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Development of the Synchronous Motors for Electric Vehicle and Improvement
of the Performance by Hybrid Finite Element and Boundary Element Method
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Abstract - This paper
(PMSM) for electric vehicle (EV

magnet into plural sub-magnets.
modulation (PWM).
air-gap field but also provide space for rotor bars (e,
by
equation,
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1. Introduction

While

a single magnet for a main-pole,

the field system of PMSM for EV has generally
we adopt plural magnets
having the same polarity. The plural magnets are referred
to as a sub-magnets hereafter. By using this sub-magnet
scheme, we can reduce undesirable higher space harmonics
To

arrangements of sub-magnets,

in electric machinery. obtain  the dimensions and
we quote our own method
based on the concept of PWM. In addition, by using such
a sub-magnet scheme, the space for damper windings is
provided between neighboring sub-ones.

We first investigate the validity of the proposed rotor
construction from the standpoint of both the space harmonic
reduction and the damping effects by
(2-D) hvbrid FE-BE method. To obtain the dynamic and
we couple the method with both
Then,

experiments that the proposed motor i1s suitable for electric

two  dimensional
transtent  characteristics,
electric circuit and motion equation, we confirm by
vehicle (EV) in view of the followings @ the ratio of space
harmonics to the fundamental component, hunting oscilla-

tions, self-starting, and the feasibility of manufacture.
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By adopting the proposed rotor construction,
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treats the optimization of rotor construction in the permanent magnet synchronous motor
. While the field system of PMSM has generally one magnet per pole, we replace the
The dimensions of cach sub-magnet are determined by the concept of pulse width

we can not only reduce the space harmonics of the

damper windings) around the direct-axis. From the investigation
hybrid FE-BE (coupled finite element and boundary element) method coupled with both electric circuit and motion

we verify that the proposed construction is effective for practical use.

PWM, Space harmonies, Damper winding, Hybrid FE-BE method

2. Principle & Structure

Assuming that the flux density developed by permanent
magnet made of rear-earth one distributes rectangularly,
the concept of PWM is applicable to the arrangement of
the
presented in three-phase connection of the stator winding,

rotor magnets. Since the 3rd space harmonic is not

we consider the odd harmonics more than the 3rd one.

2.1 Dimension of Sub—magnet

Figure 1 shows the arrangements of rotor magnets, and
Eq. (1)
produced by them. By adopting the sub-magnet scheme
based on the concept of PWM [1],
same number of space harmonics with the sub-ones. For

the expressions of the air-gap flux densities

we can eliminate the

example, the 5th space harmonic can be eliminated by
using 80 percent of magnet per pole,
+
!
Reference
0‘ lS:Idcg]
Type 2
. Rotor bar
-~ (damper winding)
Type 4

Type 6

,[crc

Fig. 1 Structure of the proposed motor
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the figure, Type 2 is useful for eliminating two kinds of
space harmonics (e.g., 5th, 7th), Tvpe 4 for four kinds of
ones (e.g., 5th, 7th, 11th, 13th), and Type 6 for six kinds
of ones (e.g., 5th, 7th, 11th, 13th, 17th, 19th). In Eq. (1),
the angular parameters a, b, and ¢ are related to the
dimensions of the sub-magnets in each type and n means
the number of higher space harmonics to be eliminated.

2.2 Experimental Machine
The angular parameters of each type can be determined

in Eq. (1). For
example, the parameters a1 and a: in Type 2 are obtained

by solving the simultaneous equations

by putting B2»=0 (n=5, 7) in the equation. With the same
method, the parameters bi~bs in Type 4 and c1~¢ in
Type 6 are calculated [2]. Table 1 shows the comparison

most superior in the percentage of space harmonics, its
difficult.
performance of Types 2 and 4 hereafter.

manufacture is Therefore, we discuss the

3. Hybrid FE-BE Method

The method (FEM) is
analyzing the complicated region including teeth, slots, and

finite element suitable for
magnets, whereas the boundary element method (BEM) for
analyzing electromagnetic quantities caused by rotation
without remeshing as in the FEM [3, 4]. To investigate
the performance of the proposed motor, we adopt the 2-D
hybrid FE-BE method.

Figures 3 and 4 show the analysis model and its
element division, which the problem domain is classified
into two regions. The formulations for FEM, BEM, and
the interface condition can be expressed as following Eqgs.
(2), (3), and (4), respectively.

Stator
(Core, Coil)

of each type, and Fig. 2 the configuration of the
. . . . (Shaft, Conductor,
experimental machine with two main-poles. Parmanent magnet) [] FEM Region
In Fig. 2, the thickness of stator core is 36.5[mm], and : [7] BEM Region
the stator winding with star connection is 64 turns per
slot. In the table, while the sub-magnet scheme causes the
reduction of fundamental in air-gap field and the increase
of cost, the former reduction can be supplemented by
adopting the higher grade of magnet and latter cost
becomes cheaper by mass production. Although Type 6 is Fig. 3 Analysis model
o
0y
L R3oq .
N B g,
Er ?/)‘\\/’ -
i i NP o j
S | e
L B | o
(a) Rotor construction (Type 4) (b) Stator (teeth and slots)
Fig. 2 Configuration of proposed motor (Unit: [mm])
Table 1 Comparison of proposed types
Harmonic [ Angular parameter | Magnet Harmonics / fundamental [%]
Type N
elimination [deg] [%] 1 5 7 11 13 17 19
Reference 100 100 20.00 14.29 9.09 7.69 588 5.26
2 Sth, 7th, | a,=15.429, a,=87.429 80 [0 E 600 | 086 505 5.28 6.56
S5th, 7th, | 5,=19.103, b,=46.536 - =
4 : ! 67 100 688 i B - 000 1106 | 2088
1ith, 13th | 5,=52.581, b,=85.451 = == = —
Sth, 7th, | ¢,=10.073, c,=14.307 . = = = -
6 11th, 13th, | ¢;=20.655, ¢,=41.797 79 100 = =000 = = P
17th, 19th | ¢,=42.817, ¢,;=88.407 = = ——
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where A, Jo, 9 M, and ¢ mean the magnetic vector
potential, the input current density, the electric scalar
potential, the magnetization, and the magnetic permeability,
respectively. In addition, we couple both electric circuit and
motion equation as shown in Egs. (5) and (6) with the

above hybrid method [5).

a1l o/
E,+RI,+L, atu—-Ey—RVIV—L,,—é—tL=VUV

o1 ol
E, +R I, +L, a:—EW—RWIW—LW—a—;”L=Vm, (5)

o1/ o/
E,+R,I, +L, a:/—EU—RUIU-LU_ﬂ'=VWU

de
7:"=J—gt—z-i'7} (6)

where E denotes the electromotive force, L the leakage
inductance, 7" the torque, J the inertial moment, and 8
the rotor angle.
4. Analytical & Experimental Results

4.1 Static Characteristics

To grasp the basic behavior of the proposed motors, we
begin with the static characteristics. Figure 5 shows the
distribution of magnetic flux density in air-gap, Fig. 6 the
comparison of cogging-torque, and Fig. 7 the torque
versus power angle in an instantaneous value (e, [,=
2[A), I,=-1[A], I,=-1[A]) of the three-phase excitation.
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Fig. 7 Torque versus power angie

In the figures, the performances of Type 4 is inferior to
that of Type 2 because of the less amount of whole
magnets, the reduction of magnet can be supplemented by
adopting the higher grade ones.

4.2 Synchronous Characteristics

The synchronous behavior of the proposed motor in the
steady-state period can be obtained by analyzing the
reciprocal action between rotor magnet and stator winding.
Figure 8 shows the lines of equipotential at 600[rpm], Fig.
9 the distribution of magnetic flux density, Fig. 10 the
torque versus rotational speed at 50[V], and Fig. 11 the
torque versus input voltage at 20[Hz).
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Fig. 10 Torque versus rotational speed (V=50[V])
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Fig. 11 Torque versus voltage (F=20[Hz])

In Figs. 10 and 11, while the torque of Type 2 is
inferior to that of Type 4 in the low voltage region (e.g.,
50[Hz]) because of its higher induced electromotive force,
the former torque becomes to exceed the latter one in the
high voltage region (e.g., over than 90[Hz]D). In the figures,
the reason of error between analytical and experimental
results is by the analytical dimension and the error of

measurement.

4.3 Transient Characteristics

Since the PMSM has not the field winding, the starting
behavior and the reduction of hunting oscillations generally
depend on the damper winding (e.g., rotor bar) assuming
it is directly line connected. As for the former behavior,
we investigate the motor characteristics in the transient
period between starting and synchronous speed by both
analysis and experiment. Figure 12 shows the rotational
speed versus time in the synchronizing process by ramp
input of frequency (e, 3.33 [Hz/s]) and Fig. 13 by a
constant frequency supply (ie., f=10[Hz], V=120[V]).

800 |
E00 |
E
= 600 b
B 500
g
=400
g 300 e Type 2 (Experiment)
g | = Tvpe 4 (Experiment)
©2
& 200 Synchronous speed
100
0 —_—

0 1 2 3 4 5
Time ¢ s}

Fig. 12 Starting by ramp input of frequency
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Fig. 13 Starting by constant frequency supply

In Fig. 12, we can recognize that the starting method by

ramp input of frequency is not suitable for quick
acceleration, because the time period to synchronous speed
is indispensable for starting. From the result by constant
frequency supply in Fig. 13, we can recognize that the
synchronizing process is influenced by the initial position

between the rotational magnetic field of stator and the



static field of rotor magnet. The results indicate the
synchronizing process by constant frequency supply is
underdamped, which always pull into synchronism from
higher speed than synchronous one [5].

Figure 14 shows the damping-torque versus slip near
the synchronous speed by the constant frequency supply
(ie., f=10{Hz], V=120{V]) and Fig. 15 the configuration of
eddy currents developed in rotor bar at 605{rmpm]. In Fig.
14, since the torque is much influenced by the whole
amount of rotor bar, we can confirm the higher damping
torque in Type 4.
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Fig. 14 Damping-torque versus slip
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Fig. 15 Configuration of eddy currents at 605[rpm]

4.4 A Novel Starting Method

While the most PMSM is started by the above two
methods, we propose a novel starting method in view of
ease and efficiency for synchronism. The method is that
the higher frequency than synchronizing one is supplied to
the starting operation. The high frequency is effective for
induction phenomenon in the rotor bar. Figure 16 shows
the rotational speed versus time by applying the several
high frequencies to the transient period between starting
and steady state, which is fixed on 1.255 second.

In the figure, the results indicates that Type 4 is
superior to Type 2 in both the acceleration at starting and
the convergence of hunting oscillation. In Figs. 16 (a) and
(b), while the synchronizing process are under- and
over-damped respectively, the process becomes smooth by
supplying the appropriate frequency at starting period as
shown in Fig. 16 (c). From the figures, we can also

recognize that the underdamped synchronism is more

FEH2s - ZALLHBYUS 0|88 MIXNFAE S7IHE7|2 Y ¥ S5y pet aF

stable than overdamped one [6). Figure 16 (d) shows a
failed example in the synchronizing process of Type 2
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because of its less torque and speed.
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5. Conclusion

The purpose of this paper is to derive an optimal rotor
construction in the permanent magnet synchronous motor
(PMSM) for electric (EV). By applying
sub-magnet scheme based on the concepts of pulse width
modulation (PWM) to the rotor construction, we can

vehicle

achieve both the reduction of higher space harmonics and
the enhancement of damping effects. For investigating the
dynamic and transient characteristics of the motor, we
adopt 2-D hybrid FE-BE method coupled with both
electric circuit and motion equation.

By the analytical and experimental results, we recognize

the followings :

1) The more number of sub-magnets produces the less
space harmonics and the higher damping effects.

2) The analysis precision is improved by coupling the
hybrid FE-BE method with both electric circuit and
motion equation.

3) The rotor bars between neighboring sub-magnets
contribute to the self-starting of rotor. In addition,
the starting method by two stages of supply
frequencies is effective for the self-starting.

From the viewpoint of the above advantages, we conclude
that Type 4 is effective for practical use and confirm the
confidence of our analysis method.
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