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Surface-Mounted Permanent-Magnet Synchronous Motor
Considering Stator Iron Loss and Rotor Eddy Current Loss
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Ultra-high-speed (UHS) surface-mounted permanent-magnet synchronous motors (SPMSMs) are widely used for driving air
compressors. UHS SPMSMs can suffer from high stator iron loss and rotor eddy current loss due to their high rotational speed
and changes in the magnetic flux density when loading. Since these losses do not have a linear trend but change according to the
motor design parameters, mathematical models cannot always predict them. This study aims to design UHS SPMSMs based on a
kriging surrogate model that takes into account the stator iron loss and rotor eddy current loss. Since the kriging surrogate model
is highly predictive for nonlinear inputs, it is the perfect candidate to take into account the stator iron loss and rotor eddy current
loss. The design proposed in this study allowed to minimize the size and losses of a motor that satisfied the power specification.

Index Terms—Eddy current loss, kriging surrogate model, stator iron loss, ultra-high-speed (UHS) motor.

I. INTRODUCTION

LTRA-HIGH-SPEED (UHS) surface-mounted

permanent-magnet synchronous motors (SPMSMs)
are widely used for driving air compressors that supply high
flow and high-pressure oxygen [1], [2]. The electromagnetic
losses of a UHS SPMSM include iron loss and copper loss.
In particular, a UHS SPMSM can suffer from a high stator
iron loss and rotor eddy current loss due to its high rotational
speed [3]. In fact, when the motor is magnetized by an
alternating current (ac), the hysteresis loss is proportional
to the frequency, and the eddy current loss is proportional to
the square of the frequency [4]. These losses are related to
motor saturation; since the saturation varies according to the
density of the magnetic flux, they do not follow a linear trend.
Therefore, the nonlinearity of the motor losses must be taken
into consideration for the design of the motor. To ensure
mechanical stability, UHS SPMSMs are manufactured with
a sleeve outside the permanent magnet (PM) [5]. The sleeve
is not a magnetic material but has electrical conduction
properties such as those of a PM and strongly contributes to
the rotor eddy current loss.

In this article, the design of an initial model, obtained
through a conventional design methodology, and a kriging
surrogate model-based design are described and compared.
The kriging surrogate model is suitable for the design of
electric motors because it is highly predictive when nonlinear
inputs are used [6]. The design of UHS SPMSM has reduced
the stator iron loss and rotor eddy current loss using the kriging
surrogate model.
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TABLE I
TARGET SPECIFICATIONS

Parameters Value Unit

Pole / Slot 2/6 -
Maximum stator diameter 115 mm
Maximum rotor diameter 27 mm
Maximum stack length 75 mm
Maximum rotational speed 110 krpm

Current density 8.5 Apm/mm?
Slot fill factor 60 %

The contribution of this article is to present a two-step
optimal design process that considers the accuracy and compu-
tation time through the kriging surrogate model. The presented
process is divided into two steps: size determination and loss
minimization. This design process reduces the computation
time by 20 times compared with when the rotor eddy current
loss is considered in the first step.

II. CONVENTIONAL MODEL

The specifications of the model are listed in Table I. Here,
the maximum stator diameter, the maximum rotor diameter,
and the maximum stack length are the values normalized based
on the maximum stator diameter. Since the frequency of the
input current is high due to the UHS of the motor, the number
of poles is set to 2 [4], [5]. The maximum rotational speed is
110 kr/min.

The purpose of the initial design is to increase the output
power density (by reducing the stack length reported in
the specifications) while maintaining the same output power.
To operate the rotor safely, it is essential to design the rotor
taking into account the mechanical stress [7], the tolerance of
the shrink fit, and the temperature at the maximum rotational
speed. The materials used for the rotor are as follows: Sm;Coy;
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Fig. 1. Stress distribution at 121 kr/min. (a) PM maximum principal stress.
(b) PM minimum principal stress. (c) Sleeve von-Mises stress. (d) Shaft
von-Mises stress.

TABLE 11
ROTOR FEA RESULT FROM ANSYS AT 121 Kr/Min

Items 2D FEA (ANSYS)

Permanent magnet principal stress a, b 12.16 MPa,

(safety factor) -35.86MPa
(3.46)

Sleeve Max. von Mises stress 583.20 MPa
(safety factor) (1.78)

Shaft Max. von Mises stress (MPa) 31.19 MPa
(safety factor) (32.07)

a: Permanent magnet maximum principal stress / b: Permanent magnet minimum
principal stress

for the PM, Inconel 718 for the sleeve, and SUS630 for
the shaft. Fig. 1 and Table II show the mechanical stress
with ANSYS, a two-dimensional finite element analysis (2D
FEA). The safety factor of the sleeve, when 110% of the
maximum rotational speed is used, is 1.78. This value ensures
an acceptable mechanical stability in the structure of the
rotor [8]. For the reason, the safety factor of the sleeve is set
within the range of 1-2 [8]. In addition, to satisfy the target
performance required, the rotor was designed to maximize the
no-load air gap magnetic flux density.

The stator is initially designed using a mathematical method.
The motor output characteristics were evaluated taking into
account the magnetomotive force (MMF) of the armature,
which influences the shape of the stator. Subsequently, arma-
ture MMF is determined based on the results of the evaluation.
The armature MMF is related to the slot area through a
proportional relationship

A 2m g 1)

ot San - J - nglor ¢

where Ago is the slot area, F, is the armature MME, m
is the number of phases, fay is the fill factor, J is the
current density, and ng is the number of slots. Knowing the
calculated slot area, the tooth width and the yoke thickness
can be evaluated. Fig. 2 shows the structure of the initial
model. To determine the number of turns of the armature,
the line-to-line voltage and the current are evaluated. The
number of turns of the armature is determined according to
the power specifications. Fig. 3 shows that the saturation of
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Fig. 2. Initial model structure of the UHS SPMSM.
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Fig. 3. Stator magnetic flux density distribution under load of the initial
model.

the stator is low. Consequently, the output power density can
be improved by reducing the outer diameter of the stator. The
stator optimal design is obtained through the kriging surrogate
model-based design process.

III. KRIGING SURROGATE MODEL

The surrogate model is a functional relationship between
the design variable and the response, and it ensures a low
computational cost, good accuracy, and very reliable perfor-
mance. The kriging surrogate model is part of the surrogate
models and is highly predictive for both linear and nonlinear
responses [6], [10]. The kriging surrogate model is defined as
follows:

V)= fx)"'B+rx)"R'(Y — Fp) 2)

where f(x) is the vector of known regression functions, [3
is the vector of unknown regression coefficients, r(x) is the
correlation vector between the design points and the prediction
points, R is the correlation matrix between the design points,
Y is the response matrix of the design points, and F is
the vector of the regression function matrix [6], [10]. The
correlation matrix is defined by a correlation function. The
Gaussian correlation function is defined as

R= exp(—@(si - sj)z) (3)

where 0 represents the correlation coefficient, while s; and s;
are the vectors of the design points i and j, respectively [6].

IV. DESIGN OF THE KRIGING SURROGATE MODEL
A. Design Process

The design process based on the kriging surrogate model
is shown in Fig. 4. To reduce the time required for the
three-dimensional FEA (3D FEA) of the stator iron loss and
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Fig. 4. Proposed kriging surrogate model-based design process.

rotor eddy current loss, the design process is divided into
two stages: size determination and loss minimization. When
dividing the motor parameters, the size determination step uses
the parameters that do not require 3-D FEA, and the loss
minimization step uses the parameters that require 3-D FEA.
In fact, they require a different number of experimental points,
a different objective function to define the design problems.
For example, if the number of experimental points is n in the
size determination step, the number of experimental points can
be set to n/20 in the loss minimization step. The advantages
of this method are as follows.

1) Simplify optimization problem definition.

2) Reduced computation time.

3) High prediction accuracy of motor performances versus

analysis time.

In both the stages, some optimization techniques are
applied. First, problem optimization minimizes the objective
function while satisfying the constraints. Next, the design of
experiments (DOE) is applied to the selected design variables,
and a kriging surrogate model is defined. In the kriging
model shown in Fig. 4, the terms indicated by the yellow
square box are the estimators of the global model and are
determined using the generalized least squares method. In the
same figure, the term indicated by the green square box is the
local model and represents the deviation from the estimated
mean model [6], [9]. Finally, the kriging surrogate models are
used to determine the model that best satisfies the objective
function and the constraints. As a result, the chosen model,
compared with the model obtained using the conventional
design methodology, ensures 1.4% reduction in the stator
outer diameter, 11.8% reduction in the stack length, and 6.4%
reduction in the total losses.

B. First Optimization Stage: Size Determination

Since the stator saturation of the initial model is low, there
is a possibility that the outer diameter of the stator may
be reduced. In addition, the stack length should be reduced

X1: Tooth width

X2: Yoke thickness

X3: Number of turns
X4: Tooth-tip width
X5: Slot opening length

Fig. 5.

Design variables.

to ensure space for the end coil and improve the output
power density. An optimization technique is applied for size
determination. The objective function is defined to minimize
the stack length, and the constraints are set according to the
electrical specifications. The objective function is the “target”
that can be minimized or maximized, while the constraints can
be defined as equality or inequality constraint.
The optimization problem is expressed as follows:

min L
s.t. J < Jmax

Vline—lo—line = Vline—lo—line max
Dy < Dgmax
T = Tlarget (4)

where Ly is the stack length, J is the current density, Jyax
is the maximum current density, Viine-to-line 15 the line-to-line
voltage, Vine-to-linemax 1S the maximum line-to-line voltage, Dy
is the stator outer diameter, Dgyax 1S the maximum value of the
stator outer diameter, T is the torque, and Tiyge is the target
torque used to ensure output power at the maximum rotational
speed.

As shown in Fig. 5, the tooth width (X 1), the yoke thickness
(X2), and the number of turns (X3) are the design variables.
The DOE ensures that the experimental points are uniformly
distributed within the range of the design variables. Subse-
quently, the responses are evaluated (using the FEA or the
equations) according to the value of each design variable at
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Fig. 6. Kriging surrogate models. (a) Stack length and stator outer diameter.
(b) Efficiency and current density.

the experimental point. Responses refer to the values obtained
at the experimental point, which are then used to generate the
kriging surrogate model. The JMAG is used to evaluate the
responses.

Finally, the kriging surrogate model is created, and the stator
outer diameter, stack length, and line-to-line voltage are the
responses to be predicted by the kriging surrogate model. If the
motor is designed using a kriging surrogate model, the nonlin-
earity of the core according to the design variable can be taken
into consideration. The armature MMF changes according to
the number of turns, and if the current is constant, these
variations affect the magnetic flux density of the stator core.
Since the saturation of the core significantly influences the
motor size, it is considered using the kriging surrogate model.
Fig. 6(a) shows the kriging surrogate model used to determine
the size of the motor. In addition, the optimal model, defined
through the kriging surrogate models, which minimizes the
stack length and satisfies the electrical specification, is shown
in Fig. 7.

C. Second Optimization Stage: Loss Minimization

The iron loss, the rotor eddy current loss, the ac copper
loss, and the windage loss are minimized by changing the
stator shape. As mentioned earlier, the optimization technique
is applied to minimize the motor losses. The constraints to
minimize the motor losses are the electrical specifications and
the target torque. The optimization problem is expressed as
follows:

min Py (= maximize 7)

s.t. J < Jmax
Vline—to—line < Vline—to—line max
D < Dsmax

T = Tlarget (5)

IEEE TRANSACTIONS ON MAGNETICS, VOL. 58, NO. 2, FEBRUARY 2022

m . Stator outer diameter limit
D : Phase voltage limit

4 IW 7

Optimal model

By
.

¢

Stack length

40

Number of turns

8
Tooth width (mm)
Fig. 7. Size optimization result.
- : Phase voltage limit
D: Current density limit Efficiency (%)
77 94.00
61 l 94.30
£ 51 94.60
Y { Size determination |
& ! model i 94.90
3
v
Optimum 95.20
model
2 el 95.50
0.1 05 09 13
Tooth tip (mm)
Fig. 8. Loss minimization result.

where Pjogs i the sum of the stator iron loss, rotor eddy current
loss, ac copper loss, and windage loss, while # is the motor
efficiency.

As shown in Fig. 5, the design variables are the tooth-tip
width (X4) and slot opening length (X5). Moreover, in this
case, the DOE is performed within the range of the design
variables. Since the stator iron loss and the rotor eddy current
loss are significant due to the high rotational speed, the UHS
SPMSM is designed using the kriging surrogate model. Since
the stator iron loss must consider the magnetic path in the z-
axis direction, and the rotor eddy current loss must consider
the path of the eddy current, they are evaluated through 3-D
FEA. In addition, the high frequency of the UHS SPMSM
input current causes a high ac copper loss, which is taken into
consideration by the kriging surrogate model. The ac copper
loss is evaluated by 2-D FEA.

The optimal model that minimizes the motor losses while
satisfying the constraints is shown in Fig. 8, and it is obtained
using the kriging surrogate model shown in Fig. 6(b). The
kriging surrogate model was compared with the FEA to verify
the accuracy of its predictions. The efficiency of the optimal
model predicted through the kriging surrogate model is 95.5%
and the efficiency calculated by the FEA result for the optimal
model is 95.4%. Since the difference between the two effi-
ciencies is not much, the validity of the design obtained using
the kriging surrogate model can be confirmed. In addition,
since the objective of the proposed design process of reducing
the size and increasing the efficiency while meeting electrical
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TABLE III
RESULTS OF COMPARING THE INITIAL MODEL AND OPTIMAL MODEL

Parameters Initial model  Optimal model
Stator diameter / Stack length (mm) 115/74.6 113.4/65.8
Tooth width / Yoke thickness (mm) 12.5/14.7 7/15.9
Tooth-tip width (mm) 2 0.9
Slot opening length (mm) 3 2
Number of turns 34 39
Motor volume (mm?) 774862 664572
Volume of PM (mm?) 26136 23053
160
140k Initial model
- Optimal model +16.6%
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Fig. 9. Comparison of the initial model and the optimal model.
Fig. 10. Experimental setup for the no-load test of prototype.
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Fig. 11.  Comparison of test and 3-D FEA no-load back EMF waveform.

specifications has been achieved, the validity of the proposed
design process was confirmed.

V. EXPERIMENTAL VALIDATION

Table III and Fig. 9 show the results of the comparison
between the initial model and the optimal model. The optimal
model designed using the kriging surrogate model reduces
the motor volume, stator iron loss, and rotor eddy current
loss by 14.2%, 7.6%, and 24.9%, respectively, more than the
model designed using the conventional design methodology.
Therefore, an optimal model that minimizes the motor size and
losses while satisfying the power specification was obtained.
In addition, the power density of the motor was improved by
16.6%, and the efficiency was increased by 0.2%. To verify

8101405

the validity of the designed model, a prototype (see Fig. 10)
was realized, and a no-load experiment was carried out at the
rotational speed of 76 kr/min at 20 °C. Fig. 11 shows that the
line-to-line back electromotive force (back EMF) evaluated
with the no-load test is in good agreement (3.1% error) with
the line-to-line back EMF evaluated with 3-D FEA. This test
proved the validity of the designed model. As a load test of
the motor, a centrifugal compressor system test was performed.
Since it is practically difficult to prepare a torque sensor that
can be used at a high rotational speed of 110 kr/min, the torque
was indirectly estimated using the back EMF constant as
described in [7]. The relative error between the test torque
and the FEA torque was found to be less than 3.36%.

VI. CONCLUSION

In this article, the kriging surrogate model-based design of
a UHS SPMSM was performed. The two-step optimal design
process considering accuracy and computation time using the
kriging surrogate model was presented. The designed UHS
SPMSM through the proposed design process satisfies the
electrical specifications while reducing the size and improving
efficiency compared with the initial model. The design process
proposed in this article can be applied to optimize the design
of UHS SPMSM to which high-frequency current is applied
with low computation time.
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