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Abstract- The design of a hybrid stepper motor for achieving a
specific performance requires its adequate geometrical sizing
that may be performed through numerical modeling. With this
aim, the current study documents several aspects of the three—
dimensional numerical modeling that was used to predetermine
the holding torque for a stepper motor and presents different
approaching methods used to reduce redundancies. The results
for holding torque calculation are compared with experimental
measurements in order to validate the numerical model.
Moreover, optimal economic and technical solutions were
obtained through successive improvements made in the design
phase and concurring to the requirements of the product
specification are included.

Keywords: hybrid stepper motor, finite element method, holding
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I.  INTRODUCTION

The increased demand towards motion control of stepper
motors (SMs) play a key role in a wide range of applications
demanding for accuracy and repeatability [1].

SMs are increasingly used as digital actuators because they
do not require digital-to—analog (D/A) conversion. For
instance, SMs are utilized as actuators in a spacecraft
instrumentation system [2], or to control drum actuators [3].
Consistently, theoretical and experimental work was devoted
to study and compare the SMs with conventional closed—loop
positioning systems [4] and to deploy the SMs to a variety of
applications.

The SM main parameters are: parasitic torque, holding
torque and running torque. Parasitic torque sums up the
hysteresis torque, the irreversibility torque and the detent
torque.

The SM is largely presented in [5], where a study regarding
the detent torque (the torque with the windings not energized)
is presented. In SMs, position holding must occur without
energy consumption [6—10].

This paper is focused on another important parameter of
the SM, namely the holding torque (the torque with the
windings energized). Numerical modeling and experimental
results are presented and discussed.

II. THE MATHEMATICAL MODEL

A Hybrid SM (HSM) is designed to provide for better
efficiency by combining the best features available on both
Permanent Magnet and Variable Reluctance stepper motors.

978-1-7281-0101-9/19/$31.00 ©2019 IEEE

The HSM has the advantage of excellent performances
regarding the step resolution, torque and speed.

A higher accuracy in the numerical modeling of hybrid SM
(HSM), mainly holding torque parameter is the main
objective of this work. Therefore, in the design phase all parts
of the motor are adequately sized, and the right materials are
selected for the hybrid SM volume to be optimal [11-13],
using numerical model. Furthermore, redundancy solution
(the motor will be equipped with two identical windings —
main and redundant) is studied (Fig. 1) in order to maximize
SM construction advantages. In the same motor dimensions,
the redundant solution (there are two identical sets of
windings) will decrease the motor performances, but will
increase the reliability of the motor.

Stationary working conditions are considered (no electrical
currents in the rotor). The physical model is described by the
following particular forms of Maxwell equations [11,14]

magnetic circuit law

VxH=J, (1)
magnetic flux law
V-B=0, 2)
constitutive law
B=u,,,  H+B,_, 3

where, H [A/m] is the magnetic field strength, J [A/m?] is the
current density, B [T] is magnetic flux density, Br [T] is the
remanent magnetic flux density (within the permanent
magnets), 1o [H/m] is magnetic permeability of vacuum, and
w- is relative magnetic permeability. In view of (2)
B=VxA, where A [T/m] is the magnetic vector potential.
The boundary condition that closes the computational domain
is magnetic insulation, nxrot(A) = 0

The coils, with N turns, carry the electrical current I.oi [A].
The electrical current density is computed then using

SN L
S

where S [m?] is the cross—sectional area of the conductor in
the coil.

The mathematical model (1)—(4) was solved numerically,
using the finite element method (FEM) technique [10].
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III. THE NUMERICAL MODELING OF THE HYBRID
STEPPER MOTOR

The airgap thickness and the magnetic materials of the
hybrid SMs have a substantial effect on the motor design
[15]. The physical dimensions that influence the design are
presented largely in [5,15].

The bi-dimensional models are using simplifying
assumptions that affect significantly the results. Therefore,
we used three—dimensional models.

A.  The Redundancy Solution of HSM

In order to find the suitable redundancy solution for a
HSM, two cases, which are different from this point of view,
are analyzed.

The HSM in this study has the following constructive
elements (Fig. 1): stator stack (1), stator windings (2), one
rotor armature and two rotor semi-armatures (3) and two
magnets (4). The whole magnetic circuit of the motor was
considered. It contains the stator, made of lamination stack of
Iron Cobalt and has 8 poles with 10 teeth each, and the rotor
that has two semi—armatures and one armature, both made of
soft iron and two Samarium — Cobalt PMs between them.

Due to the axial symmetry of the motor, only half of the
motor was modeled (Fig. 1).
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Fig. 1. The hybrid stepper. Dimensions are in millimeters.

The motor has to be configured in two ways, due to his
construction with two windings/phase and a redundant
winding: as a 2—phase motor (2 half phases in series, 2 half
phases in parallel and 1 half—phase as a single phase), and as
a 4-phase motor. The switching from 4 to 2 phases is
provided at the connector level.

The stator windings that are distributed over the half of the
magnetic circuit make the redundancy solution.
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Fig. 2. The hybrid stepper main winding configuration.

The materials used in the numerical modeling and the
geometry characteristics of the HSM are presented in Fig. 3.
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a)  The geometry characteristics for the stator and rotor teeth. The
materials used in numerical modeling.
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b)  The B—H characteristics of the materials for the hybrid stepper.

Fig. 3. The materials and the geometry characteristics of the HSM.

The first solution for redundancy considers the main
winding distributed over half of the stator stack and the
redundant winding distributed over the other half.

For holding torque calculation, only half of the main
winding (Fig. 4), which is distributed over two poles (half
distributed over phase configuration), is considered. The
other half of the main winding and the redundant winding is
not considered in Fig. 4.



Fig. 4. The constructive elements of the hybrid stepper. Dimensions are in
millimeters.

The color map of the magnetic flux density is presented in
Fig. 5.
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Fig. 5. Magnetic flux density xOy plane.

Fig. 6 presents the ratio between calculated holding torque
and required torque (T.) versus angle characteristic. The
maximum relative deviation between the calculated holding
torque (T) and the measured experimental model is 17.2%.
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Fig. 6. Calculated holding torque characteristic - Half-phase option, U=26V.

The first solution for redundancy was changed due to some
disadvantages, mainly the usage of only half of magnetic
circuit. The second solution considers the main winding and
the redundant winding distributed over the entire stator stack
(Fig. 7). Comparative with Fig. 4, Fig. 7 shows the whole
main winding distributed over the entire stator stack. The
difference between first and second solution can be seen also
in numerical analysis results.

Loz

Fig. 7. The constructive elements of the hybrid stepper with the second
solution for redundancy. Dimensions are in millimeters.

The magnetic flux density is presented in Fig. 8.
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Fig. 8. Magnetic flux density for the half-phase windings configuration.

Fig. 9 presents the ratio between calculated holding torque

and required torque (Ty) versus angle characteristic.
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Fig. 9. Calculated holding torque characteristic for half-phase option, U=26 V.

The maximum relative deviation for the computed holding
torque as compared with experimental model is 10.7%.

B.  The Holding Torque

For the holding torque computation, the winding is
supplied, so the magnet and the stator winding are the
magnetic field sources. This problem solved formulated
assuming a stationary magnetic field. The FEM mesh quality
is of a particular concern in the numerical simulations of the
HSM because it influences the accuracy of the numerical
solution [15]. This is a difficult problem due to airgap



thickness, here 0.1 mm, as compared to the stator outer

. BBI - Material
diameter, here between 60 = 90 mm. The mesh must be S

adapted to match the required resolution in different motor Stator Rotor
. . . - Iron Cobalt lamination - Samarium-Cobalt
areas in order to obtain conclusive results. ~ Copper for Stator Permanent Magnet

The HSM here has the following constructive elements windings - Iron Cobalt lamination
(Fig. 9): stator stack (1), stator winding (3), two rotor semi—
armatures (2) and one magnet (4). The entire magnetic circuit
of the motor was considered in the numerical modeling. It
contains the stator (made of lamination stack of Iron Cobalt,
and has 8 poles with 10 teeth each) with stator windings
(main winding — 3’ and redundant winding — 3” distributed on
the entire stator stack) and the rotor (has two semi-armatures,
both made of Iron Cobalt with an offset of 2 degrees and one
Samarium — Cobalt permanent magnet with longitudinal
magnetization between them%.‘

a)  The geometry characteristics for the stator and rotor teeth. The
materials used in numerical modeling.
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b)  The B-H characteristics of the materials for the hybrid stepper.

Fig. 12. The materials and the geometry characteristics of the HSM.
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Fig. 10. The hybrid stepper. Dimensions are in millimeters. presented in Fig- 13.
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The HSM electrical interface is presented in Fig. 11.
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Fig. 11. The hybrid stepper electric interface. Fig. 13. Detail of Magnetic flux density xOy plane.
The materials used in the numerical modeling and the Fig. 14 presents the ratio between calculated holding torque
geometry characteristics of the SM are presented in Fig. 12. and required torque (Tx) versus angle characteristic.
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Fig. 14. Holding torque vs angle characteristic.

The maximum relative deviation of the holding torque
w.r.t. the experimental model is 19%.

IV. EXPERIMENTAL RESULTS

Verifications were performed on the motor in different
powering configuration to establish if the requirements of the
technical specifications are fulfilled, and to validate the
numerical model. Fig. 15 presents the ratio between holding

torque and required torque (T,) versus angle characteristic.
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Fig. 15. Holding torque vs angle characteristic, 23.4 V, 36 deg.
Fig. 16 presents the ratio between holding torque and

required torque (T,) versus electrical current characteristic.
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Fig. 16. Holding torque vs angle characteristic for seven different currents.

V. CONCLUSIONS

A realistic numerical analysis of HSMs can be realized
using three—dimensional models in order to eliminate the
simplifying assumptions of  the bi-dimensional
approximation. Therefore, this paper is concerned with
introducing numerical modeling in the design phase of a

HSM. Along other parameters, the airgap thickness and the
materials influence strongly the HSM design outcome. From
the numerical analysis that was conducted outside of this
paper, if we increase the HSM airgap with 25%, the torque
will decrease with approximately 34%.

Redundancy solution of a SM is studied in order to
maximize motor construction advantages. The first solution
for redundancy considers the main winding spread on half of
the stator stack and the redundant winding distributed over
the other half. In the second case, the redundancy solution
was changed due to some disadvantages of the first solution,
i.e. the use only of half of magnetic circuit The second
solution considers the main winding and the redundant
winding spread on the entire stator stack.

The holding torque numerical modeling and experimental
results are presented.

The deviation values are different for the two redundancy
solutions, for the first one is 17.2% and for the second one is
10.7%. Although in the numerical analysis calculation was
obtained the same maximum value for holding torque for
both variants of redundancy, the breadboards of the stepper
motor passed through several measurement methods.
Therefore, the measuring methods were improved and the
deviation values decrease.

The magnetic flux density reaches the maximum value of
2.3 T, recorded in the stator teeth. Since HSM has a large
number of teeth on both the stator and rotor, and a very small
airgap, the magnetic saturation in the teeth becomes severe
when the flux density in the airgap increases.
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