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Abstract—The paper presents the characteristic analysis me-
thodology for S-phase hybrid stepping motors used for
electro-magnetic incremental-motion actuators. The approach
is based on the use of equivalent magnetic circuit taking into
account the localized saturation throughout the hybrid step-
ping motor. Lumped circuit parameters are calculated using
the non-linear finite element analysis for a given geometry
and the neural network is used to map a change of para-
meters and predicts their approximation. Therefore, the pro-
posed method efficiently improves the accuracy of analysis by
using the parameter charaterizing localised saturation effects
and reduces the computational time by using the neural
network. An improved circuit model of S-phase hybrid
stepping motors is presented and its application is provided
to demonstrate the effectiveness of the proposed method.

Index term : 5-phase hybrid stepping motor, saturation of
both teeth and poles, finite element(FE) analysis.

1. INTRODUCTION

Although many advanced motors of recent are developed
for servo systems, stepping motors are still good solution
for many industrial and office automatic applications as
they can provide accurate position and speed control in
open-loop system. Among various types of the stepping
motors, hybrid stepping motors having a permanent magnet
on the rotor and doubly-salient structure on the stator and
the rotor are the most commonly used in industry as
having higher torque and resolution advantages over other
types of the stepping motors[1].

Especially, 5-phase hybrid stepping motors have better
performance than 2-phase hybrid motors due to the fact
that they produce a low torque ripple and have a good
low-speed characteristics with high-torque.

The accurate prediction to the performance of electric
machines has been a major concern for researchers and it
has been dramatically improved by using the numerical
method to obtain more precise solution for problem. The
finite element method(FEM) has been one of the most
powerful and widely used technique in machine design
and analysis. However, it has a disadvantage of excessive
demand for computational time and resources. Especially,
the application to analysis for hybrid stepping motors is
more inefficient task and may generate unreliable results
because of small airgap and 3-D nature of motor.
Therefore, the equivalent magnetic circuit method with
lumped circuit parameters has been widely applied to
predict the performance of the hybrid stepping motor.

But, it is difficult to obtain clear equivalent circuit of
hybrid stepping motors than that of other type motors
because they are actually a 3-D device of which main
flux takes both radial and axial paths. And, its circuit
parameters cannot be easily calculated because they are
designed to operate under highly saturated conditions to
achieve a competitive torque per the unit volume[l]. The

equivalent circuit method is not always accurate enough
but flexible and time-saving for the changes of circuit
parameters and its accuracy can be archived by improving
the precision of lumped parameters.

To analyze the hybrid stepping motor accurately, two
different methods are used; the equivalent magnetic circuit
and the FE analysis.

The lumped parameters of each flux path are required
to apply the equivalent magnetic circuit. Especially, the
tooth/airgap permeance represented by the permeance of
both the stator/rotor teeth and airgap region plays a imp-
ortant role in torque/displacement characteristics. In addi-
tion, the reluctance of each stator pole must be consid-
ered due to the saturation effect, as the exciting current
increases over the rated current.

To calculate the airgap permeance, the permeance based
analytic method has been used; which calculates the space
distribution of the permeance by using quasi-flux tubes de-
termined by straight lines and semicircular segments dra-
wn to maximize the permeance of each flux path[2,3].

It, however, cannot consider the saturation of iron core
and the geometric complexity which significantly affect the
machine performance. As alternatives, FEM is introduced
to obtain the permenace data reliable enough[4]. And,
using the neural network, we calculated the total dist-
ribution of permeance considering the saturated character-
istics.

The equivalent circuit coupled with FEM is solved by
the net matrix which describes the relationship between
MMF sources and lumped parameters. As results, the
virtual work technique is applied to compute the torque/
displacement characteristics.

Fig. 1 shows the basic construction of S5-phase hybrid
stepping motors, which is nearly identical to 2-phase
hybrid stepping motors.

II. EQUIVALENT MAGNETIC CIRCUIT MODEL

Fig. 2 shows a cross-sectional view of a widely used
S5-phase hybrid stepping motor having 10 stator poles with
4 teeth and 50 teeth on rotor and Fig. 3 is a side view
and displays the flux paths of the motor.

From Fig. 2 and Fig. 3, the equivalent magnetic model
of the 5-phase hybrid stepping motor can be derived from
two orthogonal fields; a radial field produced by stator
phase windings and an axial field produced by the
permanent magnet on the rotor[1].

Fig. 4 describes the equivalent magnetic circuit model
for only 5 stator poles due to the symmetrical construction
of the motor. The permeances between A-phase pole on
the stator and N- and S-pole rotors are defined P,y and

P, respectively. And the other symbols expressed as the

permeance form can be understood easily in the same
manner. As the rotor and stator are normally made of a
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Fig. 1. Basic structure of hybrid stepping motors
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Fig. 2. A cross-sectional view for hybrid stepping motor
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Fig. 3. Flux paths of the hybrid stepping motor

laminated silicon steel, they can be considered as magnetic
resistors(reluctances), expressed by R, and R,, respective-
ly, for the axial flux path due to the permanent magnet.
The permanent magnet can be modeled as an ideal
magneto-motive force(MMF) having an internal reluctance
expressed by R,,. And, each MMF by the phase winding
producing the radial flux is defined as symbol F includ-
ing subscript A, B, C, D, and E representing the current
phases, which is a product between the number of turns
of stator winding and the excited current of each phase.

III. CALCULATION OF PERMEANCE

The equivalent circuit method is a simple and flexible
yet still an accurate technique for predicting the machine
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Fig. 4. Equivalent magnetic circuit

performance because the circuit parameters mostly include
non-linear magnetic property and detailed geometry. While
the FEM has been the most prevalent techinque not only
to estimate the machine performance but also to calculate
the machine parameters because of its high accuracy.

Torque production of hybrid stepping motors is vitally
related to the variations in the airgap permeance with
respect to the incremental motion of the rotor. The airgap
permeance depends on the shape of the teeth, the size of
the airgap, the level of the magnetic saturation, and the
relative position of the rotor. Thus, the permeance repr-
esenting the circuit parameters is calculated by usnig the
FEM for a given condition.

The use of FEM in calculation of the circuit parameters
provides a significant advance in the degree of accuracy
with which the equivalent circuit can be modeled at the
price of excessive computing time.

In this paper, the FEM formulated from the magnetic
scalar potential is introduced to calculate the permeance.

Equation (1) is the governing equation for the magnetic
scalar fields.

vip = 0 (1)

where ¢ is a scalar magnetic potential.

By applying the FEM for the single tooth pitch of the
tooth/airgap region, the airgap permeance P.,(4,) can be
calculated by both the magnetic stored energy W, and the
given MMF F, in (2).

1

W, = 5 FePL0.) @)

where,
0, : Electrical angle, which is displacement from 0 to

2 &, corresponds to one rotor tooth pitch and is



derived by a product of mechanical angle 4,, and the
number of teeth of the rotor, N,.

Therefore, the airgap permeance can be expressed by
the following Fourier serise form for the N-poles of the
S-phase hybrid stepping motor[2].

Poy = Py + ZPCOS(&)
Py = Py + ZP cos (0, + %1 )
Puy = P+ 2Picos(0, + S ) 3)
Py = Py + SP cos (6, + 152 )
Py = Py + SP cos (8, + 156 )
where,
P, and P; : Permeance coefficients

7 : Order of harmonics
From (3), the airgap permeance for the S-poles is
clearly written by replacing 6, by 6,+ z due to the fact

each N- and S-pole is offset by half of rotor tooth pitch
corresponding to electrical angle 7.

The permeance coefficients actually represent the space
harmonic distribution for the permeance curve with respect
to the rotor position obtained from the FE analysis. And
the permeance variations expressed by (3) are coupled
with the equivalent circuit to estimate the performance of
the motor.

Fig. 5 shows an airgap permeance curve and its space
harmonic distribution on the assumption that the relative
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Fig. 5. Airgap permeance characteristic
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permeability of the iron core is infinite and the leakage
flux in the axial direction can be neglected. The result of
Fig. 5 is taken from the airgap model and not affected by
the change of the applied MMF across the airgap.

IV. CHARACTERISTIC ANALYSIS

The magnetic flux in each branch of the magnetic
circuit is determined by solving the equivalent magnetic
circuit shown in Fig. 4 when the circuit parameters are
calculated.

By the principle of virtual work, the torque developed
by the rotor is found as the derivative of the magnetic
stored energy in the analysis model, W, with respect to

the rotor position at constant flux @.

oW,
20, “4)

T =

Since the flux is kept constant as the change of rotating
angle, the corresponding torque expression can be obtained

as (9)[5].

0P (0,
T - -LNF afa) )

where, 7T is the static torque,

and P is the permeance.

Therefore, the static torque with respect to each rotating
angle can be calculated by solving the equivalent magnetic
circuit with its circuit parameters obtained by the FEM.

The permanent magnet type motors generally have a
cogging torque even in the absence of source current
because of the flux from the permanent magnet. And the
torque formula is dentical to (4).

To solve the equivalent magnetic circuit, it is important
to predict the accurate permeance value, especially, the
permeances between the stator pole and the rotor described
by symbol P in the equivalent circuit.

The static torque neglecting the non-linearity and reluc-
tance of the iron core can be easily obtained by using the
permeance between the stator pole and rotor which has
only a part of the airgap permeance shown in Fig. 5. In
this case, the holding torque is estimated about 1.5 or 2
times greater than experimental result according to a
different size of the 5-phase hybrid stepping motor.

The hybrid stepping motors, however, are designed to
operate under saturated conditions, therefore, it requires the
non-linear analysis method in the equivalent circuit.

Generally, the saturation in the hybrid stepping motor is
chiefly developed by the stator/rotor teeth. For the purpose
of taking the saturation effect of the stator/rotor teeth into
account, the tooth/airgap model shown in Fig. 6, is treated
in FE analysis. The tooth/airgap model is presented to
calculate the permeance of the stator/rotor tooth and airgap
and also includes the permeance of a part of both the
stator pole and the rotor to think about the influence of
the tooth saturation effect on the stator pole and the rotor.
As shown in Fig. 6, the permeance between the stator
pole and rotor of each phase is replaced by the permeance
calculated by the FE analysis when the reluctance of the
stator pole and the rotor is neglected.

Fig. 7 shows the FEM result for the tooth/airgap model

F, is the applied MMF,
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Fig. 7. FE analysis results for tooth/airgap model

when the stator/rotor teeth are aligned and unaligned with
each other.

In case of considering the saturation of the stator/rotor
teeth, the equivalent circuit cannot be solved at a time
because its permeances are the function of the applied
MMF drop which is unknown at the start of the problem
and represents a degree of the saturation. Therefore, the
circuit solution must be determined by an iterative process
and keep correcting the permeance by the obtained MMF
until it is consistent with the circuit solution.

Fig. 8 illustrates the whole process to treat the non-
linear parameters in the equivalent circuit.

Firstly, the lumped parameters are initialized and the
permeance of the tooth/airgap model is calculated by using
FE analysis in which a temporary determined MMF drop
across the permenace is used due to an initial permeance
unknown. Secondly, the net flux is obtained by solving
the equivalent circuit using the determined parameters and
the MMF drop can be re-calculated using the net flux.

Finally, each non-linear permeance is corrected by the
obtained MMF until it converges to the desired tolerance.

Although the permeance data should be re-calculated
through the FE analysis when the new local MMFs are
determined by solving the equivalent magnetic circuit, it is
computationally time expensive. Consequently, the param-
eter approximation techniques are needed to reduce the
computational time in predicting the non-linear permeance
while maintaining a good accuracy of parameter estima-
tion.

Fig. 9 shows the permeance distribution of the tooth/
airgap model with respect to both the mechanical angle
between the rotor and stator tooth and the MMF drop
across the permeance and the permeance coefficients are
taken from each permeance distribution for a given MMF
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Fig. 8. Flow chart of performance analysis

drop.

When the hybrid stepping motor is used in over-rated
current region, the saturation on stator poles cannot be
ignored, especially, in condition that fluxes produced by
both permanent magnet and exciting current are added on
the stator pole. The saturation on the stator pole can be
treated in the equivalent circuit by using its geometric
dimension and the non-linear permeability computed by
B-H characteristic curve.

V. Neural Network Model

Artificial Neural networks are composed of simple
elements called neuron operating in parallel. As in nature,
the neural network is implemented largely by connection
between neurons and capable of learning and storing
complex information in various fields of application[6].

Fig. 10 shows a multi-layer feed-forward neural network
which is generally composed of three differnt layers. The
back-propagation is a very popular network model for
most muti-layer feed-forward network and appropriate for
the function approximation. In general, the neural network
should be trained to create reseanable answers by learing
algorithms based on other optimization techiniques.

Fig. 11 illerstrates the training process of the neural
network which is employed to map the relations between
MMF drop and rotor position as the input and magnetic
circuit parameters as the output. The training process is
achieved by using the well-known Levenberg-Marquardt
algorithm which reportedly has the fastest convergence[6].

The number of neuron in the input and output layer is
determined by the number of the input and output
variables but the choice of the number of the hidden
layers and neurons is not clearly determined but somewhat
experimental work. In this application, the neural network
has 4 layers with a 2-10-10-1 structure in which two
hidden layers are used.

A series of different permeance data with respect to
both MMF drop and rotor position in the feasible region
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Fig. 9. Tooth/airgap permeance characteristics

Fig. 10. Multi-layer feed-forward neural network

are calculated using FE analysis and used to train the
neural network estimator. The permeance data to create
the properly-trained neuron network are already shown in
Fig. 9.

Fig. 12 shows the improved process of the perfomance
analysis of S5-phase hybrid stepping motors in which the
neural network is put into performance analysis process.

When training properly, the neural network has the
ability to provide the output results of a given input very
fast and estimates accurately the output results for an
unknown input value in the trained region.

VII. SIMULATION AND EXPERIMENT

The brief specifications of test motor, which has been
widly used in industry application, is given in Table I.

Fig. 13 shows the permeance distribution calculated by
the trained neural network and the FEM. They show a
good correlation, however, the difference is still exist and
slightly increased around an unaligned tooth position which
represents zero mechanical angle. Fig. 13-(a) describes the
direct comparison of the FEM results as the desired data
and the neural network results as the estimated data and
Fig. 13-(b) shows the calculation results at the center of
mechanical angle value in Fig. 13-(a). And the unknown
values according to MMF drop are successfully estimated.

For a given motor specifications, the solution time for
the calculation of the equivalent circuit parameters by usi-
ng the properly-trained neural network is by far less than
the calculation time required by the FEM solution.

Therefore, the equivalent circuit method combined dire-
ctly with the FEM can rarely used in real application.
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Fig. 11. Off-line neural network training process

TABLE |

SPECIFICATIONS OF TEST MOTOR

Item Value Unit
Number of phases 5
Rated current 0.75 (A)
Rated holding torque 0.24 (Nm)
Turns per pole 53
No. of teeth per stator pole 4
No. of rotor teeth 50
Airgap length 0.05 (mm)

Fig. 14 shows the static torque characteristics of the test
motor at the rated current which are calculated for each
incremrntal rotor position.

In Fig. 14, the conventioal method describes the case
that the permeance between the stator pole and the rotor
is considered as the airgap permeance alone. The advanced
method is to take the required permeance from the tooth/
airgap model illustreted in Fig. 6 and has the sufficient
accuracy for motors where saturation is confined to the
tooth/airgap region.

The conventional method estimates the maximum val-
ue of the static torque distribution, which is defined as
the holding torque, to be approximately 2 times greater
compared with the experimental one and the advanced
method shows the more reasonable result corresponding to
the experimental value.

Fig. 15 illustrates the holding torque to the exciting



current characteristics. As results, the conventional method
shows the results that have a linearity in all current region
and the advanced method shows the saturation of the
analysis results with the current increasing because of the
saturation in the stator/rotor tooth region by which the
developed torque is limited.

Fig. 16 shows the cogging torque with respect to the
rotor postion computed by the advanced method.

In general, the cogging torque is susceptible to the
accuracy of the circuit parameters and difficult to measure
the reliable results experimently because of relatively small
value.

When the exciting current is increased over certain curt-
ent level, the developed torque is on the decrease due to
the saturation of the stator pole as well as the tooth. And,
the saturation of the stator pole can be easily considered
by adding the non-linear reluctance of the stator pole to
the equivalent circuit.

Fig. 17 shows the holding torque characteristics with
respect to the stator pole width. As indicated in Fig. 17,
the narrow pole width directly leads to the reduction of
the holding torque.

VIII. CONCLUSION

This paper proposes the advanced analysis technique by
using the equivalent magnetic circuit taking into account
the saturation effect of both teeth and poles of 5-phase
hybrid stepping motors, in which the FEM is used to
calculate the accurate circuit parameters. In addition, the
neural network is used in combination with the FEM
results to estimate the circuit parameters. As results, the
solution time for calculating the circuit parameters using
the neural network estimator is dramatically reduced, while
sufficient accuracy is still provided.

The proposed analysis technique can be easily applied to
the design process and optimization problem in case that
the tooth/airgap geometry is determined in advance.
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Fig. 12. Improved process of performance analysis
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