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Design and Verification of 150-krpm PMSM
Based on Experiment Results of Prototype
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Abstract—This paper proposes the design process of a
2.62-kW 150-krpm high-speed surface-mounted permanent-
magnet synchronous motor. To meet the required specifi-
cations, the numbers of poles and slots were determined
by considering the maximum speed and the rotary stabil-
ity affected by the vibration of the rotor. In addition, this
paper describes not only the appropriate material selection
method but also the appropriate geometry design method
based on analytic approaches. Furthermore, to precisely
evaluate the bearing and windage losses at a high speed,
a method that combines the finite-element method and
the experiment results of the prototype was used. As a
result, an improved motor was designed, which had higher
maximum power and speed than the prototype and a lower
mass moment of inertia. Finally, tests were conducted to
verify the validity of the proposed design process and the
effectiveness of the motor.

Index Terms—Copper loss, eddy current loss, high-
speed machine, iron loss, mechanical loss, surface-
mounted permanent-magnet synchronous motor (SPMSM),
vibration.

I. INTRODUCTION

HE RISING demand for high-speed machines in various

industry applications, such as direct-drive generators, air
blowers, and machining spindles, has led to intensive research
on the design method for such machines. Using high-speed
motors instead of geared standard motors increases system
reliability and offers the opportunity to reduce cost. The main
benefits of gearless directly coupled high-speed machines are
the elimination of the gear costs and the prevention of oil leak-
age and maintenance and gear losses. Noise can also be signifi-
cantly reduced as there is no need for an additional transmission
system. While high-speed machines achieve high power from
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their high rotational speed and small torque, small and compact
motors allow for new integrated system construction [1].

For the aforementioned applications, permanent magnet
(PM) machines are recognized as favorites due to their high
power densities and relatively simple configurations [2]. In
addition, their rotor losses are very small, which enhances their
efficiency because of their nonelectric excitation [1]. The avail-
ability of high-specification materials and the improvement of
power electronic converters and manufacturing technologies
have further strengthened the concept of high-speed electric
motors. However, the motors’ high-speed operation and mini-
mized volume have led to electrical and mechanical constraints,
which have become main issues that the machine designer
needs to address. These constraints affect the choice of mate-
rials used in rotors, as well as the appropriate geometry design
such as the length and diameter [3].

Few academic papers discuss the design process of PM
motors with speeds of up to around 150 krpm, considering the
rotor vibration and the volume minimization. Gerada et al. [4]
and Bumby et al. [5] discuss high-speed motors, but the power
density of such motors is relatively smaller than that of PM ma-
chines because such motors are induction machines (IMs). The
authors of [6]-[11] show the design process for a high-speed
PM motor and its diverse applications: as a compressor, pump,
machine tool, etc. In such works, however, the magnetic force
distributions at the air gap and the vibration of the rotor
are not considered when determining the pole—slot number
combination.

This paper discusses PM machines, which have potential
automotive applications, such as in the air blower cooling of
fuel cells to enhance the overall performance and efficiency of
the system [3], [4]. To begin with, the performance and losses
of the existing surface-mounted permanent-magnet synchro-
nous motor (SPMSM), i.e., the prototype, were analyzed
through experiments to come up with plans to improve it. Based
on the analysis, an improved model was designed to meet the
required specifications.

This paper focuses on the essential characteristics and design
methods of a motor, which should be considered when design-
ing a high-speed motor with a maximum speed of 150 krpm.
The details of these processes are discussed in the following.
The first step is the consideration of vibration for ensuring me-
chanical stability. By determining the pole—slot number, con-
sidering vibration characteristics through the appropriate use of
finite-element method (FEM) and analytical methods, the me-
chanical stability of the system can be ensured. The second is
selecting appropriate materials and designing a magnetic circuit
for minimizing iron loss. The iron loss has particularly signif-
icant effects on target performance during high-speed driving.
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Thus, this paper examines not only the grade of a PM but also
the appropriate material selection and dimension determination
for minimizing iron loss to fulfill the required specifications.
The final step is accurately estimating design parameters such
as flux linkage, inductance, and losses by using the appropriate
FEM and analytical method based on the previously established
materials and shapes. The copper loss was calculated using the
analytical method, considering the end coils and the operat-
ing temperature. The eddy current loss was evaluated using
3-D FEM, and the mechanical loss was determined via a no-
load test of the prototype. Three-dimensional mapping of some
parameters was performed, considering an armature current of
0-120 A and a current phase angle of 0°-90°, and the results
were applied for analyzing the characteristics of the motor. The
iron loss, flux linkage, and inductance were calculated consid-
ering the operating points of the PM affected by the armature
reaction and were mapped three-dimensionally according to the
load conditions. For the 3-D FEM analysis performed in this
paper, Maxwell 3-D was used, and for the 2-D FEM analysis,
in-house codes were developed. The mesh size was divided
into 0.2-mm elements at the air gap, thereby dividing the entire
model into 17000 elements.

As a result of the design, the power and speed of the motor
were increased, and the volume was decreased by selecting ap-
propriate materials and optimizing the core shape, stack length,
number of turns per phase, etc. The validity of the design
process for the proposed motor and its effectiveness were
verified through load tests.

Il. ANALYSIS OF PROTOTYPE AND
DESIGN SPECIFICATIONS

The back electromotive force (BEMF) of the prototype,
which an automotive company developed, at a 10 000 rpm rota-
tional speed is approximately 1.31 V. To analyze the losses
and performance of the motor, a no-load test and a load test
were conducted. In particular, the mechanical loss data of the
prototype can be used to design an improved machine, and the
performance of the prototype will be helpful in the formulation
of the design plan.

The mechanical loss of the prototype, including its bearing
and windage losses, was determined via a no-load test. This
is because the mechanical loss of high-speed machines is very
difficult and time consuming to evaluate exactly via analyti-
cal method and FEM. For the no-load torque test, Yokogawa
WT3000 was used as the power analyzer. A dummy mass was
used instead of a blower, and the air outlet in front of the
dummy was closed to create a complete no-load condition. It
can then be assumed that the torque was zero under the steady-
state operation. Thus, the input power as the multiplication of
the input current and the voltage indicated a total no-load loss
because it involved mechanical loss and a no-load iron loss. In
other words, the mechanical loss was calculated by subtracting
the iron loss from the input power [11]. In the process, the cop-
per loss was neglected because the square of the input current
was extremely small, and the iron loss was determined via
FEM. The calculated mechanical loss was finally used to design
an improved model, as discussed in Section VI.

Fig. 1. Experimental setup for the load test.
TABLE |
SPECIFICATIONS OF PROTOTYPE
Quantity Unit Prototype Requirement
Supply voltage Vpe 48
Current limit Arms 120
Power kW 2.02 2.62
Rated torque Nm 0.21 0.25
Rated speed rpm 92,500 100,000
Max. speed rpm 92,500 150,000
Outer diameter mm 80 <80
Stack length mm 20 <15

The specifications of the prototype were determined from
the load test. The experiment setup for the test is shown in
Fig. 1. The test was conducted by controlling the speed of the
prototype and the torque of the load. The test results and the
requirement specifications are shown in Table I. Given such
specifications, the BEMF of the prototype was too large to
reach a high speed level because the voltage was saturated at
around 90000 rpm due to the BEMF. Therefore, one of the
critical design objectives is the determination of the appropri-
ate magnitude of the BEMF to reach the rated power under
120 A;ys and to achieve 150 krpm under 48 Vpc.

In addition, to achieve a high response speed, the volume of
the rotor must be reduced to minimize the moment of inertia.
This is because the moment of inertia is directly related to the
response speed. The rotary stability of the machine can also
be improved by reducing the axial length. Thus, the design for
minimizing the stack length and diameter of the rotor is critical
for a high-speed machine system.

Ill. POLE-SLOT NUMBER COMBINATION

The voltage and current frequencies in an inverter must be
increased to make them proportional to the number of poles p
so as to realize high-speed operation. However, a rising signal
frequency is onerous to the inverter. The number of poles is
limited by the maximum speed of the machine and by the
capability of the inverter. Thus, in this paper, p was fixed at 2 to
minimize the burden on the inverter. To determine the pole—slot
number combination, the magnetic radial force distributions
of the 2 pole-3 slot and 2 pole—6 slot motors were analyzed
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Fig. 2. Comparison of the 2 pole-3 slot and 2 pole—6 slot motors.

(a) Radial force distribution. (b) Space harmonics of the radial forces.
(c) Vibration of the rotor and shaft.

using the Maxwell stress tensor, as shown in (1) [12]. This is
because the force distribution determines the vibration mode of
the machine and affects the rotary stability [13], [14]. In (1),
P, is the radial magnetic pressure, B,,, and B,,, are the
magnetic flux densities excited by the stator harmonics v and
the rotor harmonics pu, respectively, and po is the magnetic
permeability of the free space

Bmu : Bmp,

P =
mr 2/-110

(N/m?). (1)

Examples of the radial force distribution in the air gap and of
the harmonic components of such forces are shown in Fig. 2(a)
and (b). The rotor contributes the 2nd, 6th, 10th, etc., harmonic
components because the components excited by the rotor pole
are (1 & 2k)N, (Np: pole number, and k = 0,1,2...). Due to
the slots and the teeth, the permeance in the air gap is also peri-
odic in space. Thus, the harmonic orders due to the slot are i N
(Ny: slot number, and ¢ = 1,2, 3,...). In addition, the differ-
ence between the harmonic components of the pole and the slot
also results in the other harmonic components. In the case of
the 2 pole—6 slot motor, the 4th, 6th, 8th ... harmonic compo-
nents are produced because of the interaction between the flux
densities of the rotor and stator in the air gap. Therefore, the
2 pole—6 slot motor has no odd harmonic component. On the

other hand, the difference between the harmonic components
of the pole and the slot in the 2 pole—3 slot motor can produce
odd harmonic components. In particular, the 1st harmonic com-
ponent is produced because the slot and the pole numbers differ
by 1, which causes the unbalanced force [12]. In summary, as
shown in Fig. 2(c), which shows the shaft from the axial direc-
tion, the geometrical center of the shaft deviates from the rota-
tional center, and consequently, as the shaft rotates, a Mode 1
vibration that vibrates in the radial direction occurs. It has a
major negative effect on the vibration characteristics and the
rotary stability. On the other hand, the 2 pole—6 slot motor has a
symmetrically balanced force distribution. Thus, the vibration
level of the shaft is relatively low. Finally, the rotary stability
and the vibration characteristics of the 2 pole—6 slot motor are
generally much better than those of the 2 pole-3 slot motor.
Therefore, the 2 pole—6 slot combination is suitable for a high-
speed electric motor because it secures the stability of the
system.

IV. MATERIAL SELECTION

At a high speed, the performance of the PM machine can
be seriously limited by the iron losses [15], [16]. Thus, the
iron losses under the load conditions should be minimized and
considered. For the stator core, 20PNF1500 0.2-mm-ultrathin
nonoriented Si—Fe electrical steel for high-frequency applica-
tion was considered because it has lower iron loss than the
conventional electrical steel. The iron loss of the material at 1 T
and 400 Hz was about 30% lower than the loss of S08. The mag-
netizing flux density of the material at a 5000-A/m magnetiz-
ing force was 1.67 T.

A retaining sleeve is needed to prevent the surface-mounted
PM from scattering, but an eddy current loss occurs in it. Thus,
a nonmagnetic material must be used to minimize the loss, and
high yield strength is required at a high temperature. As such,
for the retaining sleeve, a precipitation-hardenable nickel-based
alloy designed to display exceptionally high yield, tensile, and
creep rupture properties at up to 704 °C temperatures was
selected [17].

In SPMSM, the thickness of the PM affects the diameter of
the rotor and the response speed of the machine. Therefore, a
PM with high residual induction must be used to minimize its
thickness. Moreover, irreversible demagnetization under a full-
load condition should be avoided. As such, a Nd—Fe—B magnet
with a high coercive force was used. Its residual induction was
1.22-1.26 T, its coercive force was 860-907 kA/m, its intrinsic
coercive force was over 2,388 kA/m, and its maximum energy
product was 287-303 kJ/m?.

V. GEOMETRIC DESIGN
A. Thickness of PM

The thickness of the PM was the sole geometric design
parameter of the rotor because the two-pole ring-type PM
was used, and the thickness of the retaining sleeve in the
rotor was determined experimentally based on the rotor sleeve
of the prototype. The thickness of the PM was determined
analytically by considering the irreversible demagnetization.
The demagnetization must be considered for high-speed
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Fig. 3. Magnetic circuit and equipotential line of the simplified stator
model.

machines because such machines have generally large electric

loads. Equation (2) for the PM thickness [p,s to prevent irre-

versible demagnetization is shown as follows [8], [18]:
m 4 \2-1-Npp-ky

Ipy > 2. 2
P pn'Hc

25 ©))

In this equation, m is the phase number, N, and p,, are the
numbers of turns and pole pairs, respectively, k., and H,. are the
winding factor and the coercive force of the PM, respectively,
I is the maximum rms current, and [pjs is 5 mm. The input
maximum current in the equation is about 150% of the actual
input limit current because the safety factor should be secured
considering the excess current.

B. Widths of Teeth and Yoke

The widths of the teeth and the yoke in the stator were de-
termined analytically to minimize the total magnetic resistance
of the machine. Equation (3) is proposed for the calculation of
the total magnetic resistance 12, of the simplified stator model.
As seen from the equipotential line in Fig. 3, the flux through
the tooth of the center is divided into two sides at the yoke,
and the divided flux is passed along with the flux from the
next tooth to the teeth on the opposite side. There are numerous
fluxes with these paths flowing through the core, and an average
flux path must be determined to obtain the average magnetic
resistance. Therefore, assuming that the middle line of the path
is the average flux path, it can be represented with the black
arrows in Fig. 3. When this path is used as the circuit to find the
resistance, the following (3)—(5) are obtained:

2
. 2Rtooth + RtoothRyoke

R, =2 R 3
" 3}ztooth + Ryoke * yoke ( )
where
D Dy, — 2Dy -(D D
Rtooth = y'i_—h’ Ryoke - T ( - ki h) (4)
SM'l"Lst N'Lst(Dh_Dy)

2 |2 ? 4
Dy=sn-z-—+\/|=-sn-z) + D2——-sn-(x - D;—AS).
™ U ™
)

In the preceding equation, D}, and Dy are the outer and inner
diameters of the stator, respectively, D, is the inner diameter

1200

Fig. 4. Total reluctance R, of the 2 pole—6 slot motor.

Stator core

Retaining
sleeve

Permanent
magnet

Fig. 6. Average coil span A and average height B of the end coil.

of the stator yoke, Lgx is the stack length of the core, sn is
the number of slots, and x is half of the tooth width. D, can
be determined based on the rotor diameter and length of the
air gap, and D, is calculated using (5), considering the slot
area AS determined from the current density and the number of
turns. The calculated magnetic resistance that varied with the x
and D, of the 2 pole—6 slot motor is shown in Fig. 4. Finally, x
and D, should be determined by finding the minimum point of
the total reluctance R,,, of the motor. Fig. 5 shows the resulting
configuration of the designed motor.

VI. LOSS EVALUATION
A. Copper Loss

In high-speed machines, the skin effect occurs in the wire due
to the high-frequency ac current. Thus, the wire should be thin
enough to avoid the skin effect. In other words, the diameter of
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the copper wire should be smaller than the skin depth. Equation
(6) for the skin depth is

1
0= 4| —F/——
[ opro

where ¢ and f are the skin depth and the frequency, respectively
[19], o and p, are the permeability of the free space and the
relative magnetic permeability of the conductor, respectively,
and o is the conductivity of the conductor. At the maximum
speed, f is 2.5 kHz, and the conductivity of copper is 5.80 x
107 1/ohm - m.

The diameter of the wire was determined, and the copper loss
was calculated analytically, considering the end coils. It was as-
sumed that the slot was uniformly filled with coils. In the model
with a concentrated winding, A was the average coil span, and
B was the assumed average height of the end coils, as shown
in Fig. 6. Thus, (7) for calculating the phase resistance R, is

(6)

2 (Lyk+ A+2B) - N,
mer?

[1+a- (T —20°C)]
(7

where Ly and N, are the stack length and the number of
turns in series per phase, respectively, r is the radius of the coil,
T is the operating temperature in degrees Celsius, p. is the re-
sistivity of copper at 20 °C, and « is the temperature coefficient
of the resistivity.

Ry = pe-

B. Iron Loss and Eddy Current Loss

Fig. 7 shows the process of determining the iron losses. De-
pending on the magnitude and phase of the noise, the operating
point of the PM is renewed, and considering the harmonics of
the flux density, the iron loss is calculated. Here, the magni-
tude and phase of up to the 30th harmonics were considered.

The aforementioned process is described in detail as follows
[20], [21].

Step 1) Using nonlinear FEM, the flux density at each mesh
for one electrical angle period is calculated, as the
rotor is rotated under a load condition. Here, the flux
density is calculated as the normal and tangential
components.

150 krpm | 200
125 krpm 160
A =3
120 &
100 krpm 1]
" 3
-1
75k 80 ¢
rpm ' §
10 krpm | 40
o 2 :
(/r,. =
W5 — \P«“"’\
) ot
e R\
4 150 Y
,b/e «\'a\‘)
(o o)
Q)
Fig. 8. Iron loss according to the armature currents and current phase
angles.

Step 2) Using the flux density from Step 1), Fourier trans-
form is performed to find the magnitude and the
phase of the fundamental and harmonic components.
From the iron loss data for the material, the iron loss
corresponding to the frequency and the flux density
of each harmonic is calculated considering its phase.
The material information is based on the empi-
rical data.

The sum of the iron losses due to the harmonic
components at each mesh is calculated.

The iron losses of all the meshes are added to
determine the total iron loss of the machine.

Step 3)

Step 4)

Step 5)

As a result of the aforementioned process, the iron loss 3-D
map of the motor according to various armature currents of
0-150 A;ms and current phase angles of 0°-90° was obtained, as
shown in Fig. 8. The map shows that the iron loss increases in
a high-speed region when the current phase angle g is 0°. This
aspect differed, however, when 3 was close to 90°.

In addition, the total eddy current loss in the PM and the
retaining sleeve is critical in high-speed machines. This is
because the eddy current loss is proportional to the square of the
frequency [22], [23]. Thus, in this paper, the eddy current loss in
the PM and the retaining sleeve was considered using Maxwell
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3-D. Fig. 9(a) and (b) shows the vector flow and the total loss
of the eddy current in the rotor, respectively. Three-dimensional
transient analysis was conducted with the half-model of the
rotor, and it was symmetric with respect to the axial plane. The
results of the FEM show that the average iron and eddy current
losses were determined to be about 93.59 and 85.32 W under
the rated-speed full-load condition.

C. Mechanical Loss

The shaft and bearing system of the improved motor was the
same as that of the prototype. Therefore, the mechanical loss
obtained from the no-load test of the prototype, as described in
Section II, can be used to design the improved machine as it is.
This is because it can be assumed that the mechanical loss of the
high-speed machine consists mainly of the bearing and windage
losses. The test was conducted at around 90 000 rpm because
of the performance limitation of the prototype, as shown in
Fig. 10. Therefore, to estimate the mechanical loss over the
maximum speed of the prototype, the quadratic function of the
speed was interpolated as

Pmech=C1+Cz-n+03-n2 (W)

1 = 3.789 (W)
co =9.151 x 1074 (W/rpm) (8)
c3 =5.078 x 108 (W/rpm?).

In the preceding equation, Pjech 1S the mechanical loss in
watts, and n is the rotor speed in revolutions per minute. In this
equation, n cannot be zero, or Pp,ec, Will also be zero.

Flux linkage (WD)

Fig. 11. Flux linkage 1. according to the armature currents and cur-
rent phase angles.

VIlI. DESIGN RESULTS AND VERIFICATION
A. Characteristics of Designed Motor

In this paper, the equivalent circuit method considering the
iron loss was used to predict the machine performance under a
steady-state condition [23]. Thus, the voltage and torque equa-
tions based on the equivalent circuit were used. The voltage
equations are shown in (9) and (10), and the output torque is
expressed as (11). iq and ¢, are the d- and g-axis armature
currents, vq and v, are the d- and g-axis voltages, i,q and 7,4 are
the currents subtracted from the d- and g-axis currents resulting
in the iron losses from the input currents ¢4 and ¢,, respectively,
R, is the phase resistance of the armature winding, R is the
equivalent resistance of the iron loss; L4 and L, are the d- and
g-axis inductances, p is the differential operator as d/dt, 1.
is the rms flux linkage of the PM, p, is the number of pole
pairs, and w and w,, are the electrical and mechanical speeds in
radians per second

cvg| Clod Ra\ | cvoa ccly 0 ||cioq
L’q_ Ra[ioq]+<1+Rc>{qu]+p{ 0 Lquoq}
9)
| ec0 —wLg| |clog " c0
| |wLa 0 tog V3wibe

Pmec
T = pp{\/Ewez‘oq + (Ld—Lq)iodioq} _ <w_h> (11)

m

(10)

The BEMF and the cogging torque were obtained from the
nonlinear FEM. The BEMF at 10000 rpm under the no-load
condition was 1.092 V., and the cogging torque (peak to
peak) was 0.18 mNm. The d- and g-axis inductances Lq and L,
are defined as the magnitudes of the flux linkage per unit
current. In this paper, the operating point of the PM was cal-
culated considering all load conditions, and the flux linkage .
and the inductances were estimated through a nonlinear FEM
that accounted for the calculated result. The results are shown in
Figs. 11 and 12. The flux linkage and the inductances decreased
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g-axis inductance (raH)

Fig. 12. d- and g-axis inductances according to the armature currents
and current phase angles. (a) d-axis inductance. (b) g-axis inductance.

when the armature current increased due to the saturation of
the core. Furthermore, the flux linkage rapidly decreased when
the current phase angle was close to 90°, i.e., flux weakening.
Under the no-load or low-load condition, the d- and g¢-axis
inductances were similar. However, under the high-load con-
ditions, there was a discrepancy between the d- and g-axis in-
ductances even though it was an SPMSM, which was originally
a nonsalient pole machine. Therefore, the flux linkage and the
inductance maps according to the load conditions were used to
predict the performance of the designed motor.

The proportion of the losses at the rated and maximum speed
is shown in Fig. 13. The iron loss was much lower than the
mechanical loss since the core material was selected appropri-
ately. Furthermore, the electrical frequency was not very high
because the machine has only two poles. After all the previously
described losses were considered, the efficiency was found to
have been 71.6% at the rated speed of 100 krpm and 63.4% at
the maximum speed of 150 krpm.

The output torque 1" was calculated using the 4,4 and ¢, val-
ues obtained using (8) and (9), meeting the d- and g-axis voltage
and current limit requirements of the machine. In addition, the
mechanical loss per rotor speed was subtracted from the elec-
tric torque to find the exact output torque, as shown in (10).

2000 | ZZZ4 Mechanical loss
[_Tlronloss
- [ Copper loss
1500 |
=3 /
» 1000 | /
103
o
5 _
500 |
0

100000 150000
Speed (rpm)

Fig. 13. Copper, iron, and mechanical loss proportions in the designed
motor.

B. Design Verifications

The magnetic flux density distribution of the core is shown in
Fig. 14. Under the no-load condition, the average flux densities
at the stator teeth and yoke were similar as 0.96-0.97 T due to
the stator geometric design described in Section V. Under the
full-load condition, the flux density distribution was rotated on
the g-axis because of the g-axis input current. Due to the arma-
ture reaction, the average flux density at the teeth and yoke near
the g-axis rose to 1.51-1.54 T. The simulation results conclu-
sively show that the magnitude of the flux density in the stator
teeth and yoke was well balanced.

To verify the validity of the design process, the designed
model was set up, and an experiment was conducted. The spec-
ifications of the designed motor that fulfilled the requirements
are shown in Table II. The BEMF under the no-load condition
was tested at 33619.8 rpm, as shown in Fig. 15. The error
between the test result of 3.63 Vs and the FEM result of
3.67 Vims was 1.11%. The torque and power test results were
compared with those in the simulation, as shown in Fig. 16.
The motor was driven via Id = 0 control. The power reached
2.62 kW at the rated speed. Over the base speed, the reference

torque was purposely linearly decreased with the g-axis current,
as was the output power after the base speed. Fig. 17 shows
the d- and g-axis input currents according to the motor speed.
The d-axis current was consistently zero, and the g-axis current
was linearly reduced from the base speed, such as the torque.
Due to the reduced g-axis current, the voltage drop caused
by the phase resistance and inductance were decreased. Thus,
the machine could be operated over the base speed. As the
design result, the volume of the designed model decreased, and
the rated power and the maximum speed increased, as shown
in Fig. 18.

The speed characteristics of the designed motor according
to the drive conditions are compared in Fig. 19, and the drive
conditions of the motor are shown in Table III. Over the rated
speed, the torque and power were decreased. Thus, the speed
characteristics were analyzed at the rated speed. As a result, the
motor speed under Mode 1 increased faster due to the higher
torque than that under Modes 2 and 3. The time that it took to
reach 100 krpm under Drive Mode 1 was about 22.50% and
40.12% faster than under Modes 2 and 3, respectively. It was
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(Tesla)
1.3417

1.2076
1.0734
0.93923
0.80505

N 0.67088
0.53671
0.40253
0.26836
013418
1.1149e-005

(Tesla)
2.3859

21474
1.9083
1.6705
1.432

B 1.1935
H 0.95504
0.71658
0.47811

0.23364
0.0011695

Fig. 14. Magnetic flux density distribution of the core at the stator teeth
and yoke. (a) Flux density under the no-load condition. (b) Flux density
under the full-load condition.

TABLE Il
SPECIFICATIONS OF DESIGNED MOTOR

Quantity Unit Value
Supply voltage Vpe 48
Current limit Arms 120
Power kW 2.62
Torque Nm 0.25
Rated speed rpm 100,000
Max. speed rpm 150,000
Outer diameter mm 80
Stack length mm 13
Pole-slot number - 2pole- 6slot
Core material - 20PNF1500
Magnet material - Nd-Fe-B

Precipitation-hardenable

Sleeve material ) nickel-based alloy

verified that a higher motor torque and power quickly increase
the motor speed, which means that the performance of the air
blower can be improved.

Line-Line BEMF_ : 3.67 V|

5V/div
i
/ \ //\'v :'/\‘
o . G R
VARVERVIRV/

BEMF (V)

120 180 240 300 360
Electrical angle (*)

(@) (b)

0 60

33619.8 rpm
560.33 Hz

Fig. 15. BEMF at 33619.8 rpm under the no-load condition. (a) FEM
result. (b) Experiment result.
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Fig. 16. Performance of the designed model.
150 |
g-axis Current
120 |
= A Reference
2 90}
£ Actual
< ctua
e 60F
:
8 30k ¥ Reference
——Actual
0 Py WA WA Y
d-axis Current
-30 [ 'l 1 1 'l
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Fig. 17. Reference and actual d- and g-axis input currents.

In conclusion, in this paper, the validity of the proposed
design method and the performance of the proposed SPMSM
were verified through an experiment. Furthermore, the perfor-
mance of the air blow system was improved using the proposed
motor.

VIIl. CONCLUSION

In this paper, the design process for the 2.62-kW 150-krpm
high-speed SPMSM was proposed. The process of determining
the pole—slot number and the material selection method was
described to minimize the vibration and the losses. As the
results, 2 pole—6 slot was selected. In the case of the material,
ultrathin nonoriented Si—Fe electrical steel for high-frequency
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Fig. 18. Comparison of the prototype and the designed model.
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Fig. 19. Speed characteristics of the designed motor as the test re-

sults according to the operation mode.

TABLE Il
DRIVE MODES OF MOTOR

Motor torque

Drive conditions until the rated speed

Mode 1 Full torque
Mode 2 50 % torque
Mode 3 33 % torque

application was used as the core material. A precipitation-
hardenable nickel-based alloy was used as the sleeve material,
and a Nd-Fe—B magnet was used. In addition, not only the geo-
metric design process parameters such as the widths of the core
and the thickness of the PM but also the mechanical, copper,
and iron loss evaluation method were discussed, based on the
FEM, experimental, and analytical approaches. Thus, the satu-
ration level at the teeth and yoke was well balanced, and a motor
that would fulfill the requirement specifications was designed.
With this proposed method, the volume of the motor was
reduced by about 35%, and the maximum torque was increased
by about 20%. The rated power and the maximum speed were
increased by about 29.75% and 62.16%, respectively, through
the appropriate design and control. Finally, the effectiveness
of the motor was verified through an experiment.
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