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ABSTRACT Amorphous alloy has been proposed to replace silicon steel as the stator core material of
high-speed asynchronous motors so as to reduce their core losses. However, it is found that this is at
the expense of increasing the copper loss. Therefore, the optimization of amorphous alloy high-speed
asynchronous motors is needed to simultaneously reduce their core and copper losses, which is still an open
issue. This paper uses an evolutionary algorithm to achieve this and provides the experimental validation.
Firstly, the modeling and finite element simulation of the asynchronous motors with the stator core materials
as the amorphous alloy and silicon steel are presented and compared. Secondly, with the knowledge of
the optimization objectives of the amorphous alloy asynchronous motor, the evolutionary algorithm is
proposed to optimize the shapes of its stator and rotor slots. The related mechanisms are discussed based
on the electromagnetism. Thirdly, the experimental validation is conducted. Results show that compared
with the silicon steel asynchronous motor (Motor-S) and the amorphous alloy asynchronous motor before
optimization (Motor-A), the optimized Motor-A (Motor-AO) has the largest high-efficiency range of output
torque and operational speed. Specifically, its efficiency at the output torque of 1.5 N·m and the operational
speed of 7000 rpm is increased by 4.29% and 7.12% compared with those of Motor-A and Motor-S,
respectively. In addition, the temperature distribution shows that the case and rotor temperatures ofMotor-AO
is the lowest, indicating its superior comprehensive performance.

INDEX TERMS Amorphous alloy, high-speed asynchronous motor, optimization, core loss, copper loss.

I. INTRODUCTION
In recent years, the high-speed motors have been used in a
wide range of applications, such as electric vehicles [1], [2],
machine tools [3] and medical devices [4]. However, the
energy losses of electric motors account for more than half
of the world electricity consumption [5], [6]. Specifically,
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asynchronous motors have become one kind of the widely
used motors because of their simple structures, system relia-
bility and relatively low cost [7], [8]. The power consumption
of asynchronous motors accounts for about 70% of the
total power consumption of electric motors. In fact, the
core and copper losses are two kinds of main consumption
sources of asynchronous motor, which are especially high
when the motor operates at high speed [9], [10]. Whereas
the high-speed motor is in great demand in intelligent
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robots, high-precision grinding machines, centrifugal
machine, etc.

The cores of the high-speed motors developed in recent
years are commonly made of silicon steel. Due to its higher
coercivity and lower permeability, the silicon steel can pro-
duce higher core losses [11], leading to the motor overheating
and therefore the short motor life. Therefore, the reduction of
stator core losses has become an important research direction
in recent years [12], [13]. Sundaria et al. [14] addressed the
problem of core losses by improving the manufacturing pro-
cess of motor stator, and demonstrated that the core losses
can be decreased by 23%. Hu et al. [15] used an optimiza-
tion method of the stator slot shape to reduce the iron core
losses by 24.8%. Jahangiri et al. [16] used themethod of laser
irradiation on the surface of silicon steel sheets, resulting
in a 16.8% reduction of core losses at 50 Hz. However, the
decrease percentage of core losses by using these methods is
still limited. As a result, researchers have used amorphous
alloys to replace silicon steels as the motor stator materi-
als to further reduce core losses. This is due to the reason
that amorphous alloys have a lower coercivity and higher
permeability. Johnson et al. [17] demonstrated that using the
amorphous alloys for motor stators could reduce core losses
by around 70% compared with silicon steels. Dems and
Komeza [18] compared the core losses of silicon steel asyn-
chronous motors with those of amorphous asynchronous
motors, and demonstrated an average reduction of 50% in the
core losses of amorphous alloy motors for different operating
conditions. Chiba et al. [19] applied the amorphous alloys to
switched reluctance motors and found that their core losses
were 60% lower than those of silicon steel motors at the
rated speed. Therefore, the application of amorphous alloys
in motors is a promising way to improve their efficiency by
reducing the core losses.

Besides the punching process [20] and material [21]
design, the optimization of electric motors is of signifi-
cance to reduce both core and copper losses and increase
the efficiency [22]. Already in 1989, Jazdzynski [23] used
the quadratic approximation method for optimizing the
silicon steel squirrel-cage asynchronous motors. Fetih and
Elshewy [24] applied the method of Rosenbrock nonlin-
ear optimization technique for the asynchronous motors to
reduce the losses of motor. Liuzzi et al. [25] proposed a
controlled random search algorithm method to solve the
optimization problem of conflicting objectives including the
manufacturing cost, the rated efficiency, the power factor, and
the starting current. Yang et al. [26] studied the method of
reducing copper losses in motors by optimizing the number
and diameter of copper bars in the rotor, thus improving
the efficiency of amorphous asynchronous motors. In recent
decades, researchers have proposed more advanced opti-
mization methods to increase the optimization accuracy and
efficiency. Lei et al. [27] introduced the fractional orders
in the finite element model for the analysis of automo-
tive asynchronous motors, and optimized the stiffness and

mass parameters for automotive silicon steel asynchronous
motors. Lin [28] proposed the wolf optimization, the Taguchi
method, and the finite element analysis for the two-phase
multi-objective optimization problem to reduce stator cop-
per and core losses, thus maximizing the energy efficiency.
Cunkas [29] provided a method with the concept of fuzzy
sets and genetic algorithms to improve both full-load torque
and rated efficiency of motors. However, most of the above
optimization methods are based on silicon steel motors, and
few optimization research has been conducted to improve
the performance of amorphous alloy motors [30]. The opti-
mization processes for silicon steel motors are not applicable
to amorphous alloy motor design as the properties of amor-
phous alloys, such as saturation density and permeability,
are different from those of conventional silicon steel sheets.
Furthermore, it is found in this paper that the design of amor-
phous alloy stator core reduces the core loss at the expense
of increasing the copper loss. The non-crystalline structure
of amorphous alloys results in reduced hysteresis and eddy
current losses, thereby minimizing iron core heating. How-
ever, amorphous alloys have lower saturation magnetic flux
density than crystallinematerials, implying that to achieve the
same magnetic flux density, an increase in current through
copper conductors is required. This leads to higher copper
losses, which are the thermal losses generated in the copper
conductors as current flows through them. Therefore, it is of
significance to present the optimization and analysis methods
of amorphous alloy motors to simultaneously reduce their
core and copper losses, and improve their comprehensive
performances.

This paper provides the performance optimization and
experimental validation of amorphous alloy high-speed asyn-
chronous motors. Taking a 2.2 kW motor as an example, the
finite element method (FEM) is used to compare its perfor-
mances in the cases using amorphous alloy and silicon steel
as the stator core materials, respectively. After deriving the
optimization objectives of the amorphous alloy asynchronous
motor, an evolutionary algorithm is used to optimize the geo-
metrical parameters of its stator and rotor, so as to simultane-
ously reduce the core and copper losses whereas guaranteeing
the desirable torque. The optimization results are validated
through experiments, and the performance variation over a
wide range of output torque and operational speed in different
kinds of motors are investigated. Section II presents the mod-
eling and simulation of high-speed asynchronousmotors with
different core materials. Section III introduces the optimiza-
tionmethod and provides the optimization results. The related
mechanisms are discussed. Section IV presents the motor
prototype and the experimental validation results. Section V
gives the key conclusions.

II. MODELING AND SIMULATION
A. MOTOR MODELS AND MATERIAL
The motor presented in this paper is a high-speed asyn-
chronous motor for industrial fan drive motors. This
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TABLE 1. High-speed three-phase asynchronous motor parameters.

FIGURE 1. 2D model of the motor.

air-cooled motor has a rated power of 1.1 kW and a rated
speed of 7000 rpm. Note that the stator core of this motor is
made of silicon steel (35H300). The main structural parame-
ters of this high-speed induction motor are shown in Table 1,
and a two-dimensional finite-element model has been built in
the Maxwell 2D Design platform as shown in Fig. 1. Note
that the conductors shown in Fig. 1 cover the slots.
With the proposed FEM model of motor, the important

material and structural properties should be considered and
calculated. One of the important properties is the core losses
of motor including hysteresis loss and eddy current loss,
which depend on the size and material of the core. The core
losses per unit volume can be expressed by [31]:

WV = WVh +WVc +WVe (1)

where WVh represents the hysteresis loss per unit volume.
WVc represents the eddy current loss per unit volume. WVe
represents the excess loss, accounting for a small proportion
of the total loss. To reduce the stator core losses of motor,
it is necessary to reduce these two important kinds of losses
ofWVh andWVc. Specifically, the hysteresis loss depends on
the magnetostriction coefficient and the magnetic saturation
induction strength, which can be expressed as:

WVh = ChfB2m (2)

where Ch is the hysteresis loss factor, Bm is the core magnetic
density and f is the operating frequency of the motor.

TABLE 2. Comparison of amorphous alloy 1K101-M and silicon steel
35H300 characteristics.

As for the eddy current loss WVc, it can be calculated as
follows [9]:

WVc =
γ

6ρ
π2f 2B2md

2 (3)

where it can be observed that the eddy current lossWVc is pro-
portional to the square of the thickness d of the material and
inversely proportional to its resistivity ρ. γ is the electrical
conductivity. By combining the above equations of Eqs. (2)
and (3), it is clear that the use of materials with high resistivity
and low thickness for motor cores can significantly reduce the
core losses of the motor [32].

Therefore, in order to significantly reduce the core losses
of the stator, the iron-based amorphous alloy (1K101-M) is
used to replace the silicon steel as the material of the stator
core of the above-mentioned high-speed asynchronousmotor.
Amorphous alloys can be formed by melting the iron, silicon,
boron and other elements into the liquid based on a certain
ratio between them, and then cooling them rapidly at a rate of
more than one-million◦C/s, so as to ensure that the cooling
rate can exceed the crystallization rate. It can be observed
from Table 2 that 1K101-M has the superior magnetic con-
ductivity and the higher resistivity, and its thickness is much
lower than that of silicon steel sheet. These lead to the result
that using the amorphous alloy as the material of the stator
core can reduce the core loss.

B. SIMULATION AND ANALYSIS
Simulation is conducted by choosing 1K101-M and 35H300
as the stator core material of the amorphous alloy asyn-
chronous motor (Motor-A) and the silicon steel asynchronous
motor (Motor-S), respectively. Furthermore, the compar-
ison between their simulation results is performed. The
subsequent simulation processes are performed including
pre-setting the model parameters, meshing the 2D model,
finite element analysis and post-processing in the Ansoft
software. In the case of the high-speed asynchronous motor
with a rated output torque of 1.5 N·m and other parameters
in Table 1, it is clearly observed from Fig. 2 that the core
loss in the Motor-S is 26.62 W, while the core loss in the
Motor-A is only 5.25W. The core loss of the amorphous alloy
asynchronous motor is 80.28% lower than that of the silicon
steel asynchronous motor.

In addition to the core loss, copper loss is an important
kind of losses in the motor as well, which increases with
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FIGURE 2. Core loss comparison between amorphous and silicon steel
motors.

FIGURE 3. (a) 1K101-M with windings. (b) Magnetic density of 1K101-M
test ring.

the increasing current in the conductor. For the amorphous
alloy motor and the silicon steel motor with the same out-
put torque, the excitation current of the amorphous alloy
motor is higher. This is because that the saturation mag-
netic flux density of the amorphous alloy will drop sig-
nificantly after the work procedures of lamination, paint
dipping and curing, and cutting, etc. By testing the ring
cores [33] of 1K101-M as shown in Fig. 3(a), it can be
seen that the saturation magnetic density of the block drops
below 1.6 at the operating frequency of 240 Hz as shown
in Fig. 3(b).

When the magnetic flux density of the iron-based amor-
phous alloy (1K101-M) approaches the saturation value, its
magnetic reluctance increases sharply. Due to this, if the
magnetic flux should be further increased to increase the high
torque, its stator current should be larger than that of the
silicon steel motor. This, however, will lead to the increasing
copper loss. The relations among the electromagnetic torque,
the rotor bar currents and the magnetic flux under per pole
can be expressed as follows:

Te = CtφmI2 cosϕ (4)

whereCt is the torque constant, φm is the magnetic flux under
per pole, I2 cosϕ is the active component of the rotor bar
currents.

FIGURE 4. The magnetic flux (Mag_B) of the teeth.

It should be noted that the relationship between the electro-
magnetic torque Te and the output torque T depends on the
mechanical structure of motor, which can be expressed as:

T = Te − Tm (5)

where Tm is the mechanical torque loss. The mechanical
torque loss can be divided into the friction loss and the inertia
loss. Eq. (5) indicates that the mechanical torque loss Tm will
decrease the practical output torque of the motor.

The FEM simulation is conducted to show the magnetic
flux density of the Motor-A. For the rating torque of 1.5 N·m,
the magnetic flux density of the stator teeth of the amorphous
alloy high-speed asynchronous motor Motor-A is already as
high as 1.53 T as shown in Fig. 4, which is close to its satu-
ration magnetic flux density. The magnetic field strength is a
key factor influencing the saturation magnetic flux density
of the iron core. In the motor, the magnetic field strength
depends on the current and coil design, and higher current
and specific coil designs may result in increased magnetic
field strength, subsequently affecting the saturation level of
the iron core. Therefore, it can be known from the above
discussions that with the same output torque, the Motor-A
requires the higher current excitation than that of theMotor-S,
which undoubtedly increases its copper loss. This is demon-
strated via the FEM results as shown in Table 3. Compared
with Motor-S, the maximum increasing percentage of copper
loss of the Motor-A reaches 7.58% at the output torque of
0.5 N·m. Therefore, the traditional structural parameters of
the silicon steel motor are not suitable for amorphous alloy
motors. Specifically, the stator and rotor slots need to be
redesigned to reduce the leakage flux and saturation density
and enhance the air-gap flux. These can result in a reduction
of the slippage rate and the current in the conductors of stator
and rotor, leading to the reduction of the total copper losses
of amorphous alloy asynchronous motors.

III. OPTIMIZATION AND ANALYSIS
A. OPTIMIZATION METHOD
The optimization problem of an amorphous alloy high-speed
asynchronous motor includes multiple decision variables and
multiple objective solutions that interact with each other,
which cannot be simply expressed through the linear pro-
gramming. Therefore, the optimization of the presented
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TABLE 3. Comparison of copper loss between Motor-S and Motor-A.

motor is a non-linear programming problem. The multi-
objective non-linear programming problem can bemathemat-
ically described as follows [34]:

min y = F(x) = (f1(x), f2(x), . . . , fm(x))T

s.t. gi(x) ≤ 0; i = 1, 2, . . . , q
hi(x) = 0; j = 1, 2, . . . , p
x ∈ X

(6)

where y is an m-dimensional target vector, the function F (x)
is called as the objective function, gi (x) and hi (x) are con-
straints, x is an n-dimensional decision vector, and the set X
is an n-dimensional space vector.

When x∈X and meet the constraints given, it can be
considered as a feasible solution of the equation. All fea-
sible solutions together are called the set of feasible solu-
tions and denoted as Xf . The feasible solutions in which
Pareto prevails among multiple feasible solutions will be
combined into a new set, which is called the Pareto opti-
mal solution set. The previous solutions for such nonlinear
planning problems include directly deriving the analytical
mathematical model. [35]. However, these methods lack the
generality and simplicity, and require a great deal of pre-
liminary work and knowledge in solving different problems.
Moreover, the solutions are usually local optima rather than
global optima over the whole parameter space. To solve
these challenges, researchers have introduced the evolu-
tionary algorithms to solve these problems. Early in 1985
Schaffer [36] proposed the evolutionary algorithm and imple-
mented it for the first time in a multi-objective optimization
problem.

With the advantages of strong search ability and bet-
ter compatibility, the evolutionary algorithms can help
find the global optimal solutions of multi-objective equa-
tions [37], [38]. Therefore, they can be introduced into
the multi-objective optimization of amorphous alloy asyn-
chronous motors. Evolutionary algorithms follow the princi-
ple of survival of the fittest in nature. The algorithm processes
generally include the genetic coding, population initializa-
tion, crossover and mutation, selection and inheritance [39].
The population of the current generation is screened by set-
ting a standard to obtain the better genes and pass them on to
the next generation. Due to the principle of genetic variation,
the problem of obtaining only locally optimal solutions can
be solved. With the above advantages, multi-objective evolu-
tionary algorithms are nowadays widely used in the design

FIGURE 5. Stator slot shape (left) and rotor slot shape (right).

engineering. In the following section, the multi-objective
evolutionary algorithm is applied to the structural opti-
mization of amorphous alloy high-speed asynchronous
motors.

B. RESULTS AND ANALYSIS
To improve the overall performance of amorphous asyn-
chronous motors, the slot shapes of the stator and rotor
should be optimized. Specifically, the dimensions of the
slot opening height and slot shoulder height are small, and
it is difficult to visualize the effect of their dimensional
changes on the motor losses. Therefore, in order to improve
the optimization efficiency and reliability, a multi-objective
evolutionary algorithm is adopted to optimize the slot shapes
of the stator and rotor. The structural parameters of slot to be
optimized need to be selected before running the optimization
program.

The different sizes of stator slot may affect the magnetic
field distribution in the stator teeth and yoke. This may, result
in the varying air gap permeability, leading to the change of
excitation current. In addition, the peak value of the magnetic
density in the stator may change and influence the motor
losses, which in turn affects the motor efficiency. To reduce
the undesirable variation in the air gap magnetic density
caused by the slot opening width, a square semi-open slot is
chosen for the stator design. To ensure the uniform magnetic
density, a parallel teeth structure of stator is used with a
variable width ST. Due to the reason that the teeth width
directly affects the slot fill rate, an upper limit is set for ST.
Furthermore, changing the teeth width directly affects the sta-
tor slot width. If the slot width is too small, the magnetic flux
density and the losses will increase. Therefore, a lower limit
is set for ST as well. Besides ST, the dimensional variables
selected for the optimization of the stator slot include SB, SH0,
SH1, which are shown in Fig 5.

The important part of the copper loss is from the conduct-
ing bars of the rotor. When there is alternating current in the
conductor, the closer it is to the surface of the conductor,
the greater the current density is. In other words, the current
inside the conductor is low, resulting in the large resistance
of conductor and the high power loss. This phenomenon is
called as the skin effect. The shape of the rotor slot is shown
in Fig. 5. By properly designing the shape of the rotor slot,
the skin effect can be reduced. Therefore, it is necessary to
optimize the slot shape of the rotor. The copper loss of the
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TABLE 4. Design parameters and value range.

rotor can be expressed as follows:

PCR =

∑
1

Lef S1J21
σ

(7)

where Lef is the effective shaft length of the rotor; S1 is
the unit area of the rotor conducting bar; J1 is the rotor
conducting bar current density. σ is the rotor bars resistivity.
From Eq. (7), it can be known that the copper loss of

rotor is closely related with the effective cross-sectional area
and current density of conductor. Optimizing the shape of
the rotor slot can make the current distribution inside the
conductor more uniform, effectively reduce the losses in the
squirrel cage of the motor rotor, thus achieving the higher
total efficiency. Therefore, the dimensional variables selected
for the optimization of the rotor slot shape are RB1, RB2,
RH0, RH2. Since the rotor has an external diameter of only
47 mm, the appropriate upper and lower limits should be set
for the variables RB1 and RB2 for the optimization to avoid
the conducting bars to overlap.

The above design parameters are introduced into the opti-
mization evolutionary algorithm. After analyzing the rela-
tionship between the copper space factor and structural
dimensions, their upper and lower limits are set as shown in
Table 4.

For an asynchronous motor, its overall efficiency is closely
related to the various losses of the motor, among which
the mechanical loss Pfw is fixed with the motor structure
unchanged, the stator winding copper loss PCS and the rotor
winding copper loss PCR are influenced by the input and
induced currents, and the core loss PFe is influenced by
the stator material, provided that the overall size and rated
working conditions are unchanged. Improving the efficiency
of the motor indicates a reduction in the its losses, which can
be known from in the following equations of total loss P and
efficiency η:∑

P = PCS + PCR + PFe + Pfw + PS (8)

η =
PI −

∑
P

PI
(9)

where PI is the total input power of the motor.
Due to the fact that the saturation magnetic density

of amorphous alloy is considerably lower than that of
silicon steel, an inequality constraint should be added to the
algorithm and the maximum magnetic density of the stator

FIGURE 6. The flowchart of the evolutionary algorithm.

teeth should be less than 1.5 T. Furthermore, the output torque
is set as one of the optimization objectives to ensure that
the torque of the amorphous alloy asynchronous motors is
comparable with that of the silicon steel ones. Therefore, the
efficiency and output torque at rated power are set as dual
optimization targets, which are both affected by the electrical
density andmagnetic density.With the chosen parameters and
objectives, amulti-objective evolutionary algorithm approach
is used to filter and iterate the parameters for the optimal
results. The evolutionary algorithm is a global optimization
method that can search more extensive parameter range com-
pared with the traditional calculation method. Furthermore,
it has the ability to learn and troubleshoot on its own, which
greatly simplifies the traditional complex design process. The
computational flow of the optimization program is shown in
Fig. 6.

After the optimization simulation, the highest efficiency
point is selected in the Pareto optimal data, which meets
the torque requirements (1.5 N·m). The optimized design
parameters are shown in the Table 5. The FEM model of
the optimized motor is established as shown in Fig. 7, which
is denoted as Motor-AO for distinction. The simulation of
this FEM model is conducted to obtain the results of losses
and efficiency. As shown in Fig. 8, it is clear that with the
increasing output torque, the copper losses of both Motor-S
and Motor-AO increase. Specifically, at a rated torque of
1.5N·m, the amorphous alloy asynchronousmotorMotor-AO
has a copper loss of 82.99 W, which is decreased by 15.14%
compared with that of the silicon steel motor Motor-S. This
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TABLE 5. Optimized slot parameters.

FIGURE 7. Model after optimization.

FIGURE 8. Comparison of copper losses in motors.

is due to the fact that the optimized shape of the rotor slot
reduces the skin effect, leading to a reduction in the rotor
harmonic currents and the copper loss. Overall, the ‘‘big on
top, small on bottom’’ slot shape of the rotor is preferred in
improving the motor efficiency.

The FEM simulation results of the indexes of the Motor-S,
Motor-A and Motor-AO are shown in Table 6. It is clear
that the optimization of the slot type shapes of both stator
and rotor in Motor-AO reduces the operating current while
ensuring the same output torque. Furthermore, the motor slip
is reduced, leading to a further reduction of the total losses.
Overall, compared with the Motor-S and Motor-A, the speed
of constant operation of the Motor-AO is increased. Most
importantly, the overall efficiency of the optimized amor-
phous asynchronous motor Motor-AO has been increased
compared with the unoptimized one Motor-A and the silicon
steel asynchronous motor Motor-S.

IV. EXPERIMENTAL VALIDATION
In order to validate the optimization results, the prototypes of
Motor-A and Motor-AO were fabricated. The stator cores of
both motors are made by the hot-pressing and WEDM (Wire

TABLE 6. Comparison of the performances of each motor at the rated
operation.

FIGURE 9. Cross sections and components of the prototype Motor-AO:
(a) rotor, (b) stator and (c) components.

Electrical Discharge Machining) of amorphous alloy strips
with the width of 142 mm. The silicon steel sheets used in the
rotor are obtained by the stamping process. The cross sections
of the rotor and stator of the motor Motor-AO are presented
in Fig. 9(a) and (b), respectively. The disassembled prototype
of the motor Motor-AO is shown in Fig. 9(c). The copper
bars are linked together by the welding process, and the rotor
core is filled with high-strength epoxy. The prototype of the
silicon steel motor Motor-S is adopted from the products of
YUSIN Co.

To verify the effectiveness of the optimization simu-
lation, the original silicon steel motor Motor-S and the
two amorphous alloy sample motors before and after opti-
mization, Motor-A and Motor-AO, are tested respectively.
An experimental platform is built to conduct the loading
tests on the motors as shown in Fig. 10. A controller
(NIDEC, UNIDRIVE M700) is used to drive the motor.
The torque and speed of motor are measured by a sensor
(DAYSENSOR, DYN-200), which are transmitted to a power
analyzer (EVERFINE, PF3000M) for analysis.

The efficiency maps of the Motor-S, Motor-A and
Motor-AO measured by the experimental platform are shown
in Fig. 11-13, respectively. Comparing the three graphs, it can
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FIGURE 10. Experimental platform.

be seen that the highest efficiency of the motor Motor-AO
is higher than the other two motors. Moreover, the high-
efficiency (efficiency η > 80%) range of output torque and
operational speed of motor Motor-AO is the largest among all
motors. In the range with high operational speed, for example
10000 r/min, the efficiency of the silicon steel motor Motor-S
is significantly lower than those of the other two motors.
This is mainly due to the higher iron loss of silicon steel
compared with amorphous alloy at high frequencies. How-
ever, the high-efficiencies of Motor-A are concentrated in the
range where the motor works at the high speed and the low
output torque. In the other words, themotorMotor-A loses the
high efficiency in the low-speed range. This disadvantage of
the motor Motor-A is compensated in the motor Motor-AO.
Furthermore, in the range of high torque (T > 2.5 N·m),
the efficiency of the motor Motor-AO is significantly higher
than that of the motor Motor-A. This is due to the fact
that the optimized teeth slot shape reduces the magnetic
density and the excitation current required to operate the
motor.

A comparison of the efficiency of the motor running at dif-
ferent speeds with the same torque 1.5 N·m is clearly shown
in Fig. 14. Specifically, at the operational speed of 7000 rpm,
the efficiencies of Motor-S, Motor-A and Motor-AO are
84.5%, 86.8% and 90.5%, which are close to the optimization
results. The efficiency of Motor-AO is increased by 4.29%
and 7.12% compared with those of Motor-A and Motor-S,
respectively. Overall, it can be concluded that the motor
Motor-AO can improve the efficiency in the high-speed range
while still maintaining relatively good performance in the
low-speed range.

Besides the efficiency, the thermal behavior of the motor
is of significance with respect to the motor life. Experiments

FIGURE 11. Efficiency map for Motor-S versus the output torque T and
operational speed n.

FIGURE 12. Efficiency map for Motor-A versus the output torque T and
operational speed n.

FIGURE 13. Efficiency map for Motor-AO versus the output torque T and
operational speed n.

are conducted that three motors run for 10 minutes at the
rated operational conditions of 1.5 N·m and 7000 rpm. Their
temperature distribution is detected by an infrared detector
(FOTRIC, 348X), results of which are shown in Figs. 15-17.
The heat generation of the motor is reflected by checking the
temperature of the motor case and the shaft exposed outside
the rear end cover. It can be observed that the motor case
temperature of the Motor-A is lower than that of the Motor-S.
This is due to the fact that the amorphous alloy can effectively
reduce the iron core losses of the stator. Despite this, the rotor
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FIGURE 14. Comparison of the efficiencies of Motor-S, Motor-A and
Motor-AO at different output torques and operational speeds.

FIGURE 15. Thermal images of Motor-S motor case (left) and shaft (right).

FIGURE 16. Thermal images of Motor-A motor case (left) and shaft (right).

FIGURE 17. Thermal images of Motor-AO motor case (left) and shaft
(right).

temperature of the Motor-A is increased compared with that
of theMotor-S. Comparedwith theMotor-A and theMotor-S,
the temperature of the case and rotor of the Motor-AO is
significantly reduced simultaneously. The above discussions
lead to the conclusion that the direct replacement of the stator
core material, silicon steel to be the amorphous alloy will
reduce the core loss whereas bring other problems such as
the higher copper loss and the rotor overheat. These problems
can be solved via the optimization of the rotor and stator slot
shapes with the evolutionary algorithm.

V. CONCLUSION
Amorphous alloy has been used to replace the silicon steel as
the stator core material of asynchronous motors for the core
loss reduction under high-frequency operational conditions.
However, due to its relatively low saturation magnetic den-
sity, this will bring the higher copper loss at the same time.
Therefore, this paper proposes the evolutionary algorithm
to optimize the stator and rotor shapes of the amorphous
alloy asynchronous motor, so as to simultaneously reduce
its core and copper losses. The finite element simulation
of the silicon steel asynchronous motor and the amorphous
alloy asynchronous motor before the optimization is con-
ducted and compared. Based on the operational characteristic
of motor, the output torque and the efficiency are set as
dual optimization objectives. The constraints and variables
in the evolutionary algorithm are set according to the prop-
erties of the material. With these settings, the slot shapes
of stator and rotor are optimized, and it is found that the
‘‘big on top, small on bottom’’ slot shape of the rotor is
preferred in improving the motor efficiency. Three motor
models ofMotor-S,Motor-A andMotor-AO are fabricated by
machining and assembling, and their efficiencies are tested.
Experimental results validate the optimization results and
show that relatively low efficiency in the low-speed range
of Motor-A is compensated in Motor-AO. Motor-AO pos-
sesses the largest high-efficiency range of output torque and
operational speed. Specifically, at 1.5 N·m and 7000 rpm,
the efficiency of Motor-AO can be improved by 4.29%
and 7.12% compared with those of Motor-A and Motor-S,
respectively.
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