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Abstract: This paper describes the design and modelling of a DC linear stepper motor (DLSM), to
investigate the air-gap magnetic flux density and the static features of the thrust force under the DC
current excitation condition, while taking the nonlinear properties of iron materials used into account.
A Finite Element Method (FEM) study utilizing software called a “MagNet” was employed to model
and construct a linear DC motor. The thrust force, air-gap flux density, and static thrust force at
various airgaps were compared in simulation and real time. The result showed that the magnetic
flux density presents a sinusoidal shape in both the simulation and measurement, where the peak
error value was around 7.14%. A comparison was made with thrust force, as the armature current
has different values; the results show that the difference between the experimental and computed
peak value was 8.07%, while the error between the measured and simulated value was 5.02% when
the thrust force was measured at different air gap lengths.

Keywords: linear stepper motor; moving magnet linear motors; magnetic flux density; “MagNet”
software

1. Introduction

In recent years, the demand for high-performance linear motion systems has been on
the rise in various industrial and commercial applications [1]. Linear motors, known for
their precise control, high acceleration capabilities, and absence of mechanical wear, have
emerged as a promising solution to meet these demands. Among the different types of
linear motors, the DC linear stepper motor has attracted substantial attention due to its
unique design and improved performance characteristics [2].

Linear motors provide a direct linear motion without the need for mechanical transmis-
sion devices, such as gears, belts, chains, or motor couplings. This compliance eliminates
backlash, reduces friction, and increases motor efficiency, unlike conventional rotary mo-
tors [3,4]. The simple structure of DLSM offers high flexibility to the machine in terms
of size and space, with the few components needed in the motor and limited lubrication
making installation and maintenance easy. Due to linear machines” advantages in deliv-
ering precise linear motion and accurate positioning, they have found widespread use in
various industries for applications requiring the precise control of linear motion [5]. DC
linear stepper motors are frequently employed in industrial automation systems, such as
pick-and-place machines, material handling equipment, and robotic systems. They are also
utilized in CNC machines, 3D printers, and transportation systems [6-8].

For linear motion applications, various linear motor configurations and technologies
can be utilized [9]. The most frequently employed linear motors include induction linear
motors, switched reluctance linear motors, and permanent magnet linear motors [10-12].
Among these options, permanent magnet linear motors are deemed to be most suitable for
linear motion functions due to their notably higher efficiency and greater power density [13].
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Permanent magnet linear motors can be further considered as moving iron, moving magnet,
and moving coil types. Each type has its own advantages and disadvantages depending
on the practical usage scenario. Moving coil linear motors have a simple structure, but
their wiring, which is wrapped around the moving part, can be less secure, and dissipating
the generated heat can be challenging [9,14]. Moving iron linear motors are durable and
inexpensive, but their primary weakness is their low efficiency. Recent research has been
conducted on linear motors with moving magnets, and various configurations for various
applications have been reported. These motors offer significant energy-saving benefits
when compared to conventional systems that employ rotary motors and crank-driven
mechanisms [15-17].

To assess the performance and electromagnetic characteristics of linear motors, it is
crucial to have a precise understanding of the magnetic field distribution. The evaluation of
magnetic field distribution can be ensured using both numerical and analytical methods [18].
Finite Element Analysis (FEA) is a prominent numerical method that offers the advantage
of incorporating the nonlinear magnetic saturation of cores and the actual motor design
geometry. The magnetic field is computed by FEA by solving the governing equations
derived from Maxwell’s equations [19]. In the case of a moving magnet linear motor, FEA
was used to calculate static shaft forces for different armature positions [20]. Furthermore,
a comparison of key performance indicators was made between a moving magnet linear
motor and a moving iron motor in [21]. FEA has proven useful in the optimization of the
design of linear motors in previous studies [22].

The purpose of this paper is to present a thorough analysis of the design and construc-
tion of a DC stepper linear motor. Optimizing the motor’s performance parameters, such
as thrust force, airgap, and magnetic flux density, while ensuring a reliable and seamless
operation is the primary objective. To accomplish this, both numerical simulations and
experimental validations will be utilized.

The design process will involve selecting appropriate magnetic materials, determining
optimal winding configurations, and optimizing the motor’s geometry to achieve the
desired performance characteristics. Furthermore, the effects of various parameters, such
as air-gap length and armature current, will be thoroughly investigated to understand their
influence on the motor’s behavior.

2. Principle and Operation Analysis of DLSM

The fundamental operation of a DC linear motor is comparable to that of a conven-
tional DC motor, but with a longer configuration. A linear motor converts electrical energy
directly into linear mechanical motion, with no intermediate rotary-to-linear conversion
mechanism required.

A DC linear motor is composed of a stator and an actuator (also known as a translator
or armature). Typically, the stator consists of a series of magnets or electromagnets arrayed
in a linear fashion. In contrast, the mover comprises a wire coil that interacts with the
magnetic field produced by the stator [23,24].

The force production in a DC Linear stepper Motor (DCLSM) is based on the electrody-
namic force principle. The force resulting from the interaction between the armature current
and the magnetic flux provided by the permanent magnet is calculated using Lorentz’s law
F = iBL, which can be expressed as follows [25]:

F=INBL 1)

where F is the thrust generated in the motor, (Newtons, N), I is the current flowing through
the coil (Amperes, A), B is the (Tesla, T). L is the length of the coil perpendicular to the
magnetic field (meters m).

The thrust constant of the dc linear motor depends on the value of the magnetic flux
density (B), number of turns (IN) and coil current (I). These parameters are fixed when the



Machines 2023, 11, 785

30f13

motor is designed. Thus, the amount of current supplied to the coil can be adjusted to
control the thrust produced by the motor. Motor thrust constant k is assumed to be:

kk=NBL )

By substituting Equation (2) into Equation (1), the final expression of thrust can be
represented by:
F=kl ®)

This implies that the motor’s thrust constant, k¢, is proportional to the magnetic flux
density in the air gap, B. The greater the magnetic flux density in the air gap, B, of the
DLSM and k ris the greater the motor’s thrust constant [25].

The response of the mover in a DC Linear Stepper Motor (DLSM) is determined by
calculating the mechanical time constant, T;;,. This time constant enables us to determine
how fast the mover can respond to system changes. Therefore, a reduced mechanical time
constant (T7,) indicates that the actuator can respond much more quickly [26,27]. A reduced
Ty, value indicates that the mover is capable of rapidly adjusting its position or speed in
response to system changes or input signals. In applications where a fast and responsive
mover is required, a lower mechanical time constant is optimal.

The mechanical time constant, T}, is calculated as follows:

MR
Ty = —5 4
"= @)
where Ty, is the mechanical time constant, R is the coil resistance, M is the mover mass,
and ky is the thrust constant.

The mechanical time constant is the time at which the velocity of the mover reaches
62.3% of its utmost value [28].

Furthermore, the DC linear motor operates based on the principle of magnetic field
interaction and electric current conversion, enabling the transformation of electrical energy
into linear mechanical motion. Structurally, it consists of a stationary stator, comprising
magnets or electromagnets, and a movable armature with coil windings [29]. By inducing
magnetic fields through the stator and applying an electric current to the armature windings,
the motor generates a force resulting from the interaction between these fields [29]. This
force propels the armature along a predetermined linear path. Precise control of the motor’s
motion is achieved through the manipulation of the current direction and magnitude,
employing commutation techniques. In summary, the DC linear motor effectively harnesses
the principles of magnetic field interaction and electric current to facilitate a controlled
linear motion [30,31].

The motor was chosen and developed as a DC linear stepper motor (DLSM). The
mover consists of eight permanent magnet (NdFeB) blocks. The translator is designed
to be double-sided (U sharp). Each side of the slider has four PMs, arranged as N-5-N-S.
These PMs are split by three Tufnol blocks to isolate the permanent magnets, as seen in
Figure 1. The back-iron is positioned in the field housing to complete the magnetic circuit
produced by the permanent magnets. The armature core is constructed of a mild steel bar
and built as a rectangular armature core. The field translator is placed within the carriage
and moved with the help of linear bearings placed parallel to the length of the armature
and fitted on aluminum rails. To investigate the impact that changing the air gap has on
the motor’s thrust, this model is built with an adjustable air gap. Table 1 shows the major
characteristics and material specifications for the linear DC motor.
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Tufnol

- Back iron of

Figure 1. Layout of the proposed DC linear stepper motor.

Table 1. Dimensions and material specifications of the linear DC motor.

Name Dimensions and Material
Magnet dimensions [mm] 42 x 20 x 30
Magnet type Neodymium Iron Boron
Number of magnets 8
Core dimension [mm)] 288 x 30 x 30
Core Mild steel
Back iron dimension [mm] 99 x 30 x 5
Tufnol dimensions [mm] 15 x 30 x 20
Effective Air gap [mm] 10
Supply Current [A] 3

The DC linear stepper motor (DLSM) was created utilizing the finite element method
(FEM). Several DLSM models with distinct structural parameters were developed, and the
finest model was chosen. To validate the computing results, the optimal (DLSM) model
was constructed, and its static thrust characteristics were measured. The static thrust
characteristics obtained from the experimental measurements were compared to the results
obtained from the simulation, and a significant level of agreement was observed between
the two sets of data.

To examine the static characteristics of thrust force and air-gap magnetic flux density,
accounting for the nonlinear properties of iron materials, a two-dimensional finite element
method (FEM) was utilized using the “MagNet” software. The analysis focuses on the DC
current excitation condition. Magnetic flux, a critical parameter for evaluating the perfor-
mance of electrical machines, is of particular interest. Figure 2 illustrates the distribution of
magnetic flux density across the entire cross-section of the motor and the adjacent air gap,
with the lines indicating the direction of the flux. Most of the magnetic flux is concentrated
at the back iron, reaching a value of 2.5 T, while the armature core exhibits a flux density of
approximately 1.07 T.
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magnetic flux 2.5 T

Figure 2. Magnetic vector potential distribution throughout the cross-section of the motor.

Figure 2 depicts a graph displaying the distribution of the magnetic direction potential
across the cross-section of the motor and the surrounding airspace. where the red color
describes a high magnetic flux density and green medium and blue low magnetic flux
density. It is evident from the illustration that there are three distinct components of the
leakage field originating from the moving unit. These components include the leakage field
generated by the edges of the moving unit, the leakage field across the inter-polar space
that separates the opposite magnet, and the leakage field emitted by the yoke. Notably, the
area between the two opposing magnets produces the most significant leakage flux.

Figure 3 presents the graphs of the y-component of magnetic flux density vector in
the air gap between the armature winding and the magnet. In the region of the coils, the
distribution of the y-component of the magnetic flux density vector presented a shape very
close to sinusoidal behavior. As can be seen from Figure 3, the peak radial flux density
in the airgap occurs in the area opposite to the center of the magnet, whereas radial flux
density becomes almost zero in the area opposite the space between the two magnets.
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Figure 3. Magnetic flux density (T) in airgap.
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Magnetic flux density (T)
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The relationship curve of thrust with a position under different currents can be seen in
Figure 4, where the magnetic flux density increased marginally as the current increased.
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Figure 4. Magnetic flux density in airgap with different currents.

3. Experimental Results

The top and side view of the linear DC motor model prototype are presented as shown
in Figure 5. The motor is designed to be a double-sided (U sharp) moving permanent
magnet. The field system was mounted inside the carriage and installed on aluminum rails
with linear bearings parallel to the armature length to guide its movement. In this model,
the air gap is designed to be adjustable to study the effect of the change in the air gap on
the thrust of the motor.

(b) Side view

Figure 5. The proposed linear DC motor.
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The mover component was a permanent magnet installed inside the carriage that
represented the field system. Figure 6 depicts the simulation and real-time setup of a
permanent magnet moving unit.

Figure 6. Configuration of permanent magnet moving unit.

The design of the armature windings for the motor considered various factors such
as the power requirements, current carrying capability, and the desired track length. The
armature core was constructed using a mild steel bar measuring 1.2 m in length with a
cross-sectional area of 25 mm x 25 mm. This design determines the total distance the motor
can travel along its track.

The armature windings were distributed along the armature core, as illustrated in
Figure 7. There are 28 separate multi-layer coil sections evenly spaced out along the core.
These coil sections are constructed using enameled copper wire with a diameter of 0.5 mm,
which is equivalent to the size of 24 AWG wire. This wire size allows for a maximum direct
current (DC) of 29 A to flow through the windings.

In the design of the armature windings, the diameter of the wire plays a crucial role.
A smaller wire diameter allows for a greater number of turns per meter of length in a given
section of the armature winding. This, in turn, leads to an increase in the force produced by
the motor. However, it is important to note that as the wire diameter decreases, the current
carrying capability of the wire also reduces.

To facilitate the connection of the armature windings to the power supply, connec-
tor blocks were fixed to a rail positioned directly above the armature. These connector
blocks are linked to the power supply through switching circuits, enabling the controlled
application of electrical current to the armature windings.

During the winding process, the armature windings are manually wrapped around
the armature core, which has dimensions of 30 mm x 30 mm x 42 mm. Each individual
coil section comprises 670 turns and is supplied with a direct current (DC). To achieve
commutation, the armature sections are energized in a specific sequence, facilitated by a
microcontroller.
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Figure 7. Configuration of the winding.

A model of the linear motor depicted in Figure 3 was constructed, and its measurement
of thrust forces helped to validate the analytical model. For the experimental portion of the
investigation, a test apparatus was built. Using a load cell (force sensor), measurements
of forces in static conditions were obtained. Calibrated with (1 mV =12.51 N), the output
voltage of the load cell is linearly proportional to the applied load. The sensitivity of the
load cell is 2 mV. Figure 8 depicts the apparatus used to measure thrust force. During the
experiments, a current was only supplied to three coils located beneath permanent magnets
with normal magnetization.

Coil winding

Figure 8. Measurement of static thrust.

The results were measured under the same current and position circumstances as
in the analytical technique in order to compare and validate the simulation model. The
Gaussmeter “Lakeshore 480” was used to acquire the measured values. A sinusoidal
pattern may be seen in the magnetic flux density’s behavior. The findings of the magnetic
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flux density vector, as shown in Figure 4, reveal a discrepancy of 7.14% between the peak
values that were predicted and those that were observed.

Utilizing Equations (2) and (3), we can determine the thrust force by calibrating the
load cell output, which corresponds to 1 mV, equaling 12.51 N. The load cell’s output
voltage was measured to be 7.6 mV when a current of 2 A was applied to each of the
three coils.

The total force was calculated to be F = 95.07 (N), where the static force k; of the DLSM
is calculated as 16.88 (N/A), where:

L = 42 mm length of the coil;

N = 670 number of turns;

B =0.6 flux density in airgap.

In Figure 9, a comparison is presented between the experimental and computed static
thrust, as the armature current is changed. A percentage error exists between the slopes of
the simulated and measured values of the static thrust. This disparity can be attributed
to factors such as the frictional force, leakage field and normal force resulting from the
unbalanced force of attraction between the armature core and magnetic poles on either side
of the motor.

0.6

0.4

0.2

Magnetic flux density (T)

Simulation

*  Experimental

_0‘8 | L L L ] ] ] L 1
20 40 60 80 100 120 140 160 180 200

Position (mm)

Figure 9. Measurement and simulate results of the flux density in airgap T.

The results indicate a good agreement between the measured and computed values,
with the static thrust being directly proportional to the excitation current as can be seen
in Figure 10. From the obtained results, it can be observed that the maximum deviation
between the computed and measured data amounts to 8.07%.

The present study also assisted in analyzing the behavior of the motor’s developed
thrust force as a function of the air-gap length. Figure 11 depicts the thrust force as a
function of various air-gap lengths when the coil current under the permanent magnets
with normal magnetization is 6 A.

It can be observed that thrust decreases as airgap increases. Due to the mechanical
restriction guidance of the moving unit, a minimum airgap of 6 mm, which represents the
mechanical clearance between the armature winding and the moving magnets, was chosen
for this model. Figure 6 shows the behavior of the thrust force in relation to the airgap
length. The difference in the developed propulsion between the simulated and measured
values is 5.02%.
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Figure 11. Thrust force with different airgap length values.

The parameters of the modelling linear DC motor are listed in Table 2.

Table 2. Parameters of the proposed DC linear stepper motor.

18

Parameters Symbol Value
Armature resistance R 70
Armature inductance L 1.17 mH
Mover mass M 79kg
Thrust constant k 1 16.88 N/A

4. Conclusions

In conclusion, this paper concentrated on the design and modelling of a DC linear
stepper motor (DLSM) to investigate its static characteristics, including thrust force and
air-gap magnetic flux density. The analysis considers the nonlinear properties of the
utilized iron materials. To accomplish this, a Finite Element Method (FEM) analysis using
“MagNet” software was utilized to construct and model the (DLSM). The results of the
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simulation were compared to actual measurements of thrust force, air-gap flux density,
and static thrust force at various air gaps. By incorporating the nonlinear properties of the
iron materials and employing FEM, this study provides valuable insights into the static
performance of the DLSM and validates the simulation results” accuracy by comparing
them to experimental measurements.

The distribution of the y-component of the magnetic flux density vector in the air gap
was sinusoidal, with maximal values occurring opposite to the magnet’s center. The maximal
values of experimental magnetic flux density measurements and simulated values differ by
7.14 percent. The experimental and calculated static thrusts were in reasonable agreement,
with a maximal deviation of 8.07 percent. Variations in static thrust were attributed to factors
such as leakage field, frictional force, and an unbalanced force of attraction.

Furthermore, the effect of air gap length on thrust force is studied. It was observed
that thrust decreased as the air gap length increased, and a minimum air gap length of
6 mm was chosen due to mechanical constraints. The thrust force exhibited a nonlinear
response to the change in air gap length, and the difference between the computed and
measured values was 5.02%.

Experimental measurements and simulations validate the linear motor prototype’s
analytical model. The study offers important insights into the magnetic flux distribution,
thrust force characteristics, and consequence of air gap length on motor performance.

5. Future Work

In their future work, the authors aim to enhance the performance of the motor and
reduce force ripple through several research directions. Specifically, they plan to implement
a sliding mode control method to mitigate force ripple, leveraging the robustness of this
control approach against parameter variations and external disturbances.

1.  To address practical issues such as friction and force ripple disturbances, the authors
will employ a disturbance observer in conjunction with the control method. This
observer will estimate and compensate for the disturbances, enabling the more precise
tracking of desired motor behavior.

2. Furthermore, the authors will utilize an optimization algorithm to fine-tune the control
parameters. This optimization process aims to improve the overall performance of
the control method by finding optimal parameter values that minimize force ripple
and enhance motor performance.

3. By combining a sliding mode control, disturbance estimation, and parameter opti-
mization, the authors anticipate that a superior control performance will be achieved
for the motor, reducing force ripple, and addressing the practical challenges related to
friction and disturbances.
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