF (V)

35CS300 3.072 97.33 3.896
Somaloy 1000 3P 2977 95.77 3.770
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3. Fabrication and Assembly of Inset Permanent Magnet Synchronous Motors

3.1. Fabrication of Motor Stator and Rotor

The two micro inset motors were made from different soft magnetic materials—silicon steel
(35CS300) and Somaloy 700 1P. The silicon steel sheets were cut by wire electrical discharge machining
(WEDM) and stacked together to form the laminated cores of the stator and rotor as shown in Figure 9a.
The SMC cores were first sintered and heat-treated, and then machined by WEDM to obtain the final
shapes of the stator and rotor as shown in Figure 9b.
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Rotor
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Figure 9. Stator and rotor cores made of (a) 35CS300 and (b) Somaloy 700 1P.

3.2. Motor Assembly

Before assembly, the dimensions of the motor parts had to be checked to ensure that they met
design specifications. The precision and concentricity of the axial shaft, stator, and rotor are critical to
reduce motor vibration. The stator slot was insulated with tape before the coils were wound manually.
The motor was assembled with an end frame, bearing, stator core, axial shaft, and rotor, and a bearing
and frame on the other side. Pictures of the mechanical parts and assembled motors are shown in
Figures 10 and 11.
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Figure 10. Mechanical parts of (a) 35CS300 and (b) Somaloy 700 1P motors.
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Figure 11. Assembled motors made of (a) 35CS300 and (b) Somaloy 700 1P.

4. Properties Testing of Inset Permanent Magnet Synchronous Motors

4.1. Motor Speed Testing

The speed of the motors was measured using the square wave current drive and the voltage and
current signals of the winding coil were measured at various excitation frequencies. At a rated current
of 1 A, the maximum rotational speed of the motor was 9000 RPM at an excitation frequency of 300 Hz.
The voltage and current signals of the motors made of silicon steel (35CS300) and Somaloy 700 1P cores
are shown in Figure 12a,b.
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Figure 12. Voltage and current signals of (a) 35CS300 and (b) Somaloy 700 1P motors at a rotational
speed of 9000 RPM.

4.2. Motor Torque Testing

The experimental torque was measured by hanging standard test weights on the external diameter
of the rotor at every 10° interval from 0° to 60°. The torque-current curves were tested at currents
from 0.5 A to 1 A in increments of 0.1 A. The motor friction torque was estimated to be 0.08 mN-m
using a minimum starting current of 0.035 A and then used to calculate actual output torques. Ata
rated current of 1 A, the average torques for the silicon steel and SMC motors were 2.55 mN-m and
2.35 mN-m, respectively, after friction compensation. The torque constants (Kt) were 2.59 mN-m/A
and 2.37 mN-m/A, respectively. The theoretical and experimental Kt of the two motors are compared
in Table 6. Lastly, the theoretical and experimental torque-current curves are plotted as shown in
Figure 13. The errors between the theoretical and experimental K of the silicon steel and SMC motors
were —13.1% and —12.5%, respectively. The experimental Kt of the SMC motor was 8.5% less than that
of the silicon steel motor.
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Table 6. Comparison of torque constants (Kr) of 35CS300 and Somaloy 700 1P motors.

Kt (mN-m/A) 35CS300 Motor SMC Motor Difference
Theory 2.98 2.71 9.06%
Experiment 2.59 2.37 8.49%
Error -13.1% -12.5% N/A

35CS300 theory

Somaloy 700 theory

= @ = 35CS300 Exp

Torque (mN-m)

»

~ 4 = Somaloy 700 Exp

0.5 0.6 0.7 0.8 0.9 1
Current (A)

Figure 13. Torque-current curves of 35CS300 and Somaloy 700 1P motors.
4.3. Motor BEMF Testing

The experimental BEMF was tested using a micro-dynamometer (HSY. Co., Ltd., Taichung, Taiwan)
at every 2000 RPM interval from 1000 to 9000 RPM. At a rotational speed of 9000 RPM, the BEMF
for the silicon steel and SMC motors was 3.24 V and 2.96 V, respectively. The BEMF constants (Ky)
were 3.50 mV/(rad/s) and 3.08 mV/(rad/s), respectively. The theoretical and experimental Ky of the
two motors are compared in Table 7 and voltage-speed curves are plotted as shown in Figure 14.
The error between the theoretical and experimental Ky of the silicon steel and SMC motors was —12.7%

and —13.7%, respectively. The experimental Ky of SMC motor was 12.0% less than that of silicon
steel motor.

Table 7. Comparison of BEMF constants (Ky) of 35CS300 and Somaloy 700 1P motors.

Ky (mV/(rad/s)) 35CS300 Motor SMC Motor Difference
Theory 4.01 3.57 11.0%
Experiment 3.50 3.08 12.0%
Error —12.7% —13.7% N/A

>y

35CS300 theory

Somaloy 700 theory
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1
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1

1
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Figure 14. Voltage-speed curves of 35CS300 and Somaloy 700 1P motors.
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4.4. Discussion

The experimental performance of the micro inset motor using Somaloy 700 1P was worse than
that of silicon steel (35CS300). Its torque constant (K1) and BEMF constant (Ky) were 8.5% and
12.0% lower, respectively. There were two reasons for this: the saturation magnetic flux density and
magnetic permeability of the Somaloy material were inferior, and there was magnetic saturation
occurring at the stator yoke and tooth. However, the powder sintered SMC material allows for
mass-production and near-net-shape manufacturing without assembly, which saves time and reduces
the cost of micromotors. This study demonstrated the feasibility of the inset SMC micromotor, which
can achieve the performance of a commercial BLDC motor such as Faulhaber 1509T006B. The inset
motor can be further improved by motor design optimization based on Somaloy 1000 3P and SMC
magnetic property advancement in the future.

5. Conclusions

In this study, a six-slot stator and a four-pole micro inset permanent magnet motor was developed
with an external diameter of 15 mm and a length of 5 mm. The miniaturization of the motor is currently
limited by a 1 mm thick rare earth tile-type permanent magnet. The inset motors were fabricated and
tested using two different core materials, silicon steel and soft magnetic composite (SMC). Although the
motor performance using silicon steel was better, the SMC core can be easily made without lamination,
which is particularly suitable for micromotors. At an input square wave current of 1 A, two motors
achieved a stall torque over 2.35 mN-m and a maximum speed of 9000 RPM. Experimental testing
found that both motors meet the specifications of commercial motors used for small robots, portable
hand-held power tools, micro pumps, and surveillance camera systems.
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