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Abstract—The design of a hybrid stepper motor for achieving
a specific performance necessitates the choice of appropriate tooth
geometry. In this paper, a detailed account of the results of two-
dimensional and three-dimensional finite-element (FE) analyses,
conducted with different tooth width/tooth pitch ratios (t/X) and
also with various tooth/slot shapes such as rectangular, trapezoidal,
triangular, and circular, is presented. The study has shown that the
rectangular tooth/slot shape is better with respect to torque den-
sity. The best results are obtained when t/\ lies between 0.38 and
0.4. The use of equal tooth pitch on the stator and rotor structures
provides nearly 10% more torque than the case with unequal tooth
pitch, but with corresponding increase in detent torque. For the re-
quirements of maximum torque density, high-detent torque, and
better positional accuracy, equal pitch slotting with equal tooth
widths has to be adopted. Instead, for maximum torque density,
less detent torque, better positional accuracy, and smooth static
torque profile, different pitch slotting with equal tooth width has
to be provided.

Index Terms—Finite-element (FE) analysis, hybrid stepper
motor, permanent magnet motor, stepping motor, stepper motor,
space application.

I. INTRODUCTION

THE MOST important component of a stepper motor is the
tooth array, which is essential to provide torque and hold

the rotor at a specified position. Equal tooth pitch () for the
stator and rotor structures provides nearly 10% more torque
output than unequal pitches, but with a corresponding increase
in detent torque [ 1]. For a machine operating in the linear region
of the - curve, the optimal t/X ratio obtained by Mukherji
and Neville [2] is 0.375. Harris et al. [3] carried out a study
of static torque production in toothed structures, taking into
account the effect of magnetic saturation. According to their
study, the optimal t/X is theoretically 0.42, regardless of ma-
chine size. Their study also indicated that this ratio in modern
practice ranges from 0.38 to 0.42. A t/X of 0.5 instead of the
optimal 0.4 would reduce the developed torque by 10%. An in-
crease of t/X would lead to higher tooth width and offer easier
fabrication. Hong and Zongpei [4] had reported that the optimal
value of t/X is in the range of 0.32 to 0.36. With respect to slot
depth (), they comment that the optimal h/X is between 0.3
and 0.4. On the other hand, Ward and Lawrenson [5] advocate
a slot depth greater than the tooth width.

The literature on tooth geometry is not conclusive. Also, the
designer of a compact motor needs information on the selection
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of tooth geometry to achieve a specific holding torque-to-de-
tent torque ratio (Th/Td). For fixed outer and inner diameters
of the motor, axial length choice plays a key role in the design
of a compact hybrid stepper motor. There is a limit of the axial
length for the given outer diameter, thereby limiting the torque
output available from such a motor module. The entire volume
and mass consumed by the motor geometry shall be fully uti-
lized. As the conventional analytical methods adopt many ap-
proximations, finite-element (FE) analysis technique is used in
the present work to obtain greater precision.

II. 2-D FE ANALYSIS OF TOOTH GEOMETRY

A two-dimensional (2-D) planar model of a magnetic cir-
cuit with a doubly slotted structure having equal A, and with
t/X = 0.4, and h/X = 0.5 has been made and analyzed.
Cobalt-iron alloy (48Co-48Fe-2 V), having £ s a t = 2.35 T, has
been considered as the soft magnetic material, and samarium-
cobalt (SmCo), having (B-H)max = 20 MGOe, has been con-
sidered as the permanent magnet (PM). The slot shape has been
rectangular. This magnetic circuit is analyzed and tuned to get
operation of the PM at its (i?-iJ)m a x and the flux density in
the teeth to be at the knee of the - curve. Flux densities at
various significant points in the magnetic circuit such as airgap,
teeth, slots, PM, etc. are calculated both for teeth aligned and
unaligned cases.

A. Optimal Slot Shape

The slot shapes have been changed to trapezoidal, triangular,
and circular and the analysis repeated in each case, keeping all
other dimensions of the model, i.e., t/X and h/X, and the ma-
terials, to be the same. The ratio of the flux density in teeth for
an aligned condition to that for an unaligned condition along
with the absolute value of average flux density has been used as
the figure of merit for comparison of different tooth geometries
as the magnetic energy stored and released during teeth aligned
and unaligned conditions depend on these flux densities [3]. The
study has shown that the rectangular tooth/slot shape is better
than other shapes with respect to torque density. Fig. 1 gives a
comparison of figures of merit for tooth geometries with dif-
ferent shaped slots, obtained from the above analysis.

B. Optimal Tooth Width/Tooth Pitch Ratio (t/X)

The next phase of the 2-D analysis is to find the optimal t/X
ratio, for the doubly slotted structures. Since the rectangular
shaped slots yield better results, the same 2-D planar model with
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Fig. 1. Comparison of figures of merits for different slot shapes for tooth
geometries with t/X = 0.4, ft/A = 0.5.
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Fig. 2. Variation of figure ofmerit with t/A fortooth geometries with ft/A =
0.5 and rectangular slots.

the rectangular shaped slots is used for this analysis with dif-
ferent t/X ratios ranging from 0.3 to 0.5. Fig. 2 shows the varia-
tion of figure of merit with t/X. From this figure, it is observed
that the best results are obtained when t/X is kept between 0.38
and 0.4.

C. Optimal Slot Depth/Tooth Pitch Ratio (h/X)

In the third phase, analysis has been carried out to obtain
the optimal slot depth. Since the rectangular shaped slots and
t/X = 0.4 yield better results, the 2-D model with the rectan-
gular shaped slots and t/X = 0.4 is used for this analysis with
different h/X ratios ranging from 0.4 to 0.6. Optimal slot depth
is observed to be 0.5 of A, agreeing with the literature [5].

III. 3-D FE ANALYSIS OF A MODULE OF THE MOTOR

The 2-D FE analysis had given the optimal tooth geometry
for the doubly slotted machines in general. But apart from in-
dicating a better torque density for a hybrid stepper motor, the
2-D FE analysis does not give any information with respect to
the static torque profile, Th/Td ratio, and stiffness. The hybrid
stepper motor, due to its typical rotor misalignment, and the ex-
istence of two types of magnetic fields, namely the unipolarfield
due to the rotor PM, and the heteropolar field due to the stator
excitation, requires modeling in three dimensions. Before car-
rying out the 3-D FE analysis of the motor, an analytical de-
sign has to be developed by use of the available information on
tooth geometry, obtained from the 2-D FE analysis, and other
design basics, available from the literature [6]. A typical 1.8°
hybrid stepper motor has been designed using the conventional
design procedure, in which the t/X ratio in both the stator and

Fig. 3. FE mesh of one-quarter of a hybrid stepper motor.

rotor is taken to be 0.4, and the slot shape to be rectangular. It
is a two-phase bipolar eight-pole motor, with 50 teeth on the
rotor, and five teeth on each pole. The stator and rotor stacks
are of cobalt-iron alloy (48Co-48Fe-2 V), and rotor PM is of
samarium-cobalt (SmCo), having (B-H)max = 22 MGOe.
Airgap is 0.1 mm. The motor has been designed to deliver 0.5
Nm holding torque at 28 V dc.

A. Optimal Stack Length

As a 3-D quarter-symmetry is available in the eight-pole hy-
brid stepper motor, only one-quarter of the motor needs be an-
alyzed. Fig. 3 shows the FE mesh of one-quarter of the motor.
The initial target during this analysis is tuning of the design to
reduce its mass and volume. This is carried out by proper sizing
of the stator and rotor stacks, as well as of the PM. The PM is
tuned to operate near the (B-H)mSiX point. The stator and rotor
stack thickness, pole width, yoke widths, etc., have been tuned
to carry sufficiently safe flux densities. After several trials, an
optimal motor geometry was achieved, in which the axial length
of the motor has been reduced by 20%, from the conventional
design. That means a motor can be designed initially by use of
conventional methods and can be analyzed and tuned with 3-D
FE analysis to get an optimal module, which delivers maximum
torque for the given volume, the selected PM, and the soft mag-
netic material configurations.

B. Optimal Tooth Geometry

The next step was the study of the static and detent torque pro-
files for different tooth geometries. The motor geometry arrived
at has been retained, and rectangular shaped slots are consid-
ered for the analysis. In the first case [i.e., case-1: equal tooth
width () and equal tooth pitch () on stator and rotor], anal-
ysis has been carried out for t/\ ratios from 0.3 to 0.5 in steps,
with increments of 0.01. Plots of the profiles of the static torque
and detent torque were obtained in each case. Spectrum analysis
of the static torque profiles have been carried out and it is ob-
served that the fundamental holding torque peaks at t/X = 0.4.
The holding torque is smaller for other t/X ratios. The detent
torque peaks at t/X = 0.5 and is of the order of 10% of the fun-
damental holding torque (i.e., Th/Td = 10). At t/X = 0.4, the
detent torque is of the order of 7% of the fundamental holding
torque (i.e., Th/Td = 14.3). Therefore, an important conclusion
is that the holding torque peaks at t/X = 0.4, and the detent
torque increases with t/X ratio.

In the second case [i.e., case-2: equal tooth width () but dif-
ferent tooth pitch () on stator and rotor], the rotor t/X ratio



3012 IEEE TRANSACTIONS ON MAGNETICS, VOL. 39, NO. 5, SEPTEMBER 2003

E • •

Angl

Fig. 4. Measured static torque of 1.8° motor at 28 V dc.
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Fig. 5. Measured static torque of 0.5° motor at 35 V dc.

was kept constant at 0.4, and the stator t/X ratio was changed
from 0.3 to 0.5 in steps of 0.01. In each case, As was selected
such that the tooth width () is the same for both the stator and
rotor. Spectrum analysis of the obtained static and detent torque
profiles indicate that the fundamental holding torque peaks at
t/Xs = 0.38; its value in this example is 0.48 Nm, against the
maximum value of 0.5 Nm, in case-1. The holding torque is
less for other t/\s ratios. The detent torque peaks at tj\s = 0.5
and is of the order of 8% of the fundamental holding torque (i.e.,
Th/Td = 12.5). At t/X = 0.38, the detent torque is of the order
of 5% of the fundamental holding torque (i.e., Th/Td = 20).
The conclusion of this analysis is that the holding torque peaks
att/Xs = 0.38, when t/Xr = 0.4.

In comparing the two cases, it is observed that the first case
of equal tooth width and equal tooth pitch provides more detent
torque and better stiffness than the second case. But the static
torque profile is not very smooth, and small dips occur on the
torque profile, thereby reducing the effective dynamic torque
capability. The second case of equal tooth width with different
tooth pitch provides less detent torque, hence a moderate stiff-
ness and smooth static torque profile.

IV. DEVELOPMENT AND TESTING

Two hybrid stepper motors viz. Motor-1: 1.8° (200 steps)
0.5-Nm module-type with t/X = 0.38 for stator and 0.4
for rotor, equal tooth width, 2 modules, and Motor-2: 0.5°
(720 steps) 1-N-rn pancake-type with t/X = 0.5 and of equal
tooth width have been designed and developed. Static and de-
tent torque characteristics of these motors have been obtained
using a test arrangement that comprises a micro-controller,
index head, piezo-electric torque transducer, and a charge
amplifier. Figs. 4 and 5 give the measured static and detent
torque characteristics of the developed 1.8° and 0.5° stepper
motors, respectively. It is observed that the motors gave the
expected performance. The fundamental holding torques of the
motors are found to be 0.49 Nm for motor-1 and 1.05 Nm
for motor-2, against the designed value of 0.5 and 1 Nm,
respectively. The detent torques of the motors are 0.03 Nm
for motor-1 and 0.084 Nm for motor-2, against the expected
values of 0.0275 and 0.09 Nm, respectively. The variations
between the expected and observed values are very small and

are attributed to minor deviations in material properties and
dimensional tolerances. It is observed that for motor-1, having
equal tooth width but different tooth pitch for the stator and
rotor, the static torque profile is smooth.

V. CONCLUSION

The 2-D FE analysis of doubly slotted structures has revealed
that the best slot shape is rectangular, and the optimal t/X ratio
lies between 0.3 8 and 0.42. The slot depth of half the tooth pitch
is found to be the optimal. The 3-D FE analysis gave valuable
information on the tooth geometry of hybrid stepper motor. The
optimal t/X ratio is found to be in the range of 0.38-0.4. Equal
tooth width and t/X for the stator and rotor results in better
torque density than other t/X ratios for stator and rotor. The
detent torque is more in this case, however. Due to the pres-
ence of the high detent torque, the stiffness is better, but the
static torque profile is not so smooth. Equal tooth width and
different tooth pitch is better in terms of the smoothness of the
static torque profile, as the detent torque is comparatively less.
Hence, for the requirements of maximum torque density, high
detent torque, and better positional accuracy, equal pitch slot-
ting with equal tooth widths must be adopted. For maximum
torque density, less detent torque, and moderate positional ac-
curacy and smooth static torque profile, different pitch slotting
with equal tooth width must be adopted. The test results of the
developed motors agree fairly well with the computed values.
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