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Abstract—This paper proposes a novel structure for the concen-
trated flux-type synchronous motor (CFSM) in order to improve
the torque density, as well as the vibration characteristics. First,
the conventional surface-mounted permanent magnet synchronous
motor as prototype for the electric booster in the brake system is
investigated through tests. Then, the relationship between the vi-
bration characteristics and the number of poles and slots is ana-
lyzed. Based on the analysis results, a pole–slot combination for an
improved CFSM is determined to enhance the vibration charac-
teristics. Furthermore, a novel structure for the improved motor
that employs three different core shapes in the rotor is proposed to
increase the torque density. As a result, the improved motor with
excellent vibration characteristics as well as a high torque den-
sity is designed. Finally, experiments are conducted to verify the
effectiveness and the feasibility of the proposed method.

Index Terms—Concentrated flux-type synchronous motor
(CFSM), torque density, vibration.

I. INTRODUCTION

TRACTION motors for X-electric vehicle (X-EV) are fre-
quently operated as a generating mode during city driving.

This regenerating operation of the traction motor helps to ex-
tend the total operating distance of the vehicle for one charge. In
this operating mode, the vehicle needs additional braking force
from the brake system. This is because the regenerative braking
force is not enough to stop the vehicle due to the torque–speed
characteristic of the traction motor. Moreover, the regenerative
braking force of the traction motor varies with the speed of the
vehicle. Therefore, in order to transmit more regenerative en-
ergy to the battery, the braking force generated by the brake
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Fig. 1. Mechanism of the brake system using the E-booster.

system needs to be controlled actively as a change in the ve-
hicle speed. However, the vacuum booster of the conventional
brake system is not controlled as a change in the vehicle speed.
To resolve this problem, an actively controllable booster, called
an electric booster (E-booster), is required in the X-EV brake
system. The operating mechanism of the brake system using
the E-booster is described in the following and shown in Fig. 1.
First, the electric control unit drives the electric motor according
to the driver’s braking requirements. Second, the electric motor
produces the torque and the ball screw, which is placed inside of
the hollow type motor, pushes the piston. The piston connected
with the ball screw is then moved toward the master cylinder.
The hydraulic pressure is generated in the master cylinder and
operates the calipers. Finally, the braking force is produced. The
brake system using the E-booster mainly consists of a hydraulic
unit, electric control unit, master cylinder, ball screw, and elec-
tric motor [1]. Since these components are integrated, the brake
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Fig. 2. Structure of the conventional CFSM and the SPMSM. (a) Conventional
CFSM. (b) SPMSM.

system with the E-booster is a more compact system compared
to a conventional brake system. The prototype of the surface-
mounted permanent magnet synchronous motor (SPMSM) was
designed to have a large hollow in the rotor structure so as to
install the ball screw into the hollow. However, in this paper, the
concentrated flux-type synchronous motor (CFSM) is adopted
as an alternative to the prototype for the E-booster of the brake
system in order to improve the torque density. Though there has
been significant amount of research in the past on the CFSM
[2]–[6], the size of the motors presented in this paper is larger
and the inner diameter of the rotor cores is smaller compared to
those of the motors used for the E-booster. Thus, there is a need
to study on the small-sized CFSM for the E-booster. Also, this
large hollow limits the amount of permanent magnet (PM) to be
inserted in the rotor core and the small amount of PM results
in a low torque density. The torque density can be improved
by narrowing the bridge and reducing the leakage flux. On the
other hand, since the bridge is important for preventing PMs
from scattering as shown in Fig. 2(a), the shape of the bridge
has to be determined by considering the structural safety. How-
ever, an increase in torque density generally leads to an increase
in vibration. Therefore, when designing the high torque density
of the CFSM, the vibration characteristics should also be taken
into consideration. The authors in [7] and [8] examined the vi-
bration characteristics as well as the torque characteristics of the
CFSM. However, these studies lack theoretical approaches and
focus only on the comparison of simulation results according to
the number of poles and slots.

In this paper, in order to improve the motor characteristics in
consideration of the above-mentioned constraints, a new struc-
ture of CFSM is proposed. First, the prototype of the SPMSM is
analyzed through simulation and test. This analysis determines
the goals of the improvement design and the relationship
between the design parameters and the motor performance is
derived. Based on these analyses, the improvement design is
carried out considering the vibration characteristics. Through
the mathematical relationship between the number of poles and
slots and the electromagnetic force that causes the vibrations, the

number of poles and slots in the improved model is determined.
In addition, to improve the torque density, three shapes of rotor
cores are proposed depending on the presence or absence of
bridges. Core shape 1 has bridges on both the air-gap side and
the shaft side. Core shape 2 only has a bridge on the shaft side.
Core shape 3 does not have any bridge so as to maximize the
torque density. As the number of bridges is minimized, the
leakage flux can be reduced and the torque density can be im-
proved. Finally, the proposed structure and design methodology
are verified by testing the fabricated improvement model.

II. ANALYSIS OF PROTOTYPE

A. Limit of the Prototype

The prototype of the SPMSM for the E-booster is shown
in Fig. 2(b). The SPMSM is suitable for the hollow-type mo-
tor because the PMs are mounted on the surface of the rotor
core, making the rotor structure simple. However, the SPMSM
designed for automotive application usually needs retainers to
keep PMs from scattering and this additional structure increases
the magnetic air-gap length. As a result, the increase in the
air-gap length leads to the low torque density. To improve this
weakness, the CFSM is a good alternative for its similar level
of output power because it has a shorter magnetic air-gap length
and uses a large amount of PM.

However, the improvement in the torque density of the elec-
tric motor causes an increase in vibrations due to the electro-
magnetic force. Equation (1) shows the Maxwell stress tensor
method. As shown in (1), the high magnetic flux density in the
air gap not only improves the torque density but also increases
the radial electromagnetic force applied to the stator core. The
increased radial electromagnetic force deteriorates the vibration
characteristic as shown in the following:

fr =
B2
g r −B2

g t

2μ0
, ft =

Bg r ·Bg t

μ0
(1)

where fr and ft are the radial and tangential electromagnetic
force densities, respectively, μ0 is the vacuum permeability.
Bg r and Bg t are the radial and tangential components of the
air-gap magnetic flux density, respectively.

Therefore, there is a need for a design methodology that
increases the torque density, and thus improves the vibration
characteristics of the electric motor. To analyze the vibration
characteristics of the prototype, a vibration test was conducted.
Fig. 3 shows the results of the prototype vibration test. The test
was performed at 2000 r/m, 1.5 N·m. The fundamental compo-
nent of the line frequency f of the prototype is 266.67 Hz because
it has 16 poles. As shown in the test results, the magnitude of
the maximum vibration was 0.23 g at 1 g = 9.81 m/s2, and the
frequency of the maximum vibration occurred at 533.34 Hz,
which is two times the line frequency 2f.

B. Calculation of Radial Electromagnetic Force Using Finite
Element Analysis (FEA)

In order to identify the cause of the maximum vibration of
the prototype, the radial electromagnetic force was calculated by
using the FEA in the load condition of 2000 r/m, 1.5 N·m. The
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Fig. 3. Vibration test result of the prototype.

calculated radial electromagnetic force was separated by time
and spatial harmonic order through a spectrum analysis. The
spatial harmonics are the spatial distributions based on 360°
of mechanical angle and the spatial harmonic order is called
the vibration order r and the time harmonic order is a multiple
of the line frequency f. Furthermore, the relationship between
displacement d and vibration order r is as follows:

d ∝ 1
r4
. (2)

By taking into consideration the circumferential vibration
modes of the stator core, the displacement of the stator core is
an inverse function of the fourth power of the vibration order
[9]. In other words, the minimum vibration order has a signif-
icant impact on the vibration. Therefore, the value obtained by
dividing the radial electromagnetic force by r4 is defined as the
effective force.

Fig. 4(a) shows a spectrum analysis of the radial electromag-
netic force calculated by FEA. As seen in the test results, the
magnitude of the radial electromagnetic force is the largest at
2f. Moreover, Fig. 4(b) and (c) shows the radial electromagnetic
force and effective force according to the vibration order at 2f.
As shown in Fig. 4(b) and (c), the main vibration source in the
2f is the minimum vibration order r = 2. Thus, in the next sec-
tion, the radial electromagnetic force is analyzed using analytic
method to determine the design direction.

C. Analysis of the Radial Electromagnetic Force Using an
Analytic Method

In case of PMSM, the magnetic field distribution of the air
gap is determined by the PM field, the armature reaction field
and the slot effect represented by the relative permeance. When
the magnetic saturation is ignored, the radial component of the
magnetic flux density in the air gap can be expressed as follows:

Bg r = (Br mag +Br arm)Λa (3)

where Br mag and Br arm are the slotless magnetic flux density
in the air gap by the PM and that by the armature reaction,
respectively. Λa is a relative specific permeance, which is a
component separated from the constant term λ0 in the relative
permeance λa in (6).

Fig. 4. Radial electromagnetic force and effective force of the prototype.
(a) Radial electromagnetic force spectrum. (b) Radial electromagnetic force at
the 2f. (c) Effective force at the 2f.

The three terms on the air-gap magnetic flux density can be
represented in the form of Fourier series, as follows:

Br mag =
∑

μ

Bmμcos (μωt− μpθ + φμ) (4)

Br arm =
∑

n

∑

ν

Banν cos (nωt− νpθ + φnν ) (5)

λa = λ0Λa = λ0

[
1 +

∑

k

Λakcos (ksθ)

]
(6)
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where p is the pole pairs, s is the number of stator slots, θ is the
mechanical angle, t is the time, ω is 2πf, f is the fundamental
component of the line frequency, n is the time harmonic order
of the current, μ is the spatial harmonic order of the air-gap
magnetic flux density by PM and the positive integer, and ν is
the spatial harmonic order of the air-gap magnetic flux density
by the armature reaction and is determined by the winding. The
winding is also set by the combination of poles and slots. ν can
be obtained using (7)–(9) [10]

q =
s

2pm
=
z

a
(7)

where m is the number of phases, z is the numerator of q, a is
the denominator of q. z and a are relatively prime.

If a is odd, then ν is

ν = ±1
a

(2mk + 1) . (8)

If a is even, then ν is

ν = ±1
a

(2mk + 2) (9)

where k is an integer. The ± sign in (8) and (9) is chosen to
be + or – to make the equations yield the positive sign for the
fundamental (ν = +1).

Neglecting the tangential component of magnetic flux density
in the air gap [11], the following radial electromagnetic force
density can be calculated by Maxwell’s stress tensor method:

fr =
B2
g r −B2

g t

2μ0
≈ B2

g r

2μ0
. (10)

The radial electromagnetic force density can be obtained by
substituting (4)–(6) into (10). It is expressed as follows:

fr ≈
B2
g r

2μ0

=
1

2μ0

⎡

⎣

∑
μ
Bmμcos (μωt− μpα+ φμ)

+
∑
n

∑
ν

[Banν cos (nωt− νpα+ θnν )]

⎤

⎦
2

×
[

1 +
∑

k

Λakcos (ksα)

]2

. (11)

From the above equation, the vibration order and frequency of
the radial electromagnetic force can be summarized as shown in
Table I. As shown in the table, the vibration order and frequency
of the radial electromagnetic force are determined by the number
of poles and slots. Given the interaction of the PM and armature
reaction field equation in Table I, assuming that the armature
current is sinusoidal (n = 1), when μ is 1, the magnetic force of
2f frequency component occurs. Therefore, ν should be −5/4 to
generate the force with a vibration order of 2. In other words,
the radial electromagnetic force of the vibration order r = 2
is generated by the interaction between the μ = 1 component
of the magnetic flux density by the PM and the ν = −5/4
sub-harmonic component of the magnetic flux density by the
armature reaction at the air gap. Among these two components,
the magnetic flux density by the PM contributes to the output

TABLE I
VIBRATION ORDER AND FREQUENCY OF RADIAL ELECTROMAGNETIC FORCE

power. However, the sub-harmonic component of the magnetic
flux density by the armature reaction is independent from the
output power. Therefore, by reducing the sub-harmonic of the
air-gap magnetic flux density by the armature reaction, a design
that reduces the radial electromagnetic force of the vibration
order r = 2 is needed. Section III provides an improved design
that reduces vibration and improves torque density through the
previous analysis.

III. IMPROVED DESIGN

A. Design Objectives

The limitations and goals mentioned earlier are summarized
as follows:

1) large hollow type rotor;
2) small motor;
3) reduction of vibrations;
4) improvement of torque density.

The improved CFSM is designed to overcome the aforemen-
tioned design limitations and improve the mechanical and elec-
trical performance compared to the prototype. In addition, when
designing the higher torque density, the vibration characteris-
tics should be considered in the design process. In particular,
in order to reduce the vibration of 2f, the radial electromag-
netic force of the prototype was analyzed in Section II using
an FEA and an analytical approach. Based on this analysis, the
number of poles and slots was determined as design parame-
ters in order to improve the vibration characteristics. Next, so
as to increase the torque density, a new structure for reducing
the leakage magnetic flux is proposed. The new structure is
made by laminating the cores with different shape in the axial
direction.
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TABLE II
COMPARISON OF CHARACTERISTICS ACCORDING

TO THE NUMBER OF POLES AND SLOTS

B. Determination of Pole–Slot Combination Considering
Vibration Characteristics

As previously discussed, the vibration characteristics as well
as the torque density should be considered. The number of poles
and slots is an important parameter that determines the perfor-
mance of the motor. First, the input frequency of the inverter
must be increased in proportion to the number of poles [12],
[13]. In other words, the increase in the number of poles has to
increase the inverter input frequency, and the rising input fre-
quency is burdensome to the inverter. Therefore, in this paper,
the number of poles is limited to less than 16 poles in order to
minimize the burden of the inverter. Also, the number of stator
slots is considered to be equal to the number of slots of the
prototype. Second, the torque can be estimated by the winding
factor [14]. Because the winding factor of the fundamental is
related to the effective turns of the coil, which are directly pro-
portional to the torque, the winding factor can be considered to
increase the torque density. Third, the least common multiple
(LCM) of the number of poles and slots significantly affects
the magnitude of the cogging torque. As the LCM increases,
the cogging torque decreases [15]. Finally, as analyzed in
Section II, the number of poles and slots determines the spatial
harmonic order including sub-harmonic of the air-gap magnetic
flux density by the armature reaction and the frequency and vi-
bration order of the electromagnetic forces that cause the motor
to vibrate. Table II shows the winding factor of the fundamental
component and sub-harmonic component generating the mini-
mum vibration order, LCM of the number of poles and slots, and
the minimum vibration order of the 2f according to the numbers
of poles and slots. The vibration characteristics of the combina-
tion of 12 poles and 18 slots are expected to be the best because
of its high vibration order. On the other hand, its torque density
is predicted to be the smallest because of its smallest winding
factor. Moreover, its LCM is much smaller which results in a
large magnitude of cogging torque. The combination of the 14
poles and 18 slots and a combination of the 16 poles and 18 slots
have a high winding factors and LCM. However, the vibration
order is 2. The vibration order 2 of the combination of 16 poles
and 18 slots, which is the combination of the poles and slots of
the prototype, is generated by the −5/4 sub-harmonic, and the
vibration order 2 of the combination of 14 poles and 18 slots is
generated by the −5/7 sub-harmonic. Comparing the winding
factors of the sub-harmonic generating vibration order 2, it can
be expected that the vibration characteristics of the 14 pole and
18 slot will perform better.

Therefore, in this study, the number of poles and slots of the
improved model was determined to be 14 poles and 18 slots in

Fig. 5. Core shapes of the multi-core CFSM.

Fig. 6. Rotor structure of the multi-core CFSM.

order to improve the vibration characteristics of the prototype
considering the torque density.

C. Structure of Improved CFSM

In this paper, a novel structure for the CFSM rotor is proposed
to improve the torque density in a limited space such as a large
hollow-type rotor and a small-sized motor. The best way to
increase the torque density is to remove the leakage flux path
in the bridge of the rotor core. However, the bridges cannot be
eliminated for structural stability. Therefore, three different core
shapes can be classified according to the presence or absence of
the bridges. As shown in Fig. 5, first, the cores of shape 1 have
bridges on both the air-gap side and the shaft side. Second, the
cores of shape 2 have a bridge only on the shaft side. Finally,
the cores of shape 3 do not have any bridge so as to maximize
the torque density. All bridges on the shaft side are installed for
insertion of the shaft and maintaining the shape of the rotor core
against the stress by the centrifugal force. Also, the bridges of
the air-gap side protect PMs from scattering by the centrifugal
force. These three core shapes are laminated to form a rotor.
As a result, the structure of the rotor is composed of three
different core shapes as shown in Fig. 6. The cores of shape 1
are positioned at the top, bottom, and center of the rotor core
assembly for structural stability. The motor with this structure is
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Fig. 7. Three-dimensional FEA model and magnetic flux density distribution
under the no-load condition.

Fig. 8. Torque characteristics. (a) Torque according to the magnetizing current
of each model. (b) Torque waveform at 100Arms.

called a multi-core motor in this paper. Furthermore, the material
for the shaft and support bar is non-magnetic steel, SUS304 for
minimization of leakage flux.

The multi-core CFSM has axial flux paths due to three dif-
ferent shapes of rotor cores as shown in Fig. 7. Therefore, a
three-dimensional FEA is required for precise calculation. To
confirm the effect of the multi-core, the torques of the proto-
type, conventional CFSM and multi-core CFSM of same size are
compared according to the armature current. The simulation re-
sults are shown in Fig. 8(a). First, the effect of multi-core can be
confirmed by comparing the torque of conventional CFSM and
multi-core CFSM. The torque of multi-core CFSM increased
by 20%–30% according to load condition as compared with the
torque of conventional CFSM. Furthermore, even when com-
pared with the prototype torque, the torque of the multi-core
was increased. In particular, as shown in Fig. 8(b), the maximum
torque increased by 15% and the torque ripple decreased from
1.0% to 0.8%. Furthermore, Fig. 9 shows the current waveforms
of the prototype and the improved model obtained by using the

Fig. 9. Current characteristics. (a) Current waveform at 100Arms. (b) Har-
monic analysis.

Fig. 10. Fabricated the multi-core CFSM.

simulation at maximum torque. The total harmonic distortion of
the improved model’s current is about 3%, which is about 2%
lower than that of prototype’s current.

Therefore, as shown in Fig. 10, the multi-core CFSM is fabri-
cated by laminating the three shape cores. Then, the fabricated
model is tested for verification in the following section.

IV. DESIGN RESULT AND VERIFICATION

A. Torque, Current, and Efficiency-Speed Characteristics

Performance, such as torque, speed, and armature current of
the designed multi-core CFSM, is calculated by using the d- and
q-axis equivalent circuit and the voltage equation considering
the iron loss [16], [17]. The voltage equations and the output
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Fig. 11. Circuit parameter under load condition. (a) Flux linkage and induc-
tance. (b) Iron loss.

torque are expressed as follows:
[
vd

vq

]
=Ra

[
iod

ioq

]
+

(
1+

Ra

Rc

) [
vod

voq

]
+p

[
Ld 0

0 Lq

] [
iod

ioq

]

(12)

[
vod

voq

]
=

[
0 −ωLq

ωLd 0

][
iod

ioq

]
+

[
0√

3ωψe

]
(13)

T = Pn

[√
3ψeioq + (Ld − Lq ) iodioq

]
. (14)

Subscripts d and q refer to the d- and q-axis components; i
and v are the armature current and voltage, respectively; Ra is
the phase resistance; Rc is the equivalent resistance of the iron
loss; L is inductance; ψe is the flux linkage of the PM in rms;
and ω is the electrical speed in rad/s.

In order to calculate the performance using the equivalent
circuit, the flux linkage, the inductance, and the iron loss are
obtained via a nonlinear FEM. The phase angle of the armature
current was fixed at 0° because the designed multi-core CFSM
is driven by id = 0◦ control. The flux linkage and the d-, q-axis
inductance according to the armature currents of 20–100 Arms

are shown in Fig. 11(a). As the armature current increases, the
saturation effect of the core causes a decrease in d-axis and q-
axis inductances. Fig. 11(b) shows the iron loss map according
to the armature currents of 20–100 Arms and speeds of 1000–
4000 r/m. The performance was evaluated using a d–q-axis
equivalent circuit and estimated parameters. Then, the load test
of the model was performed to verify the simulation results. The

Fig. 12. Experimental setup for load and vibration test.

Fig. 13. Comparison of the torque, current, and efficiency of improved model
according to the speed: Simulation versus test.

experimental setup for load test is shown in Fig. 12. The motor
was driven by id = 0◦ control.

Fig. 13 shows the simulation and test results of the torque,
line current, and efficiency according to the speed. When
comparing the line current input to the motor at the same torque,
the maximum error is less than 2%. In addition, the difference
in efficiency is smaller than 5%, which is acceptable.

B. Vibration Characteristics

The radial electromagnetic force of the improved model
was also calculated using FEA. Fig. 14(a) shows the spectrum
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Fig. 14. Radial electromagnetic force and effective force of the prototype
and improved model. (a) Radial electromagnetic force spectrum. (b) Radial
electromagnetic force at the 2f. (c) Effective force at the 2f.

analysis of the radial electromagnetic force of the prototype and
the improved model. The radial electromagnetic force in the
2f is larger than that at the other frequencies. Also, Fig. 14(b)
and (c) shows the radial electromagnetic force and effective
force according to the vibration order at 2f. The minimum vi-
bration order of radial electromagnetic force of both models in
the 2f is 2. However, the magnitude of the radial electromagnetic
force of the minimum vibration order is different. Considering
the magnitude of the radial electromagnetic force and effective
force with the minimum vibration order of the prototype and

Fig. 15. Vibration test result of the prototype and improved model.

TABLE III
DESIGN RESULTS OF PROTOTYPE AND IMPROVED MODEL

the improved model, the vibration characteristics in the 2f of
the improved model are better than that of the prototype. This
is because the magnitude of the radial electromagnetic force of
vibration order 2 is smaller. In particular, the magnitude of the
effective force considering the displacement of the stator was
reduced by about 59%.

Next, the effect of reducing the effective force on the vi-
bration is verified through experiment results. As seen in the
experimental configuration in Fig. 11, the acceleration sensor is
attached to the surface of the housing to measure the transla-
tional vibration of the motor. The load condition is 1.5 N·m at
2000 r/m. Fig. 15 shows the experiment results measured with
an acceleration sensor. The vibration of the improved model at
the 2f is 0.06 g. Compared with the vibration of the prototype,
the vibration of the improved model was reduced by about 73%
at the 2f.

In conclusion, the design results of the prototype and the im-
proved model are summarized in Table III. The torque density
of the improved model applied with the proposed structure is
about 15% higher than that of the prototype at the same input
conditions (voltage, current) and dimension (outer diameter, ax-
ial length). In addition, the pole–slot combination was changed
to improve the vibration characteristics. All of these results were
verified through testing.

V. CONCLUSION

This paper proposes a design method and novel structure of
the CFSM to improve vibration characteristics and the torque
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density. At first, the SPMSM as the prototype is investigated
through the vibration test. Then, the relationship between the
vibration characteristics and the pole–slot combination is ana-
lyzed. Based on the analysis results, the pole–slot combination
for the improved CFSM is determined to enhance the vibra-
tion characteristics. Furthermore, the multi-core CFSM using
three kinds of rotor core is proposed to minimize leakage flux
and increase the torque density. As a result, the improved mo-
tor achieves better vibration characteristics and higher torque
density than that of SPMSM. The torque density increased by
about 15% and the effective force decreased by 59%. Finally,
the experiment is conducted to verify the effectiveness and the
feasibility of the proposed method and the structure in the paper.
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