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Abstract—This paper presents a design methodology
and analysis for a 4-kW 150-krpm ultra-high-speed surface-
mounted permanent-magnet synchronous motor (SPMSM)
to electrically assist a turbocharger. The proposed design
methodology is aimed at achieving a required torque and
speed. In addition, this study seeks a fast-speed response
as a design objective to eliminate turbo lag more effectively.
First, an existing prototype that does not meet the target per-
formance is presented. The loss for the prototype, which is
difficult to obtain theoretically, is obtained experimentally
and reflected in the design. The speed response character-
istic of the machine is analyzed through the electromechan-
ical undamped natural frequency and damping ratio. Design
parameters such as the permanent-magnet (PM) grade, the
turn number of coils, and the axial length of the motor are
designed. The resulting improved motor achieves higher
power density as well as faster speed response than the pro-
totype. Experiments verified the effectiveness of the motor
in the electrically assisted turbocharger. In system experi-
ments with the turbocharger, the rising speed of the boost
pressure is improved by 44.9% due to the designed motor.

Index Terms—Power density, speed response, surface-
mounted permanent-magnet synchronous motor (SPMSM),
turbocharger, ultra-high-speed motor.

|. INTRODUCTION

URBOCHARGERS are typically implemented in engine
T systems as a technological step toward engine downsizing.
In a conventional turbocharger, the turbine is driven by the
exhaust gas coming from the engine cylinder, and air is
supercharged into the inlet in the engine cylinder while the
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Fig. 1.

impeller connected to the turbine is rotated. A contributing
factor to the degradation of vehicle performance is the turbo
lag caused by low engine revolutions per minute (rpm). A
low-engine rpm results in a low discharge rate of the exhaust
gas, and a correspondingly low rotational speed of the turbine,
which reduces the supercharging capacity of the impeller [1],
[2]. To reduce this turbo lag, and thus improve the engine
performance and vehicle drivability, a turbocharger system
assisted by an ultra-high-speed electric motor with high-speed
response is developed. Fig. 1 shows the block diagram of the
electrically assisted turbocharger.
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Among ultra-high-speed compact motors, permanent-magnet
(PM) machines are considered favorites. Their high power
densities lead to high-speed system response [3]. Furthermore,
nonelectric excitation in the rotors yields excellent efficiency
[4]. The ultra-high-speed operation and increased power
density, however, have led to both electrical and mechanical
issues such as iron loss, voltage limitation, windage loss, and
structural problems [5]. In addition, as the speed response
of the motor increases, the impeller reaches the rated speed
sooner, which indicates that the turbo lag removal performance
is improved. Accordingly, fulfilling the required specifications
and speed response characteristics are significant issues in the
design of ultra-high-speed machines.

Research addressing the typical design specifications and
methodology of high-speed PM motors for turbochargers, tak-
ing into account the speed response characteristic and power
density, is sparse. In addition, it is difficult to find prior re-
search on the actual effectiveness of electrically assisted tur-
bochargers. Although research has been performed in the area
of ultra-high-speed motors for turbocharger systems, induction
machines (IMs) or synchronous reluctance machines (SRMs)
with relatively lower power density than that for PM motors
have been presented [6]-[8]. Designs for PM motors with speeds
of up to 10-75 krpm in applications such as compressors and
pumps have been described [9]-[14]. However, the previous
research [6]-[14] does not discuss the speed response of the
machines, or the usability or effectiveness of the motors in tur-
bochargers. The design process for a motor with the same base
speed and maximum speed as the target specifications has been
studied [15]; however, electromagnetic design issues for high-
speed motors, such as the number of poles/slots and the shape of
the iron core, are emphasized. In this paper, the speed response
characteristics and effectiveness of the motor in the turbocharger
are analyzed; in addition, the target torque is increased so that
the outer diameter of the stator and the input current are larger
than those of the existing prototype.

This paper discusses an ultra-high-speed surface-mounted
permanent-magnet synchronous motor (SPMSM) for electri-
cally assisted turbochargers, which can reduce turbo lag pre-
sented under start/stop conditions as well as during gear
changes. The result is improved vehicle performance and higher
overall system efficiency [6]. It is not common for automobiles
to have specifications for high-speed motors that reach speeds
ranging from 100 000 to 150 000 rpm. In addition, there are
parameters that are difficult to calculate theoretically in the de-
sign of high-speed motors. In particular, the motor for a tur-
bocharger requires significant design experience, even in the
thermal aspect, since it comes in contact with the engine, a
complex mechanical structure, and it is affected by the driving
patterns. As a result, the specifications and design methodology
presented in this paper include design experience or experimen-
tal approaches.

This study proposes a design methodology for the 4-kW
150-krpm SPMSM based on an existing prototype. The input
voltage of the designed motor and the prototype are the same. In
addition, all machine parts mounted with the motor, including
the cooling system and turbocharger itself, are the same. They

were not directly designed; those developed and manufactured
by the automobile company are used. Since the shape design
methodology of the stator teeth and yoke is the same as in a
previous study [15], it has been omitted from this paper. In-
stead, this study mainly deals with the power density and speed
response of the high-speed motor, as well as its effectiveness
in the turbocharger. In the proposed methodology, the appropri-
ate PM grade is selected and the design parameters—such as
series turn number per phase and axial length—are analyzed.
The values of the parameters are determined while consider-
ing the electromechanical undamped natural frequency and the
damping ratio obtained from the transfer function of the system.
Meanwhile, the iron and mechanical losses have particularly
significant effects on the target performance of the ultra-high-
speed machine. Windage loss is caused by the friction of the
rotor and shaft with the surrounding air, and the bearing loss is
the friction loss that occurs in the bearing between the shaft and
the housing. These losses are small enough to be ignored at low
speeds. However, they have a tendency to become significant as
the speed increases; therefore, they cannot be ignored in ultra-
high-speed systems. In this regard, the accurate estimation of
these mechanical losses is required for precise design and per-
formance prediction. Thus, mechanical losses such as windage
or bearing losses are obtained via experimental methods using
the existing prototype in the turbocharger. The iron loss map
according to the armature current of 0—180 A,,,s and speed of
0-150 krpm is obtained using a nonlinear finite element method
(FEM). As aresult of this design, both the power density and the
speed response of the motor were improved. The performance
of the designed motor that successfully fulfills the requirements
was verified experimentally. In addition, this paper presents the
effectiveness of the designed motor in the turbocharger system
via the experiments. In the experiments, the boost pressure in the
electrically assisted turbocharger was examined. The boost pres-
sure exerted by the motor in the electrically assisted turbocharger
was compared with that of a conventional turbocharger system.

The two main contributions of this paper are as follows: First,
the design methodology of a motor for a turbocharger that con-
siders the speed response is developed. A fast-speed response of
the motor and the system is essential to effectively reduce turbo
lag in the turbocharger. A transfer function that includes all elec-
trical/mechanical parameters is obtained based on the numerical
model of the motor. Based on this function, the speed response
due to a change in design variables was analyzed and reflected
in the design. In addition, losses such as windage loss and bear-
ing loss that should be taken into account when designing a
high-speed motor were obtained through experimental evalua-
tion using an existing prototype and reflected as a mechanical
loss in the design. Second, a confirmation of the performance
of the turbocharger mounted with the designed motor is ob-
tained. The performance of the turbocharger mounted with the
motor is compared with that of the conventional turbocharger.
The objective is to verify the efficacy of the designed motor and
improve its performance beyond that of the conventional tur-
bocharger by manufacturing and testing the electrically assisted
turbocharger using the ultra-high-speed motor designed using
the method proposed in the first main contribution.
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TABLE |
SPECIFICATION OF THE PROTOTYPE AND REQUIREMENTS

Quantity Unit Prototype Requirement
Supply voltage Ve 48

Current limit Ains 180

Outer diameter mm 90

Power kW 3.5 4
Rated torque N-m 0.38 0.38
Rated speed rpm 87,500 100,000
Max. speed rpm - 150,000
Axial length mm 20 under 20
Response time (80 krpm) ms 297.93 under 297.93

Il. ANALYSIS OF THE PROTOTYPE

The prototype that was developed by an automotive com-
pany does not meet the required specifications of Table I. The
purpose of the design in this study is to improve the power
density and speed response of the motor, which are mutually in-
dependent design objectives. The proposed prototype meets the
specifications shown in Table I. The rated power and speed of
the improved motor should achieve 4 kW and 100 krpm, and the
motor should be able to reach a maximum speed of 150 krpm. In
addition, the design objectives are to minimize the axial length
for improved power density and response time of the motor.
Thus, analysis of the prototype is a basis for the formulation of
the improved design plan.

A. Prototype

The prototype is a two-pole six-slot SPMSM with concen-
trated windings. The diameter of the stator and rotor are 90 and
23 mm, respectively. The stack length is 20 mm. A parallel mag-
netized SmyCo;7 PM was used for the rotor. For the prototype,
aring-type magnet of two poles was used. This means that in the
cylindrical shape of the magnet, one half has an N-pole, while
the other has an S-pole. In addition, the surface of the rotor
was surrounded by a retaining sleeve to prevent the scattering
of the cylindrical PM by the centrifugal force. For the armature
winding, there were 14 series turns per phase and one parallel
circuit. As a result, the back electromotive force (BEMF) of
the prototype at a 10 krpm rotational speed was approximately
1.31 V,p5. Accordingly, voltage saturation occurs at 87 500 rpm
as a result of high BEMF, and it cannot reach the rated speed of
100 000 rpm when driven by the I; = 0 control method.

B. Mechanical Loss

The mechanical loss consisted of both windage and bearing
losses as the experimental results of the prototype were used
to design the improved motor. This is because the mechanical
components of the improved motor—such as the shaft, bearing,
and turbocharger—were the same as those of the prototype.
The experimental setup for the no-load torque test is shown in
Fig. 2(a). The shaft and bearing are used in the same manner as
those used in the actual turbocharger. In the place of an impeller,
acylindrical dummy was installed in the impeller position inside
the turbocharger. The mass of the dummy is the same as that of
the impeller. The air flow channel in front of the dummy is closed
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Fig. 2. No-load test of the prototype. (a) Experimental setup. (b) Me-
chanical loss as the test result.

by a cap. Through this process, it is possible for the motor be in
ano-load condition by suppressing the load due to air. Thus, the
input power indicated the sum of the mechanical loss and a no-
load iron loss. The copper loss can be disregarded because the
square of the input current was extremely small under the no-
load condition. Consequently, the mechanical loss is calculated
by subtracting the no-load iron loss from the input power. The
iron loss was obtained via a nonlinear FEM. As a result, the
load torque generated by the impeller can be excluded, and the
mechanical loss, which is the sum of the windage loss that occurs
in the shaft and rotor of the motor, and the friction loss that occur
in the bearing, can be obtained. Fig. 2(b) shows the examined
losses and the mechanical loss as the no-load test result.

C. Design Objectives and Parameters

The BEMF of the prototype 1.31 V,,s was too large to reach
the rated speed of 100 krpm. This is because the voltage was
saturated by the BEMF and impedance voltage at approximately
90 krpm. However, if the magnitude of the BEMF is reduced
too much, the motor will not achieve the rated torque of
0.38 N-m under 180 A, . Therefore, the appropriate BEMF
should be determined so as to fulfill the required specifications.
Additionally, the proposed design methodology focuses on
the improvement of the speed response characteristic of the
machine. Hence, the critical design goals of the proposed
methodology are to fulfill the required specifications by
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increasing the power density and to achieve fast-speed response
to reach the rated speed and power.

In this study, the thickness of the PM was fixed at 5 mm.
Outer and inner retaining sleeves were set at 1.5 and 2.5 mm,
respectively. They were determined experimentally by consider-
ing both the diameter of the shaft and mechanical strength rated
by the manufacturer. Thus, the characteristics of the motor can
be determined by the PM grade, series turn number per phase
Np1 and axial length L of the rotor. The PM grade, the series
turn number per phase, and the axial length were determined to
be the design parameters used to achieve the specified design
goals.

[ll. SPEED RESPONSE CHARACTERISTICS OF THE MOTOR

The design methodology based on the mathematical model of
an electric motor is proposed to analyze the speed response char-
acteristics. For the proposed methodology, the transfer function
of the machine is deduced and the two objective functions rep-
resenting the speed response characteristic are derived. Finally,
the values of the design parameters are determined based on the
derived objective functions.

A. Motor Model in Laplace Domain

A mathematical model was used to analyze the speed re-
sponse characteristics of electric motors. Motor systems can be
expressed by using both electrical and mechanical equations.
These are the voltage and torque equations, respectively. The
voltage equation of the motor is obtained from a three-phase
equivalent circuit, where the iron loss is ignored [16]. The volt-
age equation of the electric motor is expressed as

. di
Ryiq + La?: + eq

dig
= Ruia +Laé+ke¢fwm (1)

where V,, and ¢, are the armature voltage and current; R, and
L, are the armature coil resistance and inductance; ¢, is BEMF
inrms; k. and ¢ are the BEMF constant and field flux, respec-
tively; and w,, is the mechanical speeds in rad/s. The torque
equation is as follows:

‘/(1:

dwm
JW + me + TL

= krdyia )

where J and B are the mass moment of inertia and the friction
coefficient, respectively; 7. and kr are the electric torque and
torque constant, respectively; and w,, and 77, are the mechanical
speeds in rad/s and the load torque, respectively. It was assumed
that the load torque 77, is zero and can be neglected in the
following equations.

The Laplace transformation of (1) and (2) are computed to ob-
tain the transfer function of the machine in the Laplace domain.
The resulting voltage equation is as follows:

Va(s) = (Ra+sLa)ia (s) +eq(s)
= (Ry 4+ sLa)ia (S) + kedpwm (). 3)

T, =

T

L
V, + 1 L, -L{% 1 Dy,
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Fig. 3. Block diagram of an electric motor.

The torque equation is expressed as
T. (s) = (sJ+ B)wp, (s)
= kroyiq (s). “)

Based on (3) and (4), a block diagram and transfer function
can be obtained.

B. Transfer Function

The block diagram of an electric motor is shown in Fig. 3.
From the diagram, the transfer function in the Laplace domain
is obtained

1 1
SL,+R, ~kroy - sJ+B

- = . 5
Va 1+ <sLa1+Ru kg - ‘le+B) “keos

Equation (5) can be organized in second-order standard
form as

where

keor =kroy = K. (7

From (6) and (7), the electromechanical undamped natural
frequency w,, and damping ratio ¢ are obtained as

B R, K?
Wp = j : L, JL, (8)
1 B R,

The high electromechanical undamped natural frequency w,,
and low damping ratio ¢ can lead to fast response speeds in
electric machines [17]. Therefore, w, and ( are used as the
objective functions to estimate the speed response characteristic.

In the presented equations, K is proportional to both the
series turn number per phase N}, and axial length L. The mass
moment of inertia J is proportional to the axial length L, and
inductance L, is proportional to L as well as the square of
Npn. Consequently, assuming that the friction coefficient B is
extremely small or zero, w, is constant under the condition of
the same BEMF or torque constant. Therefore, with the constant
wy,, ¢ should be minimized to achieve a fast response speed in
the machine [17]. However, there are practical limitations in the
determination of Np,;, due to the current density in the armature
coil. Hence, the values of N}, and L for the improved motor
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should be determined by considering both the speed response
and the appropriate current density.

[V. IMPROVED DESIGN AND VERIFICATION

The power density of the motor can be increased through
forced air cooling using a fan, water cooling, or oil cooling, be-
cause these methods increase the current density of the motor.
However, this method requires a new cooling system or mech-
anism to improve the cooling performance, thereby increasing
the overall cost, complexity, and volume of the system. An alter-
nate method is to use cobalt steel instead of silicon steel as the
core material, because the magnetic properties of cobalt steel is
much better than those of silicon steel. However, processing the
cobalt steel is relatively difficult and expensive. Alternatively,
the motor type can be changed to improve the torque density
at the same current. For example, an interior permanent-magnet
synchronous motor (IPMSM), which has saliency, has relatively
higher torque density because of the usage of the reluctance
torque. However, IPMSM is more vulnerable to stress and is
more structurally unstable compared to the SPMSM adopting
the retaining sleeve because of the presence of a rib or air bar-
rier in the rotor. Therefore, to improve the power density of the
motor, the PM material was selected as one of the design param-
eters. Residual induction and coercive force of the PM material
were taken into consideration. After determining the PM mate-
rial, the series turn number per phase Ny, and axial length L
were designed to improve the speed response. The tendency of
the speed response characteristic, according to the variations of
Npn and L, were analyzed using the equations in Section III.
Finally, the values of the parameters for the improved motor
were determined to achieve both high power density and faster
response speeds. The core iron shape of the stator affects the
saturation and iron loss, which, in turn, affect the performance
of the motor. However, the shape design methodology of the
stator teeth and yoke in this study is the same as the process
in [15] and has been omitted from this paper. Thus, the design
steps are as follows.

1) The grade of PM is determined in accordance with the
operating temperature and cooling system.

2) Based on the proposed mathematical model, the trajec-
tory of the damping ratio on changes in axial length and
series turn number per phase is obtained.

3) The series turn number per phase is determined on the
basis of the current density.

4) The axial length of the motor is determined based on the
trajectory.

5) The performance of the motor designed by reflecting the
losses is analyzed and verified experimentally.

A. Permanent Magnet

The SmyCoq7 magnet used in the prototype has high heat
resistance and strong temperature characteristics. Thus, it is
suitable for use in environments with very high temperatures.
However, the maximum temperature of the PM in the rotor was
estimated experimentally to be approximately 100 °C in the tur-
bocharger. This is because the PM of the motor is not in direct
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Fig. 4. Trajectory of the damping ratio according to the series turn
number per phase and axial length.

contact with the exhaust gas in the turbocharger. The tempera-
ture of the PM is affected by the shaft, which is connected by
heat conduction to the turbine and impeller. Furthermore, the tur-
bocharger is applied with an oil cooling system to decrease the
temperature. In addition, SmyCo;7 magnets are more expensive
than NdFeB magnets even though they have lower mechanical
strength and residual induction than those of NdFeB magnets.

At 100 °C, residual induction of the SmyCo;7 is 1.051 T.
On the other hand, residual induction of the N38EH, which is
one of the NdFeB magnets, is 1.149 T. Noting that irreversible
demagnetization under full-load conditions should be avoided,
an N38EH with a high coercive force was determined to be
appropriate for the application. Its coercive force was 756 kA /m
and its intrinsic coercive force was over 2400 kA /m. For these
reasons, the N38EH—which is one of the NdFeB magnets—was
adopted for the design of the improved motor.

To maximize the power density, the width of the PM should
be maximized. In addition, for the case of a high-speed motor,
the number of poles should be minimized because of the limi-
tation of carrier frequency [18]. Accordingly, two poles as the
minimum number of poles are used in this study. As a result, the
ring-type cylindrical magnet itself is used as a rotor to make the
utmost use of the PM in the rotor with two poles and to maxi-
mize the rotor stiffness. Consequently, the shape of the PM is not
considered as a design parameter. In addition, a cylindrical-type
retaining sleeve was inserted into the surface inside and outside
the PM in the design. As the thickness of the retaining sleeve is
greater, it is difficult to increase the power density of the motor.
However, this is essential in order to prevent the scattering of
the PM due to the vibration and centrifugal force during high-
speed operation. Since the thickness of the retaining sleeve of
the existing prototype is the value determined experimentally,
the internal and external sleeves of the same thickness and ma-
terial are used in the improved motor. Therefore, it can be stated
that the effect of the magnet material on the power density is
9.3% as a rate of increase in the residual induction of the PM.

B. Series Turn Number per Phase

Fig. 4 shows the trajectory of the damping ratio ¢ under
the constant w,, condition. The trajectory is obtained using (8)
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and (9) from Section III, and the assumption that the friction
coefficient B is either extremely small or zero. For the trajec-
tory, w, is determined as the maximum BEMF to fulfill both
the required specifications and the voltage limitation. If the mo-
tor resistance is linear proportional to the axial length L, ¢ is
proportional to 1/N,;, and independent from L, when w, is con-
stant. Therefore, this cannot explain the relationship between L
and ¢ shown in Fig. 4. However, the resistance of the motor is
not linear proportional to L. If a coil is actually wound, there
exists a coil part wound in the axial direction to fall out of one
slot and then turn away to go back to the next slot in addition
to the coil part that passes through the core through the slot of
the motor. This is called an “end turn.” These parts are not in
proportion to L of the motor. Thus, in effect, resistance is not
linear proportional to L, and this is particularly true with the
thin-type motor dealt with in this paper. Actually, in this study,
the effects by L and end turn were all calculated and reflected
when the resistance of the motor was calculated. As shown in
Fig. 4, a fast-speed response can be attained as a result of the
high NV,,;, and short L under the condition of a constant BEMF or
torque constant. Therefore, IV, should be as high as possible,
considering the current density in the armature coil, to achieve
fast-speed responses.

Although the maximum input current and the stator outer di-
ameter of the motor have been determined, the current density
can be changed depending on the driving pattern of the system,
performance of the cooling system, and contacted mechanical
structures. Thus, a numerical approach is difficult since there
are too many factors that affect the current density, and nonlin-
earity is strong. In Fig. 4, N}, and axial length have an infinite
degree of freedom. However, if Ny, is increased within the
predetermined outer diameter, the current density inevitably in-
creases. This is because even if Ny, is increased, the slot area
cannot be increased due to the magnetic saturation of the core
material. As a result, there is a limit in increasing Ny, in the
design of the actual motor. Therefore, N, is determined as 16
based on the outer diameter and the current density specified by
the designer.

The current density was determined experimentally using the
prototype and [19], rather than from a thermal analysis. This is
because it is difficult to obtain a reliable thermal analysis re-
sult in consideration of the complex structure of the contacted
mechanical parts. Consequently, Ny, of the improved motor
was determined to be 16, since the current density proposed in
this study was 18 A/ mm?. A current density of 18 A/ mm? is a
higher value compared to that of conventional continuous rat-
ings with air cooling. There are two reasons for the feasibility
of the high current density. First, the motor in the turbocharger
is operated intermittently for no more than a few seconds. The
continuous operation time of the motor varies significantly de-
pending on the amount of rapid acceleration and subsequent
gear shifting. Accounting for the time when the motor reaches
the rated speed in the turbocharger, the continuous operation
time of the motor can be assumed to be less than 1 to 2 s under
normal driving conditions, and it can be assumed to be about
seven seconds when a rapid acceleration is maintained while
continuously shifting gear. This is because the motor is only

Unit: mm

Outer
Diameter

Retaining
Sleeve

Length

Fig. 5. Configuration of the proposed motors.

operating to eliminate turbo lag when the vehicle is accelerating
at low speeds or during gear shifting. Otherwise, the motor is
idling or generating using the high-speed exhaust gas. Second,
the stator can be cooled indirectly by the cooling oil, which
is circulated in the engine and turbocharger system. For these
reasons, the series turn number per phase of 16 and the current
density of 18 A/ mm? have been determined to be appropriate
values in this application. The effect of the change in current
density on the design can be represented numerically by calcu-
lating the ratio of the series turn per phase. Consequently, the
degree of effect in the improved design becomes 14.3%.

C. Axial Length

Based on the ( trajectory, as shown in Fig. 4, the axial length
L of the motor was determined to be 13 mm, taking into consid-
eration the magnitude of the BEMF and the series turn number
per phase IV,,;,. This value is a decrease of 35% compared to
20 mm of the prototype. The BEMF of the improved motor
under no-load conditions is obtained via the nonlinear FEM. As
the results demonstrate, the BEMF at 10 krpm was 1.09 V5.
This is a decrease of about 16.8% compared to the 1.31 V5 of
the prototype. The configurations and dimensions of the proto-
type and improved motor are shown in Fig. 5 and Table II. The
effect of the axial length is a 35.0%, a rate of decrease in the
length. Further, given the changes in BEMF, it is found that the
effect caused by the change in shape of the stator core is 2.5%.
A photograph of the designed motor is presented in Fig. 6.
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TABLE Il 120
DIMENSIONS OF THE PROTOTYPE AND IMPROVED MOTOR MitiF oaly
100 p [N /
Quantity Unit  Prototype Improved a0k g
Stator outer diameter mm 90 E 60 i
Stator inner diameter mm 27.90 = I
PM thickness mm 5.65 E 40
Yoke mm 7.85 7.30 @ - Motor+impeller+turbine
Teeth mm 6.75 7.10 vl -
Axial length mm 20 13 | Improved motor
ok - = -Prototype
0.0 0.5 1.0 15 2.0
Time (sec)
Fig. 8. Speed response of the motors up to reach the rated power.
electrical parameters R and L. When the mass moment of inertia
of the impeller and turbine are considered, the speed response of
the improved motor is 8.62% faster than that of the prototype.
; The purpose of this study is to design a fast-speed response
v that satisfies the target torque and power. Consequently, al-
) though J has a dominant influence on the speed response of
Fig. 6. Improved motor. .. . .
the motor, a reduction in J leads to a decrease in magnitude of
BEMEF and in turn makes it impossible to achieve the target per-
formance. If L is decreased by 35%, BEMF is also reduced by
35%, making the magnitude of BEMF 0.98 V, which is less than
Refsence | | Speedio Comsit dqaxs | [sVPWM |/ Motor 1.09V, and this is unable to satisfy the target t.or.qu.e anq power.
speed PI controller transformation inverter Rz LeJ) The results of this study showed that L was minimized in order
T to reduce J, as well as the torque and power were maximized
Speed % Coment through an appropr.la'te materlal selection and d.etermlnatlon of
feedback Npy in order to minimize L. Therefore, there is a need to re-
duce J and implement an appropriate material selection and
Fig. 7. Block diagram of the MATLAB Simulink model. electromagnetic design to achieve the fast-speed response while

D. Speed Response

The speed response curves for the motors were simulated
using MATLAB Simulink. For the simulation, in addition to
the motor, the inverter and the controller were modeled, and
PI control on the speed and current has been performed, as
shown in Fig. 7. The simulation was conducted accounting for
the electrical variables of the motor, such as the resistance and
inductance, as well as the mechanical variables of mass moments
of inertia J. The carrier frequency of the space vector pulsewidth
modulation (SVPWM) in the inverter model is 20 kHz. Fig. 8
shows the speed response curves of both the prototype and
improved motor in reaching the rated power. The times to reach
the same speed of 80 krpm for the prototype and the improved
motor were 297.93 and 193.47 ms, respectively. Therefore, the
speed response of the improved motor is 35.1% faster than that
of the prototype due to the proposed design methodology. The
design results show that the axial length of the improved motor is
reduced by 35% compared to that of the initial prototype, which
implies that J of the rotor is reduced by 35%. This accounts
for most of the reduction rate of 35.1% in the response time.
Therefore, this result indicates that the mechanical parameter J
has a stronger effect on the speed response compared with the

satisfying the torque and power.

E. Motor Characteristics

The d-, g-axis equivalent circuit is used to simulate the per-
formance of the designed motor with regard to factors such as
torque, speed, and armature current [20], [21]. This is different
from the three phase equivalent circuit described in Section III.
In the d-, g-axis circuit, the iron loss of the motor is taken
into account. This is because the iron loss seriously affects the
torque-current performance of the machines at ultrahigh speeds.
Subscripts of d and g refer to the d- and g-axis components; i and
v are the armature current and voltage, respectively; R, is the
phase resistance; R, is the equivalent resistance of the iron loss;
L is inductance; v, is the flux linkage of the PM in rms; and w is
the electrical speed in rad/s. To solve the equivalent circuit, the
flux linkage, the inductance, and the iron loss are obtained via a
nonlinear FEM. The flux linkage and the d-, g-axis inductance
according to the armature currents of 0—180 A,,,s are shown
in Fig. 9(a) and (b), respectively. The saturation of the core
causes decreases as well as discrepancies between the d- and
g-axis inductances as the armature current increases. Fig. 9(c)
shows the iron loss map according to the armature currents of
0-180 A5 and speeds of 0—150 krpm. The phase angle of the
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Fig. 9. Variations of the parameters under load conditions. (a) Flux

linkage 1, . (b) d-, g-axis inductance. (c) Iron loss.

armature current was fixed at 0° because the designed motor is
driven by 73 = 0 control.

The designed SPMSM was set up, and the experiment was
conducted to verify the validity of the proposed design method-
ology and results. For the test, a torque sensor was located
between the two identically designed motors to connect them in

0.5 7
- Torque 16
L o 15
= Simulation { <=
E
=, 03F Experiment 44 %
o e
& 13 2
E 0.2F ] c%
° O Simulation 42
0.1} — Experiment
1
00 D L 1 L 1 L 0
0 25 50 75 100 125 150
Speed (krpm)
(a)
200+ g-axis Current
. 199 O Reference
e Actual
E
< 120 F
b=
atJ 80 |
8 40 @ Reference
d-axis Current ——Actual
o000 08000
0 25 50 75 100 125 150
Speed (krpm)
(b)
Fig. 10. Load test results of the improved motor. (a) Torque and power.

(b) d-, g-axis input current.

a series. Of the two motors, one was used as a load unit through
the torque control, and the other was used as a test motor through
the speed control. The test motor was driven by ¢, = 0 control.
The carrier frequency of the controller was 20 kHz during oper-
ation, and the iron loss, depending on the magnitude and phase
of the input current, was accounted for in control. The details of
the inverter and controller are shown in [22]. An SETech YD-
series torque sensor and a Yokogawa WT3000 power analyzer
were used. Fig. 10(a) shows the torque and power according to
the speed. The motor was able to operate at maximum torque
until it reached the rated speed of 100 krpm and the output
power reached 4 kW. Over the base speed, the motor operated
at maximum speed while decreasing torque and power. The in-
put currents under the load conditions are shown in Fig. 10(b).
The d-axis current was consistently zero because the motor was
driven by I; = 0 control. The g-axis current was decreased
after the base speed such as the torque to maintain the induced
voltage. Therefore, the motor can operate to a maximum speed
of 150 krpm. The specifications of the designed motor that fulfill
the necessary requirements are displayed in Table III. The vol-
ume of the designed model relative to the prototype decreased
by 35.0%, the rated power and speed increased by 14.3%, and
the speed response of the motor increased by 35.1%.
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TABLE Il TABLE IV
SPECIFICATIONS OF THE DESIGNED MOTOR DRIVE MODES OF THE MOTOR IN TURBOCHARGER
Quantity Unit Value Versus Prototype Drive Conditions ~ Motor Torque in the Electrically Assisted Turbocharger
Power kW 4 +14.3% Mode 1 Full torque
Torque N-m 0.38 - Mode 2 50% torque
Rated speed rpm 100,000 +14.3% Mode 3 33% torque
Max. speed rpm 150,000 - Mode 4 0% torque (conventional turbocharger)
Outer diameter mm 90 -
Axial length mm 13 —35.0%
Core material - 20PNF1500 -
Magnet material - Nd-Fe-B - 25
Response time (80 krpm) ms 193.47 —35.1% @ {J—Mode1
= F—/\— Mode2
% - —O—Mode3
L 7 [—7—Moded
25 - 225 i Electrically assisted \#
M - 1T N o o Ay 5518 F:
® Motor freewhecling et 4 200 2 turbocharger .. Conventional
= H f 15} turbocharger
g 20 A5 _ b4
o L AT E N —
5 . 1150 & o . 44.90%]
@ 1 s = S 135.19%]
S - S 10} LRV Vel =4
- 3 -25.46%
=} 1 0 i T 100 g, I L L 'l '
8 [ e s ¢ 0 1 2 3 4 5
T 3 i
E 05 {50 2 Time (sec)
i —{1—Boost Pressure
s : —— Motor Speed 125 . . X
0.0 X , X ) 0 Fig. 12.  Comparison of the boost pressures as the experiment results
0 1 2 3 4 5 according to the drive modes.
Time (sec)
(a) S
was rapidly increased by the motor under the rated speed. Be-
tween the rated and maximum speeds, the pressure and the
motor speed gradually increased due to the decreasing torque.
[+H] .
5 At over 150 krpm, the motor was rotated freely by the high-
§ = speed exhaust gas. The speed characteristics of the designed
; 15 motor according to the drive mode are compared in Fig. 11(b).
8 3 The drive modes of the motor are shown in Table IV. The speed
=] o« L
F % characteristics were analyzed up to the rated speed. As a result,
= 5 the times taken to reach 100 krpm under drive mode 1 were
E - approximately 19.0% and 29.4% faster, respectively, than under
=] . .
- modes 2 and 3 due to the higher torque. Fig. 11(b) also presents
the normalized boost pressure according to the drive modes; it
_ is increased proportionally to the motor speed. In addition, it is
Tlm?b()sec) shown that the boost pressure increased rapidly since the motor
torque is high. Therefore, it was verified that a higher motor
Fig. 11. Boost pressure and motor speed as the test results. (a) Op-  torque and power quickly increases the motor speed, which im-

erating state of electrically assisted turbocharger. (b) Comparison of the
normalized pressures and motor speed according to the drive modes.

V. EFFECTIVENESS OF DESIGNED MOTOR IN
TURBOCHARGER

The research objective is to apply the designed motor to the
turbocharger to verify the effect of the motor performance on
the turbocharger and to verify that the supercharging perfor-
mance such as the boost pressure is improved beyond that of
a conventional turbocharger. The results of the boost pressure
measurements presented in this study were normalized by the
magnitude of the normal pressure before operation of the motor.
Fig. 11(a) shows the boost pressure exerted by the electrically
assisted turbocharger. Given the motor speed, the boost pressure

plies that the performance of the turbocharger can be improved
[23], [24]. The boost pressure exerted by the electrically assisted
turbocharger is compared with a conventional turbocharger in
Fig. 12. By means of the designed motor, the pressure under
modes 1, 2, and 3 increased faster than under mode 4. The time
that it took to reach the 1.5 normalized boost pressure under
drive modes 1-3 was faster by about 44.9%, 35.2%, and 25.5%,
respectively, than under mode 4. This is important because it
shows that the turbo lag can be reduced during vehicle accel-
eration. In addition, it was verified that a higher motor torque
quickly increases the boost pressure, which means that the turbo
lag elimination performance can be improved by a higher motor
torque, which directly affects the acceleration of the vehicle.
In summary, through experiments, the effectiveness of the
proposed design methodology for an ultra-high-speed motor
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and the performance of the designed motor were verified. Fur-
thermore, given the boost pressure of the electrically assisted
turbocharger, it was verified that the performance of the tur-
bocharger can be improved by adopting the proposed ultra-
high-speed SPMSM.

VI. CONCLUSION

The design of the 4-kW 150-krpm ultra-high-speed SPMSM
for an electrically assisted turbocharger was presented. In the
proposed design methodology, an NdFeB magnet was used to
maximize the power density. Furthermore, the electromechan-
ical undamped natural frequency and damping ratio obtained
from the transfer function of the system were used to achieve
a fast-speed response. Based on the results of the analysis, the
appropriate series turn number per phase and axial length were
determined considering the current density and cooling method.
Consequently, the volume of the motor was reduced by approx-
imately 35.0%. The rated power and speed increased by ap-
proximately 14.3%. The speed response of the improved motor
was 35.1% faster than that of the prototype. Considering the
inertia of the impeller and the turbine, the speed response of the
improved motor was 8.6% faster than that of the prototype. Per-
formance of the designed motor, such as the torque and speed,
was verified through component tests. Finally, the effectiveness
of the designed motor in the turbocharger was verified through
the system experiments. As a result, the rising speed of the
boost pressure exerted by the motor in the electrically assisted
turbocharger was improved by about 44.9% over that of the
conventional turbocharger.
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