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Design of Ultra-High-Speed Motor for FCEV Air
Compressor Considering Mechanical
Properties of Rotor Materials

Jae-Hyun Kim

Abstract—This paper proposes the design process of an ultra-
high-speed surface-mounted permanent magnet synchronous mo-
tor for a fuel-cell electric vehicle air compressor. Proposed design
process enables ultra-high-speed motor design while considering
mechanical stresses of the rotor materials according to the tem-
perature. In the rotor design stage, the worst temperature condi-
tion of the permanent magnet and retaining sleeve on mechanical
stress is investigated and reflected using analytical method. Rotor
dimension such as permanent magnet and retaining sleeve thick-
ness is determined considering both electromagnetic performance
and mechanical characteristics. Then, from the initially designed
model, the eddy current loss according to the shape ratio (SR) and
torque density (TD) is analytically derived using proportional equa-
tion and finite-element analysis result. Then, SR and TD to reduce
the eddy current loss and maximize the efficiency are determined
while considering the first bending critical speed. Finally, to verify
the proposed design process, the prototype is fabricated and tested.
Test results show good agreement with the finite-element analysis
results, and it is confirmed that the rotor is operated at the highest
rotational speed without mechanical failure.

Index Terms—Critical speed, eddy current loss, fuel cell electric
vehicle (FCEV), retaining sleeve, surface-mounted permanent
magnet synchronous motor (SPMSM), ultra-high-speed motor.

I. INTRODUCTION

ECENTLY, fuel cell electric vehicles (FCEV) are receiv-
R ing attention for commercialization. As a way to surpass
the laboratory level and achieve commercialization, it is neces-
sary to address the issue of high weight. To realize this, the
weight of the cell stack must be reduced. In order to make
the cell stack light, the supplied oxygen pressure and the flow
rate must be increased. As solution, a centrifugal compressor
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type using an electric motor has been proposed [1]-[3]. In this
case, as the rotational speed and output power of the motor
for air compressor increase, the weight of the FCEV can be
reduced.

Surface-mounted permanent magnet synchronous motors
(SPMSMs) with shrink-fitting retaining sleeve are widely used
for ultra-high-speed motors, due to its simple configuration [4].
However, important design considerations exist when design-
ing a SPMSM for ultra-high-speed application as follows: 1)
mechanical stress of the rotor, 2) eddy current loss of the rotor
3) critical speeds. The mechanical stress of the rotor must be
considered because of its high-speed operation which generates
high centrifugal force [5]-[9]. Also, eddy current loss of the
permanent magnet (PM) and retaining sleeve should be con-
sidered in design stage since it causes high temperature of the
rotor, which can degrade the motor performance and induce
demagnetization of PM [10]. In addition, rotor design while
considering the first bending critical speed is essential since the
rotor can mechanically fail if the operating speed range includes
the critical speed [11] and [12].

Therefore, many researches have been conducted about these
considerations. In [13], an ultra-high-speed slotless PM motor
was designed using the analytical approach in consideration of
rotor mechanical stress. Multiphysics optimization was carried
out by simultaneously considering the torque, losses, and me-
chanical stress of the rotor. However, the eddy current losses of
the PM and retaining sleeve were not considered, and the critical
speeds of the rotor was not considered. Huang and Fang studied
the multi-physics design and optimization of a high-speed PM
motor while considering the mechanical stability and rotor eddy
current loss in [14]. They determined the outer diameter of
the PM in consideration of the electromagnetic performance,
and only optimized the retaining sleeve thickness. However, the
mechanical stress of PM and airgap length is changed when the
retaining sleeve thickness is changed. Therefore, it is desirable
to optimize the PM thickness and retaining sleeve thickness
simultaneously considering electromagnetic performance and
mechanical characteristics. In [15], the design process of 2-pole
6-slot high-speed machine was proposed and verified through a
test. The design process included all the considerations of the
rotor mechanical stress, eddy current loss, and critical speeds.
However, when calculating the stress of the PM and retaining
sleeve, only the maximum operable temperature of the PM was
considered. Depending on the material of each part of the rotor,
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Fig. 1. Flow chart of ultra-high-speed SPMSM design procedure of the base
model.

it cannot be assured whether the rotor will be vulnerable at low
temperature or at high temperature.

This paper presents the design of an ultra-high-speed SPMSM
for FCEV compressor while considering the mechanical stability
and rotor eddy current loss. Since the PM and retaining sleeve
are brittle and ductile material, respectively, the mechanical
stress change according to the temperature of each material is
different. Therefore, in this paper, the temperature condition with
higher mechanical stress of each material is defined as the worst
condition. Then, the rotor is designed in consideration of both
electromagnetic performance and mechanical characteristics.
The base model is then determined by designing the stator in
consideration of the power specification and target output power,
and this process is shown in Fig. 1. Then, the eddy current loss
of the PM and retaining sleeve is analytically modeled using
the proportional formula according to the shape ratio (SR) and
torque density (TD). Considering the critical speed, improved
model, which is called sizing model, with reduced eddy current
loss was designed, and the performance was verified through a
test.

The two main contributions of this paper are as follows: First,
a rotor design process while considering mechanical stress by
reflecting the worst temperature condition of brittle material
(PM) and ductile material (retaining sleeve) is proposed. In
general, the rotor is designed by considering only the rotor
mechanical stress at high temperature condition [9] and [15].
However, the stress may be the highest at low temperature
depending on the material. Therefore, it is essential to design
the rotor in consideration of the worst temperature conditions for
each material, and its effectiveness is described in Section IV-B.
Second, a proportional formulation of the eddy current loss in
PM and retaining sleeve according to SR and TD is proposed,
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Fig. 2. (a) Configuration of the rotor. (b) Free body diagram of differential

area with axisymmetric condition.

and the eddy current loss reduction design was carried out by
utilizing this formulation. By analytically modeling the rotor
eddy loss, the eddy current loss according to the motor size
change can be calculated using only the finite element analysis
(FEA) results of the base model. By doing so, designing time
can be greatly reduced because the 3-D FEA according to the
size of the motor is unnecessary.

This paper is organized as follows. In Section II, the base
model of the ultra-high-speed SPMSM with a rotational speed
of 110 krpm and output power of 14.4 kW is designed using the
analytical method. Next, in Section III, the change in character-
istics such as current density, line to line voltage, eddy current
loss and efficiency according to the SR and TD are investigated
via a combination of formulated proportional relations and finite
element analysis (FEA), and a sizing model is derived [16].
In Section IV, fabrication of the sizing model with SR and
TD that provides the highest efficiency with a reduced eddy
current loss is detailed. A test was then conducted to verify the
proposed design procedure. Also, effectiveness of the proposed
rotor design process is verified.

II. BASE MODEL DESIGN THROUGH ANALYTICAL METHOD
A. Rotor Design

1) Determination of Mechanically Stable Design Region: In
the ultra-high-speed SPMSM, the PM can be scattered by the
centrifugal force during high speed operation. Therefore, the
PM is manufactured by shrink-fitting it into the retaining sleeve.
The mechanical stress acting on the PM and the retaining sleeve
owing to the centrifugal force and shrink-fitting can be greater
than the yield stress. Thus, it is essential to design the rotor while
considering the mechanical stress. In this section, the rotor was
designed by analytically calculating the displacement and the
stress acting on the PM and the retaining sleeve.

The structure of the rotor is shown in Fig. 2(a), consisting
of hollow shaft, ring-shaped PM, which is segmented into two
segments both axially and circumferentially to reduce eddy
current loss, and retaining sleeve. The mechanical properties
of the materials used in the rotor are listed in Table I. For PM
material, Sm2Co17 is selected since the performance such as
demagnetization characteristic at high temperature of Sm2Co17
is better than that of NdFeB PM. For retaining sleeve material,
Inconel718 is selected since it has high yield strength and tensile
strength, even at high temperatures. Also, since Inconel718 is a
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TABLE I
MECHANICAL PROPERTIES OF ROTOR MATERIALS
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TABLE III
FAILURE THEORY OF DUCTILE AND BRITTLE MATERIAL

Material SUS630 Sm2Col7 Inconel718
(Shaft) (PM) (Sleeve)
Density (kg/m®) 7750 8400 8190
Poisson’s ratio 0.27 0.27 0.294
Young’s modulus 196 151 211
(GPa)
Yield strength (MPa) 1000 42 (tensile) 1036
900 (compressive)
Dilatation coefficient 10.8 13.5
(x10°/°C)
TABLE 11

GENERAL SOLUTIONS AND BOUNDARY CONDITIONS

Item Equation
Radial displacement B 307
w, = Ap+ 2L (1)) 2L
r 8E,
Radial-direction stress _E e E B 3+v, 5,
rrl 1 1 2 or
-V, I+v, r 8
Circumferential- E E, B 1+3y, ) o

prw

. . __t
direction stress G0 1 A+

—v, 14y, P 8
Boundary conditions 0,(1)=0

Cpnt (1) = 0, (1) = py

Upppg (1) =t (75) = 15 (Crop = Cpp T = T5)
O,s5 (1) = Gpy (1) = s

U (1) =1,y (1) = 5 +15(Cpy —CHT - T)

0,5(r)=0

non-magnetic material, it does not form a leakage magnetic flux
path [4].

In order to analytically derive the stress and displacement of
the cylindrical rotor shown in Fig. 2(a), the equilibrium equation
of the differential area should be solved. Here, segmented PM
is assumed as the integral cylinder. For the differential area
in the cylindrical coordinate system with axisymmetric con-
dition, the stress on the differential area could be formulated
from the equilibrium equation which is depicted in Fig. 2(b).
The general solution of displacement, radial-direction stress,
circumferential-direction stress and boundary conditions at the
radial position r are shown in Table II. Here, A and B are
the undetermined coefficients, r is the radial position, w is the
rotational speed, u is the displacement, o is the stress, E is the
Young ‘s modulus, v is the Poisson‘s ratio, d is the interference
between PM and sleeve, T is the temperature, Ty is the ambient
temperature, and C is the dilatation coefficient. The subscripts
r and rr denote the radial direction component, 86 denotes the
circumferential direction component, and FE, PM and S denote
the shaft, PM, and retaining sleeve, respectively.

From the general solutions and boundary conditions in
Table II, undetermined coefficients A; and B; were calculated
as (1) shown at the bottom of the next page.

Here, effect of the shrink-fitting is considered by reflecting
the interference J term in the boundary condition. Then, from
the calculated undetermined coefficients A; and B;, specific
solutions of radial-direction stress and circumferential-direction

Item Equation
von-Mises theory S
n=————
(O_j —0,0p +012;)2
modified Mohr theory S
n=—% when o,>0,2>0
GA
o
0,20>0, and |-£|<I
Oy

oSSy when o,>202>0,
S, —S8,)0,-S8,0, ‘
and |25|>1

O,

n = Due
Op

when 020,20,

stress were calculated. From the calculated stress, the safety
factor which is the ratio of the strength to the actual applied
load of the PM and the retaining sleeve were calculated. When
calculating the safety factor, for a ductile material such as shaft
and retaining sleeve, the von-Mises theory was applied, and for
a brittle material such as PM, the modified Mohr theory was
applied as shown in Fig. 3 and Table III [ 17]. Here, n is the safety
factor, S, is the yield strength, 04 and o are the maximum
and minimum principal stress, respectively. S,,. and S,,; are the
compressive and tensile ultimate strength, respectively.

Since the safety factors of PM and retaining sleeve vary with
temperature, the rotor should be designed to be mechanically
safe at the worst temperature condition. However, because PM
is a brittle material and retaining sleeve is a ductile material,
the worst conditions of each material must be identified and
reflected in the rotor design. Thus, the safety factors of the
retaining sleeve and the PM were analyzed according to the
temperature to determine the worst condition of each material.
Here, the safety factor was calculated with a 15% additional
speed margin over the maximum operating speed of 110 krpm
and the interference between the PM and retaining sleeve is
0.08 mm, and the shaft inner radius and shaft thickness are
3.0 mm and 2.0 mm, respectively. These parameters were deter-
mined by considering productivity and cooling conditions. The
safety factor was obtained in the temperature range of —40 to 160
°C, which is the temperature range in which the motor should
be operated without the occurrence of failure. Fig. 4 presents
the safety factor tendency according to the temperature. For the
retaining sleeve, as the temperature decreases, the mechanically
stable region, where a safety factor is greater than 1.3, decreases.
However, for the PM, as the temperature increases, the mechan-
ically stable region decreases. Therefore, the worst conditions
of the retaining sleeve and PM are at the lowest and highest
temperatures, respectively. Under the worst condition of each
material, the mechanically stable region where the safety factor
is equal to or greater than 1.3 is presented in Fig. 5.

Then, in order to validate analytically calculated safety factor,
a structural FEA was performed using ANSYS. The analysis
was performed under the worst condition of each material as
mentioned earlier; temperature of PM and retaining sleeve were
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Fig. 3. Failure theory of ductile and brittle material. (a) Von-Mises theory.
(b) Modified Mohr theory.

160 °C and —40 °C, respectively. Fig 6 shows the safety factor
1.3 line of PM and retaining sleeve obtained by FEA and
analytical model. As can be shown in Fig. 6, analytical results
agree well with the FEA result.

2) Airgap Magnetic Flux Density: To calculate the elec-
tromagnetic characteristics according to the dimension of the
rotor, space harmonic analysis (SHA) was used [18]. SHA
is the analytical technique used to obtain the magnetic scalar
potential. Using magnetic scalar potential, the airgap magnetic
flux density is calculated according to the dimension of the rotor
with airgap length 1.4 mm, as shown in Fig. 7. Depending on
the airgap length, characteristics such as torque, overall loss and
mechanical stability have a trade-off relationship. However, in
this study, the airgap length was determined in consideration of
mechanical problem such as clearance of the air foil bearing.

3) Determination of Rotor Dimensions: The rotor dimen-
sions were determined based on the safety factor and airgap
magnetic flux density. The rotor was designed at the point of
maximum airgap magnetic flux density in mechanically stable
region as shown in Fig. 7. The resulting dimensions of the
rotor were an inner shaft radius of 3.0 mm, a shaft thickness of
2.0 mm, PM thickness of 6.3 mm, and retaining sleeve thickness
of 1.7 mm. The analytically calculated safety factors of the
retaining sleeve and PM at the worst condition were 1.31 and
1.40, respectively. The safety factor at the worst condition for
each material and the specifications of the designed rotor are
listed in Table IV.
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B. Stator Design

Based on the previously designed rotor in Section II-A, the
stator was designed. For core material of the stator, 20PNF1500
is applied, and its thickness is 0.2 mm, the iron loss per kg
is 15 W under the condition of magnetic flux density 1.0 T
and frequency of 400 Hz. Considering the space in the given
system, the stack length and the stator diameter were selected
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Fig. 7. Airgap magnetic flux density according to the rotor dimension, and
rotor design point.

TABLE IV
SPECIFICATIONS OF THE DESIGNED ROTOR

Parameter Value
Shaft inner radius (mm) 3.0
Shaft thickness (mm) 2.0
PM thickness (mm) 6.3
Retaining sleeve thickness (mm) 1.7

0.08
1.31/1.31 (analytical / FEA)
1.40/1.40 (analytical / FEA)

Interference (mm)
Safety factor of retaining sleeve
Safety factor of PM

as 44 mm and 108 mm. The current limit was determined as 42
A;ms, Which included an additional margin while considering
the instantaneous current, loss current, and sensor specifications
of the inverter. The current density limit was 7 A,me/mm? while
considering the thermal characteristics of the motor system, and
the DC link voltage was 350 Vpc. The maximum bare wire

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 36, NO. 4, DECEMBER 2021

TABLE V
REQUIREMENTS OF THE MOTOR

Parameter Value
Stator core material 20PNF1500
Pole / slot number 2/6
Stator diameter (mm) 108.0
Stack length (mm) 44.0
Current (Ams) 42.0
Current density (A,/mm?) 7.0
Maximum output power (kW) 14.4
Maximum rotational speed (krpm) 110
Maximum torque (Nm) 1.25

slot fill factor was assumed to be 40%. The requirements of the
motor are summarized in Table V. When distributed winding
is applied, there is an advantage that the eddy current loss of
PM and retaining sleeve is smaller than that of the concentrated
winding. However, the total motor size is increased because of
the end coil height. Therefore, to minimize the motor size, a
2-pole 6-slot concentrated winding was chosen.

For SPMSMs comprising a ring-type PM, there is almost no
difference between the d-axis inductance L, and g-axis induc-
tance L,. Therefore, the torque can be expressed as follows:

T=p {\/g)»micosﬁ + g(Lq — Lg)i? sin2ﬂ} ~ set 2)
here, T 'is the torque, p is the pole pair number, A, is the no-load
flux linkage, (3 is the current phase angle, i is the rms value of the
current, e is the rms value of the phase back-electromotive force
(BEMF), and w is the rotational speed. When the maximum
current within the constraints is used, which is 42 A,,s, the
BEMF for satisfying the output power is determined to be 115
Vims. Using SHA, which is explained in Section II-A, the BEMF
per 1 turn was calculated for when the stack length is 44 mm
at 110 kpm. Then, from the BEMF per 1 turn, the minimum
number of turns that satisfies the target BEMF was determined
to be 42 turns.

When using the maximum current and maximum current den-
sity within the constraints, which are 42 A,,s and 7 Apms/mm?,
respectively, the cross-sectional area of the coil is determined as
follows:

1

Acoil = (3)

jxXa
where A ,;; s the cross-sectional area of coil, j is the rms value
of the current density, and a is the number of parallel circuits.
The number of series turns per phase and the slot area have the
following relationship.

K’wb

N:—
axm X Acpil

X § X Aslot (4)

Here, N is the number of series turns per phase, K, is the bare
wire slot fill factor, m is the number of phases, s is the number
of slots, and A, is the slot area. The slot area is determined
by the number of series turns per phase, and there are several
combinations of the tooth and yoke widths under the same slot

area condition. The relationship between the magneto-motive
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Minimum

(a)

Fig. 8. Magnetic circuit and reluctance of two-pole six-slot SPMSM.
(a) Magnetic circuit. (b) Reluctance according to tooth and yoke width.

force (MMF), reluctance, and magnetic flux is as follows:

Ni=R,,® (5)

where Niis the MMEF, R, is the reluctance, and ® is the magnetic
flux. To maximize the magnetic flux at the same MMF, the
reluctance must be minimized. Therefore, the width of the tooth
and yoke were determined to minimize the reluctance. The
main magnetic flux path of the two-pole six-slot is presented in
Fig. 8(a). The reluctance of the tooth, yoke, and total reluctance
of the magnetic circuit can be expressed as follows:

ds — ds i — tyoke T ds — tyoke
Riooth = ———=—F2C " Ryoke = ————225— (6)
toot 2ﬂ0ﬂrttoothlstk vore 6 NONrtyokelstk
Riotar = 2Ryoke + 2Ri00th (N

where R0, and Ry o1 are the reluctance of the tooth and yoke,
respectively, Ryo¢q; 1S the total reluctance of the magnetic circuit,
d, is the stator outer diameter, d,_; is the stator inner diameter,
ti00th 18 the tooth width, 7,1 is the yoke width, y,.is the relative
permeability, and /4 is the stack length.

The relationship between the width of the tooth and yoke is
expressed as follows.

o ds  tiooths
troke =5 = =7
2
N <tto;):h8> + d%J + 4Aslot8 _idsfittooths

®)

Here, the tooth width and yoke width were calculated under
the constant slot area condition, and the slot area was calculated
from the maximum limit current and maximum current density
conditions. The width of the tooth and yoke were determined as
8.0 mm and 9.8 mm, respectively, such that the reluctance of the
magnetic circuit is minimized on substituting (8) into (6)—(7).
The calculated reluctance according to the yoke and tooth width
is presented in Fig. 8(b). Here, since the airgap reluctance does
not depend on the shape of the stator, and is always a constant
offset component, only the reluctance of the stator is considered.
The parameters of the base model are summarized in Table VI,
and the configuration of the base model is presented in Fig. 9.

III. SizE MODIFICATION USING ANALYTICAL APPROACH

In the previous section, the base model was designed while
considering the initial space of the system and power source
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TABLE VI
PARAMETERS OF THE DESIGNED BASE MODEL

Parameter Value
Inner shaft radius (mm) 3.0
Shaft / PM / Sleeve thickness (mm) 2.0/63/1.7
Stator outer diameter (mm) 108.0
Stack length (mm) 44.0
Tooth / Yoke width (mm) 8.0/9.8
Number of series turns per phase 42
Phase current (Ams) 42.0

Stator core

) > g

y. 4

4 etai;l\ing\\\

Q\ sleeve -
=K }iﬂé&fe

Shaft <& PM |

Fig. 9. Configuration of the base model.

specification. In this section, from the designed base model,
the characteristics of the modified model were investigated by
altering the size of the motor. In particular, the parameters and
characteristics of the motor were calculated according to the
SR and TD to determine the improved model, which is called
the sizing model, with the maximum efficiency and a reduced
eddy current loss within the constraint conditions such as the
current density and DC link voltage. In this case, as the rotor
was designed while considering mechanical stress, the cross
section of the rotor was fixed. The size of the motor can then be
represented by two independent variables: the SR and TD [16].
These variables are expressed as follows:

4Tmax
Wd% lstk

lstk
4’

SR = TD = )
where d, is the rotor diameter, and Ty, .« 1S the maximum torque.
The SR and TD can be expressed as functions of the size related
variables d,, d,, and [y, such that d, and [,y can also be
expressed as functions of SR and TD. Therefore, the parameters
and dimensions of the motor can be expressed as the independent

variables SR and TD.

A. Motor Parameters

1) Armature Turns: The number of series turns per phase was
calculated under the constant no-load BEMF condition. In order
to obtain the constant no-load BEMF, the no-load flux linkage
must be constant. Assuming that the rotor diameter and no-load
flux linkage are constant, the number of series turns per phase
of the modified model is expressed as follows.
Lstk base

Nmo ~ Nbase (10)

lstk‘_mo

Here, the subscript “base” denotes the base model, and the
subscript “mo” denotes the modified model.

2) Resistance and Inductance: On the assumption that the
fill factor is constant, the phase resistance of the modified model

Authorized licensed use limited to: Hanyang University. Downloaded on December 04,2021 at 01:13:02 UTC from IEEE Xplore. Restrictions apply.



2856 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 36, NO. 4, DECEMBER 2021

can be calculated as follows:

lcoil_monoAslot_base

1D

Ra mo ~ Ra base

B - lcoil?baserase Aslot?mo

where R, is the resistance, and /.,;; is the total length of the coil.
The d, g-axis inductance can be expressed as follows.

3 (KMN)erlstk

L o lstk_moN2
d,q_mo — —H0
m p g

mo

~ Ld,q_base—2
lstkfbaserase
12

Here, Ly, q_pase 1S the d, g-axis inductance of the initial model
and is calculated using FEA, and K, is the winding factor.

3) Losses: As ultra-high-speed motors have a large eddy
current loss in PM and retaining sleeve, this should be considered
when designing the motor. For a conducting body with thickness
¢, height A, and length /, the eddy current loss is expressed as

follows [19].
Ahl (dB\?
Weddy o8 7( ) (13)

dt
In reality, at very high frequencies, the eddy current loss is
not exactly proportional to the square of the frequency due to
the skin effect. However, in this study, since the trend of the
eddy current loss according to the shape change of the motor
was predicted analytically under the same frequency condition,
it is assumed that the difference in skin effect according to the
shape change is negligible. Then, the frequency term can be
eliminated, so the sizing equation was derived based on (13).
As the cross section of the rotor is fixed and only the axial
length is changed, the eddy current loss of the PM and retaining
sleeve is proportional to the stack length /. The magnetic flux
density can be divided into that caused by the PM field and
that caused by the armature current. The magnetic flux density
caused by the armature current is proportional to the MMF of the
armature current, and the eddy current loss of PM and retaining
sleeve of the modified model can be expressed as follows.

PM ~ PM lstkfmo
Weddy?mo ~ Weddy?PM?basel b
stk_base
2 ;2
+ WPM lStk_mONmoZmo 14
eddy_arm_basel N2 -2 ( )
stk_basetVpgselbase
Wsleeve ~ sleeve lSthnO
eddy_mo ™ eddy_PM_basel b
stk_base
lstk 1110-Nr2 i2
+ Wsleeve _ mo“mo (15)

eddy_arm_base lstk,baserZaseliase

Here, W™ 4, and W*ee ;.. indicate the eddy current loss
of PM and retaining sleeve, respectively. The eddy current
loss caused by the armature current (Wegay_arm_base) and PM
field (Weqay_pPn_base) Were calculated using the following steps
through a 3D FEA. Here, elements of the 3D FEA model was
divided in consideration of the skin depth of PM and retaining
sleeve [20]. Also, if the time step is not set small enough,
the effects of the slot harmonic cannot be properly considered.
Therefore, in consideration of the number of slots of the motor,
the time step was set small enough to properly consider the slot

3-D transient analysis
under load condition

_ Fix the permeabilities of all __

elements for each analysis step

Calculate Total eddy current loss

__ Calculate eddy current loss
caused by armature field

Transient analysis without
applying armature field

PM PM PM
pVedd\ _am Weddy - Weddy_PM

sleeve _ sleeve 7 sleeve
rVerld,\-_mvn - Weddy - Wedd\ _PM

}

Calculate eddy current loss of
the modified model using the
proportional equation

Calculate eddy current loss
caused by PM field

Fig. 10. Calculation process of rotor eddy current loss using 3D FEA and
proportional equation.

harmonics, and the analysis was performed until the eddy current
loss converged.

1) 3D transient analysis was performed under the load con-
dition, and the permeabilities of all elements for each
analysis step were obtained.

2) The permeabilities of all elements for each analysis step
were set to the value obtained from the aforementioned
load condition.

3) The transient analysis was performed without applying
armature field to obtain the eddy current loss caused by
the PM field.

4) The eddy current loss caused by the armature field was
calculated by subtracting the eddy current loss caused by
the PM field from the total eddy current loss.

This eddy current loss calculation process is shown in Fig. 10.
The eddy current loss obtained using this method was verified
through 3D FEA for the sizing model, in Section III-C.

The iron loss of the stator core was obtained using 2D FEA as
it has a large nonlinearity. Iron loss calculation process is shown
in Fig. 11, which is described in detail as follows [21].

1) Radial and tangential component of the magnetic flux
density at each mesh is calculated for one electrical angle
period by using nonlinear 2D FEA.

2) From the magnetic flux density obtainedin 1, magnitude of
the fundamental and harmonic components is calculated
by using Fourier transform.

3) From the iron loss data, the iron loss corresponding to the
frequency and magnetic flux density of each harmonic is
calculated.

4) Then, by summing iron loss of all harmonic components,
iron loss of each mesh is calculated.

5) Finally, total iron loss is calculated by summing iron loss
of each mesh, which was determined in 4.
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Fig. 11.  Iron loss calculation process.

From the aforementioned process, the iron losses according to
the SR and TD were calculated, and iron loss map was obtained
using cubic spline interpolation.

The windage loss was calculated based on [22], as follows:

4 3
Wwindage - chpairrsleevew lstk (16)

where Windage 1s the windage loss, Cq is the drag coefficient,
Pair 18 the air density, and 7geeve 1S the radius of the retaining
sleeve. As the cross section of the rotor was fixed, rgjeepe T€-
mained constant and only /4, changed. Therefore, the windage
loss of the modified model was expressed as follows:

lstk_mo

7)

VVwindage_mo ~ Wwindage_base
lstk?base

In addition, in this study, an air foil bearing was applied which
is oil-free and has a smaller size than a magnetic bearing that
requires an additional control system. In general, the loss of air
foil bearing is relatively small, so the bearing loss was neglected.

B. Constraint Considering First Bending Critical Speed

When the axial length of the rotor increases, the first bending
critical speed decreases. If the rotor rotates at the critical speed,
not only are vibration and noise generated, but a severe failure
can also occur. Therefore, the maximum rotational speed of the
motor should be designed such that it is below the first bending
critical speed.

To find the maximum stack length that does not exceed the
first bending critical speed, the frequency of the first bending
critical speed was obtained via 3D FEA for a different stack
length at rotational speed of 126.5 krpm, which includes a 15%
additional margin over the maximum operating rotational speed.
Considering a safety factor of 1.5 at 126.5 krpm, the frequency
of the first bending critical speed should be greater than 3163Hz.
Therefore, the maximum stack length was determined to be
56 mm, as shown in Fig. 12. Fig. 13 shows the Campbell diagram
and first, second, and third bending mode with a stack length of
56 mm, and it was confirmed that there is no critical speed in
the driving range.
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Fig. 13. Campbell diagram and bending mode at stack length 56 mm.
(a) Campbell diagram. (b) First, second, and third bending mode.

C. Size Determination

The sizing model was determined to have the highest effi-
ciency with a reduced eddy current loss while considering the
constraints, as shown in Fig. 14. Since there are only two vari-
ables, SR and TD, and there was a maximum efficiency design
point within the constraint conditions, the optimization theory
was not applied. Here, the current density and line to line voltage
are the constraints which should be lowered than 7 A,,o/mm?
and 247.5 Vs, respectively. Furthermore, as mentioned earlier,
the stack length should be lower than 56 mm while considering
the first bending critical speed. The design result of the sizing
model is presented in Table VII, and configuration of the base
model and sizing model are presented in Fig. 15. As shown in
Table VII, the efficiency improved 0.3%p from 95.2% to 95.5%,
and the eddy current loss decreased 17.5% from 317.0 W to
261.5 W. Also, eddy current loss calculation method is verified
that the error of eddy current loss between the analytical result
and 3D FEA result was only 0.57%.

IV. DESIGN RESULTS AND VERIFICATION
A. Experimental Results

The prototype of the designed model was fabricated and
verified via no-load and load tests. Fig. 16 presents the rotor,
stator, and assembly of the prototype, and Fig. 17 shows the
test setup. During the load test, water cooling was performed
through the axial cooling channel of the housing, and the rotor
cooling was performed by forced air-cooling through the air tube
inside the hollow shaft. First, under the 1000 rpm condition at the
ambient temperature, the no-load test was performed to measure
the BEMF. Fig. 18(a) shows the no-load BEMF obtained via the
no-load test and FEA. The error of the BEMF fundamental wave
is 4.8%, which is acceptable. Then, the performance under the
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TABLE VII
DESIGN RESULTS OF BASE MODEL AND SIZING MODEL

Sizing model

Parameter Base Analytical FEA
model
result result
Rotational speed (krpm) 110 110
Torque (Nm) 1.25 1.25
Output power (kW) 14.4 14.4
Stator diameter (mm) 108.0 96.0
Stack length (mm) 44.0 56.0
Rotor diameter (mm) 26.0
Airgap length (mm) 1.4
PM thickness (mm) 6.3
Retaining sleeve thickness (mm) 1.7
Stator core mass (kg) 1.52 1.49
Stator copper mass (kg) 1.09 0.95
PM mass (kg) 0.12 0.15
Retaining sleeve mass (kg) 0.047 0.060
Shaft mass (kg) 0.017 0.022
Tooth / Yoke width (mm) 8.0/9.8 7.0/8.6
Current density (A n/mm?) 6.73 6.76 6.82
Number of series turns per phase 42 33
PM eddy current loss (W) 61.4 51.4 51.1
Sleeve eddy current loss (W) 255.6 211.6 210.4
Stator core iron loss (W) 223.8 242.7 243.1
Copper loss (W) 148.0 132.4 131.9
Windage loss (W) 324 41.2
Efficiency (%) 95.2 95.5 95.5
Shape ratio 1.692 2.154
Torque density (KNm/m?) 3.101 3.083
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Fig. 15. 3D configuration of the base model and sizing model.

Assembly

Fig. 16.  Prototype.

Fig. 17.  Test setup.
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Fig. 18.  Test and FEA results. (a) BEMF. (b) Torque. (c) Total loss. (d) Mass

flow rate and pressure of air.

load condition such as torque and loss of the motor was measured
through the centrifugal compressor system test. Although it is
preferable to measure the torque directly in the dynamo set using
a torque sensor, it was practically difficult to prepare the torque
sensor available at high speed of 110 krpm. Thus, the torque
was indirectly estimated by the following method. First, BEMF
constant was calculated using the BEMF obtained through the
no-load test. Then, the torque constant was calculated using the
relational equation between the BEMF constant and the torque
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Fig. 19. (a) Rotor design point without considering worst condition. (b) Von-
Mises stress of retaining sleeve at 160 °C. (c) Von-Mises stress of retaining
sleeve at —40 °C.

constant. Finally, the test torque was estimated by multiplying
the input current and the torque constant. Here, the input current
was measured using an oscilloscope through the load test of the
compressor system. The total loss of the motor was obtained
by subtracting the estimated mechanical output power from the
active power measured by the power analyzer. Fig. 18(b) and
Fig. 18(c) shows the torque and total loss obtained via the load
test and FEA, respectively. Here, FEA was conducted using
the test load current. Also, to make a 3D FEA similar to the
prototype, 3D FEA model was built by modelling the additional
rotor core in the axial direction, which can make leakage flux
pass. It is shown that the relative errors between the test torque
and FEA torque are all below 4.6%, which is agreeable. The
total loss obtained from test and FEA shows a maximum error
of 12.7%. 1t is also acceptable since in the actual system, bearing
loss and additional loss due to temperature rise in coil and PM
can occur, which leads to the difference between the test loss
and FEA loss. Also, the performance of the compressor system
was confirmed by measuring the mass flow rate and pressure of
the air, as shown in Fig. 18(d). In addition, the proposed design
process was verified that the motor can be operated without
mechanical failure at the maximum speed of 110 krpm.

B. Effectiveness of the Proposed Rotor Design Process

To verify the effectiveness of the proposed rotor design pro-
cess presented in this paper, another rotor is designed without
reflecting the worst conditions for each material. Generally, rotor
is designed only considering the rotor stress at the operating
temperature [9], which will be called conventional design in this
paper. Thus, the rotor is designed so that the safety factor of the
PM and retaining sleeve is equal to or greater than 1.3 at 160 °C,
126.5 krpm, which includes 15% additional margin. As shown
in Fig. 19(a), the rotor is designed at the point of maximum
airgap magnetic flux density. Fig. 19(b), (c) shows the von-Mises
stress of the retaining sleeve at temperature of 160 °C and —40
°C, respectively. As shown in Fig. 19(c), maximum von-Mises
stress is 943.26 MPa and safety factor of the retaining sleeve is
1.10 at —40 °C, which does not satisfy the target safety factor. At
operating condition and worst condition, as listed in Table VIII,
the safety factor of the designed rotor with proposed design
process, which was explained in Section-II-A., and with con-
ventional design process is summarized in Table IX. As can be
seen from Table IX, safety factor of sleeve at worst condition of
conventional design model is 1.10, while proposed design model
is 1.31. This result shows that the proposed process provides
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TABLE VIII
OPERATING AND WORST CONDITION OF EACH MATERIAL

Condition Material Speed (krpm) Temperature (°C)
Operating | Sleeve, PM 110.0 160
Sleeve 126.5 -40
Worst
PM 126.5 160
TABLE IX
SAFETY FACTOR OF DESIGNED ROTOR
Parameter Condition Proposed design Conver_ltlonal
design
Safety factor Operating 1.64 1.32
of sleeve Worst 1.31 1.10
Safety factor Operating 15.0 2.95
of PM Worst 1.40 1.35

more mechanically stable rotor design than the conventional
method.

V. CONCLUSION

The design of the two-pole six-slot 14.4 kW, 110 krpm ultra-
high-speed SPMSM for a FCEV compressor was presented.
First, the design of the base model was conducted while con-
sidering the mechanical stress and no-load airgap flux density
using an analytical method. The safety factor of PM and retain-
ing sleeve according to the temperature were calculated, and
the worst condition of each material was determined. It was
figured out that for brittle material PM, as temperature increased,
mechanically stable region decreased, and for ductile material
retaining sleeve, mechanically stable region decreased as tem-
perature decreased. From the characteristics of the base model
calculated using FEA, the characteristics including the rotor
eddy current loss according to the changes in the TD and SR were
determined using the proportional equation. The eddy current
loss tended to decrease as SR increased, but there was a trade
off relationship that critical speed decreased as SR increased.
Therefore, SR and TD of the sizing model were determined
with reduced eddy current loss while satisfying critical speed
limit condition. Finally, the sizing model was fabricated and
tested for verification. The test result and FEA result of torque
and total loss were then compared, and it was confirmed that
the maximum error of the torque and total loss were less than
4.6% and 12.7%, respectively. Furthermore, it was verified that
the designed model can rotate without failure at a maximum
speed of 110 krpm through test. In addition, effectiveness of
the proposed rotor design method was validated by comparing
conventional method and proposed method design result. It was
confirmed that the rotor designed by the conventional design
process did not meet the target safety factor, which considers
mechanical stress at high temperature only.
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