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Abstract: The study presents a methodology, used in the design development of stepper motors.
The methodology unites virtual and physical techniques to assess the structure under development
at its various design stages. Virtual prototyping is used twice, at the concept and early design stages.
Concept check aims to give more general directions for further design development, while the
simulations at the detailed design stage allow assessing various design parameters at a high level
of confidence. The testing of a physical prototype is used to validate simulation results. It is also
used to check the design just before it's finished. The presented methodology is demonstrated in an
industrial use case for stepper motor development for hydraulic valve application.
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1. Introduction

The modern era of electronic products influences electrical drives a lot. These drives have many
advantages, as the electrical energy is easy to transport and can be environmentally friendly. Last
developments enable the electrical drives to convert energy with high efficiency and have flexible
control characteristics. Actual design solutions have various options to combine parameters as speed,
torque, and power operation [1]. The electrical drives use electric motors as the prime movers, and
the motors has experienced accelerated development recently. These electromechanical devices are
used to convert electrical power into mechanical power and have a large variety of types. The study
is focused over one type — the stepper motor. This is a brushless motor that can divide a full rotation
into an equal number of steps and can be accurately controlled with no feedback mechanism. Their
mechanical characteristic (full torque at standstill), pulse control (proportional to the rotation angle),
respective speed control, precise positioning, and repeatability of movement, are of importance for
certain applications. Stepper motors are used for applications in actuators (digital, as they do not
require digital-to—analog conversion) and other devices (3D printers, medical instruments, satellite,
navigation, disk drives, and robotics) that require reliable conversion of electrical pulses into discrete
mechanical movements [2,3]. The design of stepper motors differ significantly from AC and DC
motors. The stator is made with differentiated poles and contains 1-24 phases that connect to the
motor control system to create a rotating magnetic field. The rotor is also made with differentiated
poles, but no electrical energy is supplied to it, and it can be one of the following three basic types:
VR (Variable-Reluctance) - made of soft magnetic material with the required number of poles; PM
(Permanent Magnet) — made of a permanent magnet with the required number of poles; HM (Hybrid)
—a combination of the above two types. There are also some specific designs of stepped EDs, such as
the disc ones. Principal schemes of these types of design, together with samples of stepper motors,
are shown in Figure 1.

These electrical motors have been subjected in various studies recent years, but mainly directed
to their control [4-7]. Some other studies are oriented to model the electromagnetic behavior of the
motor as to obtain more clear view over design parameters and their influence on the performance
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characteristic, using empirical approach and formula [5,8,9]. Furthermore, design studies are
designated to explore in detail the stepper motor design via virtual prototyping techniques as Finite
Element Analysis (FEA) [10-12]. Virtual prototyping is established as a conventional tool, used
widely in product design process (PDP), and subjected in many studies [13-15]. It allows also
performing optimization in very shortened terms and generally accelerates the entire PDP [16,17].
The advantages of working with virtual prototype are many, but for certain problems the
combination with physical testing [18] gives further tools to obtain a better design.

Disk type

Figure 1. Schematics of the types of stepper motors and photos.

This study is focused on a newly proposed methodology for development of a stepper motor
design, based on virtual prototyping, but using physical testing of a prototype in the final phase to
precise the details. The aim is to use the advantages of virtual prototyping for easy change of complex
design geometry, obtaining generalized results. This is used for a start point for detailed design study
using physical prototypes and testing.

2. Method

Developed methodology uses next steps in the design development of a permanent magnet (PM)

stepper motor:

e  S1: Concept development — this step is very important and it is related to the choice of general
design specifics. It starts with existing solutions (patents, research studies), selection of basic
parameters and concept. System concept development and its place in the PDP is subjected in
various research studies [19-21].

e  S2: Concept evaluation — developed concept is used to build a virtual prototype that is to be
subjected on various tests by finite element method simulations. The results are carefully
examined, generalized and certain recommendations for detailed design are elaborated.

o  S§2.1: Virtual prototype simulation — initially, the geometry model is to be prepared and a
mesh is to be build. Many models are highly dependent on the correct material input data
and certain attention is to be paid. Next is the simulation setting up, where various
simulation parameters are to be defined. It requires proper knowledge over specifics of
used technology [22-25].

o  52.2:Results assessment, recommendations and design change — another important step,
because it could facilitate understanding of physical process being modelled. It also helps
to extract certain conclusions and predefines further steps.

e  53: Detailed design development — next step is to develop the design in further details,
implementing all recommendations and marks for its change. It is performed over the virtual
prototype, using tools for CAD. Performed changes in geometry allows to obtain a more detailed
geometry, but suitable for mesh generation and simulation model creation.

e  S54:Detailed design evaluation — similarly to 52, a virtual prototype is examined as to determine
main design characteristics and to obtain recommendations for further improvement, if any.
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e S5: Physical prototype validation — finally, the performed simulations over the virtual
prototype are to be validated using testing of a physical prototype. This is also a common
practice, used in various engineering areas [18,26,27].

o  S5.1: Testing of physical prototype — a prototype, with some design variants included, is
to be produced, and used further for tests. The main target is to measure mechanical
parameters as torque.

o  S5.2: Final design assessment and recommendations — this final step aims to summarize
all information from virtual and physical tests and to elaborate recommendations for the
final design of developed stepper motor.

e  56: Final design — updated information on the stepper motor design by means of any technical
documentation as drawings, technical parameters, etc.

A

VIRTUAL PROTOTYPE TESTING OF PHYSICAL
SIMULATION PROTOTYPE

RESULTS ASSESSMENT,
RECOMMENDATIONS AND FINAL DESIGN ASSESSMENT

DESIGN CHANGE AND RECOMMENDATIONS

CONCEPT DEVELOPMENT
CONCEPT EVALUATION

DETAILED DESIGN DEVELOPMENT
DETAILED DESIGN EVALUATION
PHYSICAL PROTOTYPE VALIDATION
FINAL DESIGN

Figure 2. Methodology for stepper motor design development.

Above described methodology is illustrated by an industrial case of stepper motor design
development in the further chapters

3. Results and Discussion
3.1. Specification of Developed Stepper Motor

The stepper motor that is to be developed is planned to be used in a hydraulic valve drive. The
target is to perform linear motion that will position the piston of the valve, depending on the
command. A scheme is shown in Figure 3.

Major design parameters to be achieved are as follows:

e  Stepper motor type: permanent magnet
e  Stroke: #12mm

e  Axial force: min 100N

e  Overall diameter: max 32mm

e  Positioning axial step: max 0.03mm


https://doi.org/10.20944/preprints202410.0619.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2024 d0i:10.20944/preprints202410.0619.v1

STATORCUP1

PERMANENT MAGNET

Valve

=R

STATOR POLES

STATOR CUP 2

CoiL2

Figure 3. Schema of stepper motor application. Stepper motor components.

3.2. 51: Concept Development

The electric stepper motor concept is shown in Figure 3. The design consists of a stator having
two identical subassemblies. The two coils are assembled into stator cups, each of which has 24
distinct poles shaped like teeth. The offset between the two sub-assemblies makes it possible to realize
a division of 1/48 or 48 steps in a revolution, which allows the positioning to be sufficiently accurate
and to satisfy the requirement for positioning axial step. The rotor consists of a driving shaft with
internal thread on which a permanent magnet is assembled, having a total of 24 poles arranged
tangentially to the magnet. This construction is conventional and based on the required parameters
(torque) in a specific possible volume. The main limitation is the diametrical size, which should not
exceed 32mm.

The increased torque at the (J32 electric motor size is achieved through increased axial size. The
rotary motion of the electric motor rotor is transformed into a reciprocating motion by means of a
Tr8x1 trapezoidal thread. The thread is self-retaining, which ensures the stable position of the
working body. Regardless of the possible high manufacturing accuracy, there is an axial play in the
thread. This is intended to be compensated by the feedback monitoring the position of the final
working body (plunger). The screw is locked against yaw at its rear end, where it moves on its axis.

Feedback is provided by monitoring the screw position using a Hall sensor. The axial movement
of the screw leads to the displacement of the permanent magnet glued to it, whose magnetic field is
read by a magnetic sensor (Hall sensor). The sensor is a conventional component and allows it to be
used to control drives of this type.

3.3. 52: Concept Evaluation

The simulation model is built based on the prepared CAD model used to develop the proposed
concept. It includes only components directly relevant to the studied electromagnetic problem: a
stator consisting of 4 pcs. stator cups, 2 pcs. coils, and a rotor consisting of 12 pcs. magnets (NdFeB,
VMM5SHM) and a core of mild steel. All small geometric objects (chamfers, small rounds) have been
removed for simplicity. The coils are modeled as a solid-state ring. Due to the cyclic geometry of the
investigated stepper motor, only one segment of the general model was used, closing within 60°. The
air medium is also represented as a segment of a cylinder, the dimensions of which are chosen so as
not to affect the electromagnetic flux. The final form of the geometric model used for the
computational model is shown in figure 4, together with a sample for obtained results. The model is
simulated at nominal voltage of 12V and corresponding to the resistance current of 360mA.
Calculated mechanical torque is of 80.3mNm. This value corresponds to an axial force of about 147N
in the screw, which corresponds to the specification.
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(a) (b)

Figure 4. Simulation model for concept evaluation and results: (a) Mesh model; (b) Distribution of
magnetic field induction, T.

This concept assessment shows that there is a sufficient potential in it and it should be developed
further. Several recommendations are concluded:
e Magnetic field could be improved, especially by precision in the teeth of the stator cups (poles);
e Strong magnets from NdFeB require slots that are not friendly to mass production. Replacement
of these magnets with sintered bushing is expected to decrease significantly output mechanical
torque;
e Design parameters could be examined further by virtual prototyping of the developed in detail
design.

3.3. 53: Detailed Design Development

A detailed design is developed, using results from performed simulations over the virtual
prototype of the concept. It is shown by its major components in Figure 5. A ring component is added
as it is needed to hold the coil. Stator cups are designed in greater detail, aligning their geometry to
available technology tools and machines.

(b)

Figure 5. Stepper motor detailed design of stator and rotor: (a) Detailed design of the stator; (b)

Detailed design of the rotor.
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3.4. 54: Detailed Design Evaluation

Another set of simulations is performed, using next stage of design development, where most
of the components are developed in higher detail. Entire model is prepared for simulation, again
including the surrounding air media. The mesh model is presented in Figure 6.

Figure 6. Simulation model of detailed design.

The study aims to examine the stepper motor also concerning its performance at different values
of applied current, and combinations of its directions in coils. This will help further adjustment of
motor control. Second parameter that is explored is the coercive force of the permanent magnet.
Obtained results are shown graphically in Figure 7.

It is evident that the current in the coils has small, near to linear effect over the mechanical
torque. In opposite, the magnet strength has high influence over stepper motor output. Further
various experiments using built virtual prototype are performed, resulting in a complex data that is
analyzed. Final choice of design parameters are further restricted by so called manufacturing
constraints, and moreover — by the financial parameters of design.
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Figure 7. Mechanical torque as function of design parameters: (a) vs applied current in stator coils;
(b) vs coercive force of magnetic rotor.

This is a strong example of the opportunities that virtual prototyping gives in means of vast
evaluation of complex set of parameters.
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3.5. 55: Physical Prototype Validation

The physical prototype of the final design is shown in Figure 8. The tested stepper motor is
placed in a specially produced housing, using rapid prototyping technology. The stator is prepared
using mass production technology and has some modifications, based mainly on recommendations
from simulations results from the previous step S4.

Figure 8. Simulation model of detailed design: (a) Prepared for tests motor and its stator; (b) Variant
I: 12 x VMMb5UH-N35UH ((B*H)max = 33MgQOe; B = 160mT); (c) Variant II: 12 x VMM4-N35
((B*H)max = 33MgOe; B = 2656mT); (d) Variant III: 2x12 x VMM65H-N44H ((B*H)max = 38MgQe; B =
265mT); (e) Variant IV: sintered magnetic bushing ((B*H)max = 8.5MgOe; B = 310mT).

Four variants of rotor permanent magnet are tested, shown in Figure 8 too. The target is to
choose between stronger, but slotted and expensive variants, and sintered one (Variant IV).
Performed tests are at voltage of 12V and applied current of 400 mA. Measured parameter is for
holding torque, and measured values over 10 tests for each design variant of the rotor are shown in
Figure 9, together with presentation of used test equipment.

Several comments could be derived from measured values:

e  Maximal force is measured over sintered magnetic bushing (Variant IV). This is mostly because
of the better placement of poles around the bushing, rather than its coercive force;

e Measured value of 66.6mNm is close to calculated by simulations preliminary value of
80.3mNm. This shows good correspondence between virtual prototyping and physical testing.
Measured averaged torque over sintered magnetic bushing corresponds to 122N axial force that

is sufficient for stepper motor application, as it is defined by the initial technical specification.
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Design variants of
rotor
| 1 i | v
1 31,8 | 364 | 59,1 | 668
2 31,8 | 365 | 588 | 665
3 323 | 359 | 593 | 664
4 325 | 356 | 592 | 6638
5 319 | 366 | 595 | 66,6
6 319 | 36,0 | 588 | 6638
7 322 | 361 | 587 | 663
8 31,8 | 358 | 592 | 664
9 316 | 362 | 589 | 664
10 325 | 358 | 593 | 668
Av.T,mNm | 320 | 361 | 59,1 | 66,6

(a) (b)

Figure 9. Mechanical torque measurement over physical prototype: (a) measurement of torque over
physical prototype; (b) test results for torque.

3.6. S6: Final Design

Last step is related to finishing the design. In fact, there are no significant changes to be done in
the design, used in the last physical testing. The stepper motor is integrated in the complete valve
assembly, including its control unit and sensor feedback. The entire design and final pre-production
prototype of the system is shown in Figure 10.

Figure 10. Final design and its mounting.

Final tests of the system show that it corresponds fully to the technical specification and the next
step is to start its mass production.
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6. Conclusions

Proposed methodology for development of a stepper motor design is validated through an
industrial case of new design for hydraulic valve. The methodology consists of 6 steps and combines
the advantages of both virtual and physical prototyping. Virtual prototyping and simulations allows
to evaluate and verify the main parameters as magnetic wire (dimensions and material), permanent
magnet (its strength and dimensions), as well as the current through the coil and the number of its
turns.

The introduction of production technology specifics in the design is assessed step-by-step, again
with physical and virtual prototypes, till reaching searched overall parameters of the entire product
— step controlled hydraulic valve. It is important to note the good correlation between calculated by
simulations of virtual prototype values and measured over physical prototype ones.

Presented use case is a successful demonstration of developed methodology application and it
is implemented in an industrial company.
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