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Abstract This paper proposes alternate bridge core of
the Concentrated Flux-type Synchronous Motor (CFSM) using
ferrite permanent magnets for automotive chassis actuator. The
advantage of this structure is the reduction of leakage flux in the
rotor bridges. Therefore, torque is enhanced in the safe
mechanical structure. It is analyzed under the conditions of the
constant volume of the PMs as well as the constant diameter of
the rotor. By using the proposed method, the improved model is
designed based on the initial model fulfilling the required
specifications. Finally, the torque and mechanical characteristics
of the two motors are simulated through the finite element
analysis (FEA).
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I. INTRODUCTION

In the automotive industry there has been an increased
emphasis on vehicle safety and environment. Improvement in
automotive technology has greatly contributed to safety of
vehicles and environment. Increased functionality has resulted
in products like Electric Power Steering (EPS), Anti-lock
Brake System (ABS), Adaptive Front Lighting System
(AFLS), Electronic Stability Control (ESC) and automotive
chassis application assist system. Furthermore, in an effort to
continue this improvement in functionality and reduction in
environmental impact, automotive components manufacturers
and car manufacturers are developing electro-mechanical
system, and demand for electric motor has increased
significantly for automotive parts [1]-[3]. Nowadays, there are
various types of permanent magnet synchronous motor
(PMSM) applied to various automotive chassis application
such as EPS, ABS, AFLS, ESC, electric booster, and etc. Most
of motors as automotive actuator use the surface mounted
PMSM (SPMSM). Because, it has relatively small size and
simple rotor structure. However, SPMSM designed for
automotive application usually has retainers in the rotor in
order to prevent the scattering of permanent magnet (PM). This
additional structure increases magnetic air-gap and then
decreases torque density. In order to overcome such limitation
of SPMSM, an interior permanent magnet synchronous motor
(IPMSM) has been developed [4]. Also, IPMSM that uses rare-
earth PM has attracted attention for its high power density. The
IPMSM has higher power density than the SPMSM, because it
can use a magnetic and a reluctance torque with current phase
control method [5]. But recently, the prices of rare-earth PM
have increased and they are also limited in exports [6]. To
reduce dependence on rare-earth PM, various motors without

rare-earth PM, such as induction motors, synchronous
reluctance motor (SynRM), and Concentrated Flux-type
Synchronous Motor (CFSM) are being developed [7]-[9].
Especially, ferrite PM is now being considered as a substitute
for rare-earth PM Because of the situation mentioned above.
Meanwhile, although the residual induction of ferrite PM is
one-third of a rare-earth PM, the cost is only about one-tenth
[7]-[12]. However, a stable supply of ferrite PM is available. In
order to satisfy performance by using ferrite PM, it is necessary
to improve the energy density by increasing the usage amount
of the PM. There are various methods and types of motor to
increase the usage of PM within a limited space. Among
various methods, The CFSM is one of the most effective
methods [13]-[14].

Most of previous research related to the CFSM using ferrite
magnets did not consider design space and specification.
However, the automotive chassis actuator should meet the
output power in a limited design space and limited
specification. The design space of actuator used in this study is
shown in TABLE I. As can be seen in the table, in order to
improve torque density under the limited condition, this paper
propose that the CFSM with alternate bridge core is applied to
design. The advantage of this design is the reduction of leakage
flux in the rotor bridges. Therefore, torque density is enhanced
in the safe mechanical structure. Hence, this paper deals with
the analytical method and finite element analysis (FEA) to
design the ferrite PM CFSM to enhanced torque density. At
first, the initial model is designed by using the equivalent
magnetic circuit of CFSM. Also, the tendency according to the
pole angle is considered. Secondly, rotor core is replaced by
alternate bridge core of the motor based on the proposed initial
model. Finally, the back electromotive force (BEMF), the
torque characteristics and mechanical characteristics of the two
models are presented and compared by using FEA.

TABLE L DESIGN SPECIFICATIONS
Parameter Unit Value
Stator outer diameter mm 75
Stack length mm 18
Rated torque Nm 1.5
Rated speed rpm 3,300
Input voltage (line to line) Vims 7.34
Limit current Arms 65
Connection - Delta
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II. INIRIAL MODEL USING EQUIVALENT MAGNETIC CIRCUIT

The electrical and mechanical power can be expressed by
(1) based on the energy conservation law. If the current and
angular velocity are constant, The BEMF and the torque are
proportional. Therefore, it is reasonable to approach with the
BEMF to find a model satisfying the rated torque .The
equivalent circuit to find CFSM rotor parameters are presented.

,, - T =mei (D)

where @, and T are mechanical angular speed in rad/s and
torque in Nm respectively. m is the number of phase. e is the
BEMF in V. 7 is the input current in Apms.

A. The equivalent magnetic circuit of CFSM

The geometry of CFSM used in this study is shown in Fig.
1. In the analytical model, the following assumptions are
considered

- Saturation effects are not considered (with exception for the
bridges) and the core permeability is considered infinite

- No even harmonics and only cosine harmonics
- The fringing effect is negligible
- The slot openings are not considered

- PM irreversible demagnetization is not considered, assuming
PM with high coercive force and an adequate magnetic design

The stator slot openings are neglected, the air-gap is increased
by means of the Carter factor kcq.+. Consequently, the effective
air-gap is

g = kCart gact (2)

where g and g.. are the effective air-gap length and the actual
air-gap in mm, respectively. kca-1s the Carter factor.

The bridges are necessary for mechanical reason. However,
due to the bridge structure, the flux remains in the rotor without
crossing the air-gap. Geometry of the CFSM and the equivalent
magnetic circuit considering the bridges are shown Fig. 1. and
Fig. 2. Magnetomotive force of PM Fpy is
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where Byen is the residual induction in T. ug, and g are the
permeability of free space and the recoil permeability of PM in
H/m, respectively. #, is the thickness of the PM in mm. The
flux of PM ®py is
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Fig. 1. Geometry of the CFSM for one pole used in the analytical approach.
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Fig. 2. The equivalent magnetic circuit of the CFSM.

The bridges leakage flux @y is

o, =—2= @ 5
bri R/m. + Rg PM ( )
The air-gap flux @y, is
R,
— ri q) 6
am Rbri N Rg PM (6)

where R, is the magnetic PM reluctance in A/Wb. Ry, and R,
are the bridge reluctance and the air-gap reluctance per one
pole in A/Wb, respectively. The PM reluctance Ry, is

t
R,=—n )
ﬂoﬂrec hm ka

The air-gap reluctance per one pole R, is



R =—28 ®)

and the bridge reluctance Ry is

bri A (9)

Mopt,ty, Ly,
where 4, is the relative permeability of the bridge. Specially,
the permeability of bridges is calculated using the direct
convergence method. D is the rotor outer diameter in mm. Lgx
is the stack length of the rotor in mm, and. p is the number of
pole-pair. a,, is half of pole arc in radian. ¢, and A, are the
thickness and height of the PM in mm, respectively. /4 and #p;
are the length of bridge and the thickness of bridge in mm,
respectively.

Since the component contributing to the output power is
considered the fundamental component of the air-gap flux
density, only the fundamental component of the square wave
will be considered. The amplitude of the fundamental
component air-gap flux density is

D, .
————sin¢, (10)
V3 D

The fundamental component of the air-gap flux per one pole
(ng is

DL,
(o} :—‘”"Bgm1 (11)
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Based on (11), the BEMF E, of the CFSM is calculated by
considering the winding factor, turn number, and geometric
dimensions. The derived equation is shown in (12).

E,=a¥, = ok NO,, (12)

where  is the electrical angular speed in rad/s, and ¥y, is the
linkage flux in Wb. k, is the winding factor, and N is the coil
turn number. As a result, the equivalent magnetic circuit to
determine CFSM rotor parameters are presented [15].

In the following section, initial design parameters are chosen
to maximize the BEMF at the input voltage of the automotive
actuator. The voltage drop due to the resistance and inductance
lis assumed to 20% margin of input voltage. (13) is the voltage
equation of motor.

V:Ri+Lﬂ+e (13)
dt

where V is the input voltage in Vims. R is the phase resistance of
the coil in ohm. L is the phase inductance in H. i and e are the
phase current in Ams and the BEMF in Vi, respectively. The
initial design is based on the BEMF using to the equivalent
magnetic circuit and (11).

B. The effect of pole angle

A rotor tip structure is necessary to prevent scattering of
PMs. As shown in Fig. 1. the pole angle is defined as the
length of both ends of the rotor tips. The pole angle and the
rotor tip vary at the same time. Fig. 3. is shown in the tendency
of the phase BEMF according to the pole angle. Since the
angle of the minimum pole angle is 24 degrees in order to
prevent the scattering of the PMs, the pole angle is considered
to be 24 degrees or more. Fig. 3. shows that the phase BEMF
increases as the pole angle decreases. It is because related to
leakage flux. Therefore, the electrical performance is better
with smaller pole angle. The configurations of the motor are
shown in Fig. 4(a). The thickness of the bridge is selected to be
0.5 mm for reasons of mold technology. The dimensions of the
initial model are shown in TABLE II.

III. REPLACED BY ALTERNATE BRIDGE CORE

Because the automotive chassis actuator is designed in a
limited space, it is necessary to reduce leakage flux which
improves the output power of the motor. As a general method,
there is a method of reducing leakage flux by using a non-
magnetic material at a leakage path. Another method is to
increases the air-gap flux density. Among the various methods,
this paper propose alternate bridge core structure in order to
reduce the leakage flux around the rotor inner circumference.

As shown in Fig. 4(b). The number of bridges is reduced by
half and they are connected to the identical polarity. In this
alternate bridge core model, since the leakage flux approaches
zero, the amount of air-gap flux increases. In other words, As
shown in the magnetic equivalent circuit of Fig. 2. and (6),
neglecting the effects of bridges increases the air-gap flux
density. Likewise, because the leakage path includes air-
barrier, the reluctance is increased, as shown in Fig. 4(b).
Therefore, torque density is enhanced.
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Fig. 3. The fundamental component of phase BEMF tendency according to
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IV. COMPARISON OF INITIAL MODEL
AND ALTERNATE BRIDGE CORE MODEL

It is analyzed under the conditions of the constant volume
of PMs, the constant diameter of the rotor and identical stator.
Comparisons are carried out between the two models,
including the phase BEMF waveform, torque and mechanical
strength characteristics.

A. No-load Characteristics

First, no-load phase BEMF waveform of the two models
are investigated by FEA. Although the loading has great
influences on the performance of motor, preliminary prediction
can be made based on the open-circuit result.

As a result, the leakage flux is decreased and confirmed the
result that the fundamental component of phase BEMF
increased by 6.5% from 1.54 to 1.64 Vs at rotation speed
1,000 rpm. The phase BEMF waveform can be obtained as
shown in Fig. 5.

B. On-load Characteristics

The two models were investigated the influence of leakage
flux in CFSM model with alternate bridge core, including the
torque characteristics. With a line current 65Am rated current
applied at rated speed 3,300 rpm and the current control
method is iy = 0. The torque characteristics can be obtained as
shown in Fig. 6.

As a result, alternate bridge is applied by initial model under
the same conditions, the average torque increased by 5% from

Rotor tip

Rotor tip

(b) Alternate bridge Core model

Fig. 4. The CFSM using ferrite PM for automotive chassis actuator
(Stator part not shown)

1.59 to 1.67 Nm at rated speed 3,300 rpm. As shown in (1), as
the torque is improved, the input current can be lowered and
the copper loss and core loss are reduced under the same torque
condition.

TABLE II. DIMENSIONS OF INITIAL MODEL
Parameter Unit Value
Stator slot / Rotor pole - 12/10
Stator outer diameter mm 75
Stack length mm 18
Rotor outer diameter mm 56
Air-gap length mm 0.5
Pole angle degree 24
PM size mm 16.5 %6
PM residual induction (NMF-9G) T 041
The number of series turns per phase - 34

No-load Phase BEMF [V] @ 1,000 rpm

Fig. 5. The phase BEMF waveform comparison between initial model and
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C. Mechanical Strength Characteristics

To verify the mechanical strength characteristics using FEA
, the following assumptions are considered

- Steady-state speed conditions only

- Forces of electromagnetic origin are considered negligible
- Temperature effects are neglected

- Yield is indicated by planar Von Mises stress

- Vibration and rotor shaft dynamical forces are neglected

In order that the CFSM can operate in high speed region,
the rotor mechanical strength should be ensured. If mechanical
strength is not guaranteed, it will cause a serious problem such
as scattering of the PMs and interference between rotor and
stator. As shown in TABLE III, the 50PN470 is used as the
material of the rotor core. The yield strength of S0PN470 is
275 MPa. In the analysis of the results, the maximum
mechanical stress occurs in the rotor tip. Fig. 7. show stress
distribution by using FEA.

In the initial model, the maximum stress is 20.7 MPa at the
rotor tip and the safety factor is 13.3 at the speed of 5,000 rpm.
The analysis condition 5,000 rpm reflected the safety factor 1.2
at the maximum speed. In addition, the stress in the alternate
bridges is 17.3 MPa.

In the same analysis of the alternate bridge core model, the
maximum stress is 43.9 MPa at the rotor tip and the safety
factor is 6.26 at the speed of 5,000 rpm. Also, the stress in the
alternate bridges is 31.6MPa. Therefore, a sufficient safety
margin can be achieved, when compared with the yield
strength. As a result, when changing from the initial model to
the alternate bridge core model, the safety factor is lowered
from 13.3 to 6.26. The mechanical characteristics are
disadvantageous but the safety factor 6.62 of the alternate
bridge core model can be judged to be stable. Therefore, the
proposed model to improve the electrical performance is a
reasonable configuration.

V. CONCLUSION

This paper propose that the CFSM with alternate bridge
core is applied to design. The advantage of this design is the
reduction of leakage flux in the rotor bridges. Therefore, torque
density is enhanced in the safe mechanical structure. The
proposed method is useful to design the CFSM to improve the
torque density in a limited space of design.

Consequently, when applying the alternate bridge core, the
fundamental component of phase BEMF increased by 6.5%
from 1.54 to 1.64 Vs at rotation speed 1,000 rpm and the
average torque increased by 5% from 1.59 to 1.67 Nm at rated
speed 3,300 rpm, compared to those of the initial motor.
Finally, the maximum stress decreased from 20.7 MPa to 43.9
MPa at 5,000 rpm. The results of FEM are shown in TABLE
IV. The alternate bridge core effect is analyzed by analytic
method and validated by FEA.
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Type: Equivalent von-Mises) Stress
Unit: MPa
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(b) Alternate bridge core model

Fig. 7. The stress distribution comparison between initial model and alternate

bridge core model.

TABLE III. MATERIAL PROPERTY
Material Core (50PN470) PM (NMF-9G)
Density [kg/m3] 7,700 5,100
Young's Modulus [GPa] 180 150
Poisson's Ratio 0.30 0.25
Yield Strength [MPa] 275 276
TABLE IV. THE RESULTS OF FEA
.. Alternate bridge
Initial Model core Model
The Fundamental Component
of Phase BEMF [V 1] 1.54 1.64 (6.5% 1)
@1,000 rpm
Average Torque [Nm] N
@ 3,300 rpm 1.59 1.67 (5% 1)
Max. Stress [MPa] 20.7 43.9
@ 5,000 rpm (Safety factor 13.3) (Safety factor 6.26)
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