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Abstract. Stepping motors are widely used for various electric
instruments. It is necessary for the optimum design to analyze the
magnetic field accurately. The 3-D finite element method with
edge elements taking into account the rotation of the rotor has
been applied to analyze the magnetic field of a claw-poled
stepping motor.

1 Introduction

Recently, stepping motors are widely used in the field of OA machine tools and
precision instruments such as printers of facsimiles because of easy control of the
accurate positioning. It is necessary for the optimum design of claw-poled stepping
motors to analyze the effects of the shape of the claw-pole on characteristics of the
cogging torque, the stiffness torque and the dynamic motion of the rotor. However, it is
difficult to know factors which effect on the characteristics of motors by experiment,
because shapes of these stepping motors are very complicated.

In this paper, we analyze a permanent magnet stepping motor with claw poles using
the 3-D finite element method taking into account the rotation of the armature.
Furthermore, we analyze the effect of shape of claw-pole on characteristics of the
cogging torque, the stiffness torque and the dynamic motion of the armature.

2 Analysis Method

2. /. Current Density Distribution Analysis

The distribution of the current density J in the coil of the motor is obtained by the
following equations[l],[2]:

rot — rot 7 = 0 , / = r o t r (1)
o

Tds = I (2)

where T is the current vector potential, o is the conductivity and / is the current.



2.2. Magnetic Field A nalysis

The fundamental equation of the magnetic field using the 3-D finite element
method with edge elements can be written by the magnetic vector potential A as
follows [1],[2]:

rot(vroL4)= JQ + v0rotA/ (3)

where v is the reluctivity, Vo is the reluctivity of the vacuum, A/is the magnetization
of the permanent magnet and Jo is the exciting current density.

2.3. Coupled Analysis with Electric Circuit

The magnetic field excited from the voltage source should be calculated by
coupling the fundamental equation of the magnetic field and the equation of the electric
circuit connected to the voltage source as follows:

dt
where Vo is the applied voltage, R is the resistance of the exciting coil, /o is the exciting

% current and Vis the interlinkage flux of the exciting coil.
The exciting current 70 is represented using the exciting current density Jo as

follows:

where nc and 5C are the number of turns and the cross-sectional area of the coil
respectively, and ns is the unit vector along the direction of the exciting current.

2.4. Dynamic Step Response Analysis Taking into Account Rotation of Armature

The torque at each position of the armature is analyzed by the Maxwell stress tensor
method. The automatic mesh modification method is used according to the rotation
angle of the armature. The rotary motion of the armature is obtained by following
equation:

where Tm is the torque acting on the armature, / is the polar moment of inertia of the
armature, 9 is the rotation angle of the armature, D is the viscous damping coefficient
and 7/ is the torque for the load.

The matrix of the finite element method is solved by the ICCG method. The
Newton-Raphson iteration technique is used for the nonlinear calculation of the cores.

3. Analyzed Model

Fig. 1 shows the analyzed model of a claw-poled stepping motor. This motor
consists of an armature and two stators. Each stator has a bobbin-wound coil and a
yoke with claw-poles. The armature consists of a shaft and a multi-polarized permanent
magnet. The armature has 12 pairs of poles. Therefore, 1/12 of whole region is



analyzed. Fig. 2 shows the shapes of claw-pole. The width of claw-pole in model B is
larger than that of model A. Fig. 3 shows the 3-D finite element meshes of the analyzed
model.
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Figure 1 : Analyzed model of claw-poled stepping motor.
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Figure 2 : Shapes of claw-pole.
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Figure 3 : 3-D finite element meshes of analyzed model
(model A, except coils and air).

4. Results and Discussion

4.1. Magnetizing Process Analysis

This motor has an anisotropic permanent magnet. It is important to know the
directions of magnetization vectors M of the permanent magnet accurately. Then, we
analyzed the directions of magnetization vectors M of the anisotropic permanent
magnet taking into account magnetizing process[3]. Fig. 4 shows the calculated results



of the magnetization vectors M in the permanent magnet taking into account the
magnetization process. The magnetization of the permanent magnet is 0.68 T.

Figure 4 : Distribution of magnetization vectors M in permanent magnet.

4.2. Analysis of Cogging Torque Characteristics

The cogging torque characteristics of the stepping motor are calculated when the
rotation angle of the armature is from 0 degree to 30 degree without the exciting
current.

Figs. 5 and 6 show the flux density contour and flux density vectors in the yokes of
model A and B respectively when the rotation angle of the armature is 0 degree. From
these figures, it is found that the flux density of the lower section is larger than that of
the upper one,

Fig. 7 shows the effects of shape of claw-pole on the cogging torque. From this
figure, it is found that the cycles of the cogging torque of model A and B are 15 and 7.5
degrees, respectively.
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Figure 5 : Distributions of flux density at cogging torque analysis (model A).
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Figure 6 : Distributions of flux density at cogging torque analysis (model A).

Figure 7 : Effects of shapes of claw-pole on cogging torque.

4.3. Analysis of Stiffness Torque Characteristics

The stiffness torques are calculated when the rotation angle of the armature is from
0 degree to 30 degree with the exciting current. The 2 kinds of stiffness torques are
calculated under the conditions as shown in Fig. 8. The stepping motor rotates by
changing the direction of the exciting currents from state I to state II. The exciting
current is 0.5 A, and the number of turns of the coil is 340.
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Figure 8 : Directions of exciting currents.



Fig. 9 shows the flux density contour and flux density vectors in the yokes of model
B in the 2-phase excitation when the rotation angle of the armature is 3.75 degree. Fig.
10 shows the flux density contour and flux density vectors in the yokes of model B in
the 1-phase excitation when the rotation angle of the armature is 7.5 degree.

Figs. 11 and 12 show the waveforms of the stiffness torque in the 2-phase and the
1-phase excitation, respectively. From these figures, it is found that the cycles of the
stiffness torques are 30 degree and the phase shift is 7.5 degree between the state I and
state II. It is also found that the phase shift is 3.75 degree between the 2-phase
excitation and the 1-phase excitation. From these figures, it is also found that the
waveform of model A is similar to that of model B.

From Fig. 12, in the case of the 1-phase excitation, it is found that the waveform of
the stiffness torque has two equilibrium positions near the rotation angle = 7.5 degree
and the equilibrium positions are 5 and 10 degree as shown in Fig. 12. If there are two
equilibrium positions in the stiffness torque, the rotor can stand still at both equilibrium
positions. Therefore, the 1-phase excitation is unsuitable for this motor.
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Figure 9 : Distributions of flux density at stiffness torque analysis in 2-phase
excitation (model B).
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Figure 10 : Distributions of flux density at stiffness torque analysis in 1-phase
excitation (model B).
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Figure 11 : Waveforms of stiffness torque in 2-phase excitation.
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Figure 12 : Waveforms of stiffness torque in 1-phase excitation.

4.4. Analysis of Dynamic Step Response Characteristics

The dynamic step response is calculated in the 2-phase excitation. In order to keep
the position of the armature, first of all, a square pulse voltage in the state I is applied
to the coil for 10 ms, and then, a square pulse voltage in the state II is applied to the
coil. We assumed the analyzed condition as shown in Table I. The start position of the
armature in the 2-phase excitation is -3.75 degree, because that is equilibrium position
of the stiffness torque in the state I.

Fig. 13 shows the dynamic step response in the 2-phase excitation. From this figure,
it is found that it takes about 15 ms to move from first to second equilibrium position.
From this figure, in the 2-phase excitation, it is found that the armature is stabilized
when the rotation angle is 3.75 degree and the periodic angle is 7.5 degree. From this
figure, it is also found that the dynamic step responses are similar to each other. Table
II shows the discretization data and CPU time.



Table I : Analyzed condition.
input voltage

resistance of coil
turn of coil

moment of inertia
Viscous damping coefficient

dynamic friction torque
static friction torque

time interval At of the step-by-step method

5.12 V
10.4 n

340 turn

2.26 10"6Nms2

2.33* 10-5

6.75*10"4N
20.15xl0-4N

1.0 ms

4.0 r equilibrium position

40
time t[ms]

model A
model B

Figure 13 : Dynamic step response in 2-phase excitation.

Table II : Discretization data and CPU time (Model B).
number of elements

number of nodes
number of edges

number of unknowns
average number of non-linear iterations

number of time steps
total CPU time [hours]

404,892
71,863

485,300
467,290

9.3
41

103.9
Computer used : Pentium III 850 MHz PC

5. Conclusions

It is clarified that the effects of the shape of claw-pole on the characteristics of the
cogging torque, the stiffness torque and the dynamic motion of the rotor using the 3-D
finite element method, taking into account the motion equation of the armature. It is
clarified that the cogging torque is affected by the shapes of claw-pole. In the analysis
of the stiffness torque characteristics, it is clarified that the 1-phase excitation is
unsuitable for this motor. In the analysis of the dynamic step response characteristics, it
is clarified that it takes about 15 ms to move one step angle without overshoot for this
condition.
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