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Abstract—In linear motion systems, including linear motors and actuators, precise and controlled linear motion is provided for various
applications. However, they have several drawbacks: high costs, complexity, limited stroke length, high energy consumption, speed limitations,
heat generation, noise and vibration, limited load capacity, environmental considerations, and integration challenges. High costs are especially
significant for applications requiring high precision. The components' complexity and additional control electronics can increase maintenance
and trouble-shooting requirements. Ensuring accurate and efficient operation necessitates regular maintenance. The limitation in stroke length,
determined by the drive's size and guide length, can pose challenges for applications requiring long strokes. High energy consumption can be
a concern, and speed limitations may be challenging. Managing heat generation is crucial to prevent component damage. Noise and vibration
can be problematic, particularly in quiet applications. Integration challenges can arise when dealing with complex systems or automation
processes. To overcome some of these drawbacks, an innovative coil configuration design for linear positioning system applications is proposed.
The proposed design focuses on the Quadrupole Electromagnetic linear Positioning System (QELPS), comprising four coils generating a
uniform electromagnetic field to produce a Lorentz force on the slider. The QELPS design is meticulously crafted using 3D modeling in ANSY'S
software, and the magnetic characteristics indicate the potential for scaling this model to different levels. The power circuit of the QELPS is
simulated using ANSY'S Simplorer and incorporates silicon-controlled rectifiers (SCR) and a pulse width modulation (PWM) pulse generator.
The design achieves a force of 27.6 newtons with the paper presenting current and force plots in comprehensive detail. Furthermore, an
interactive design algorithm is introduced, facilitating the customization of this model for various linear track dimensions. This research aims
to advance linear drive technology and enhance linear motion applications by developing this new coil configuration design and harnessing the
Quadrupole Electromagnetic System
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I. INTRODUCTION

Automation industries are inducing positional linear motion
drives for robotic operations such as conveyers, sliders, and
workbench operations. For better control and accuracy in the
process, linear electrical motors are under supervision. For
positional linear motion to advance, several essential research
needs have emerged, each offering promising opportunities for
innovation and improvement.

Linear drives work on two principles, i.e., rotational motion
to linear motion and direct generation of linear motion. A linear
motor converts electric energy into linear motion. Compared to
other comparable technologies, linear motors offer several
advantages; some are less friction, easy operation, wide speed
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range, etc.[1]. A few famous linear motors, such as linear
induction motors, linear synchronous motors, and linear
reluctance motors, are under use by some industries. Linear
motors can produce several megawatts of mechanical power at
speeds ranging from 200 to 550 km/h for applications such as
High-Speed Public Transportation Systems (MAGLEV) and
Urban Metros [2]. Ongoing projects such as the German Trans
Rapid, the Japanese JR-MLX, the Japanese HSST, and the
Canadian Bombardier Metro are significant 21st-century
challenges [3]. Even in high-performance machine tools, direct
linear drives show their application. High-precision positioning
axes are possible by combining high-force linear motors, high-
resolution position sensors, and cutting-edge current and
position loop controllers.
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Linear drives can provide high forces of up to 10,000 N,
speeds of up to 10 m/s, and acceleration of up to 25 g. Traditional
rotary drive motors and ball screws create table motion in CNC
machine tools. In [4], a low-cost, high-speed cutting machine
utilizes linear motors to perform machining experiments on a
composite material. The device has standard CNC router
capability and can reach table speeds of over 40 m/min and
spindle speeds of 30,000 rev/min.

Direct drives with linear motors have recently piqued the
interest of both business and research. The lack of mechanical
reduction and transmission mechanisms in these systems
increases the effect of various unknown electromechanical
phenomena [5] (e.g., friction, cogging forces, etc.) and load
disturbances considerably more substantial than in traditional
rotary actuators. lIronless linear motors can achieve high
dynamics, speed stability, and precision. When mounted on air-
bearing systems, they can provide exact trajectories with an
inaccuracy of less than 20 nm [6]. Linear Drives can provide
high dynamic movements with minor stroke linear stages.
Moving coils provide dynamic solid force but only modest
continuous force. Moving magnets provide greater forces with
less activity [7]. Their forces range from 1 to 700 N, and their
strokes can reach 75 mm. Direct linear drives have opened the
doors for novel designs and configurations of the coils in the
system. This paper proposes a new coil configuration for linear
positioning system applications. A Quadrupole Electromagnetic
Linear Positioning System (QELPS) is a linear drive consisting
of four coils that provide a uniform electromagnetic field to
generate a Lorentz force on the slider.

[8] proposed a Multipole Electromagnetic device. According
to the research, this model has good force and velocity
characteristics. [9] examined the MFEL model for double-sided
armature. The coaxial positioning of the coil within and outside
the armature improves the flux density in the system. The same
researcher examined a tiny inner armature weighing 63.13 g and
a massive outside armature weighing 88.38 g. Multi-stage
twisted multipole electromagnetic launching [10,11,12] is a
concept for countering the magnetic pull due to rotational
motion. According to this paradigm, while the armature
accelerates, the armature spins by its axis. For vehicles, the
authors propose an evacuated tube launch mechanism. These
research needs underscore the multidisciplinary nature of
positional linear motion drives, encompassing materials science,
control theory, tribology, and sustainability. Addressing these
challenges will pave the way for more efficient, precise, and
sustainable linear motion systems, driving advancements in
numerous industries.

Electromagnetic systems are also known for precision and
versatility in linear positioning systems. Some of the
electromagnetic systems used as linear positioning systems are
linear induction motors (LIM), Linear synchronous motors
(LSM), Electromagnetic solenoid actuators, and voice coil
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actuators (VCA). These linear positioning systems are used in
various industries like manufacturing, robotics, transportation,
and aerospace varied research is going on to refine these systems
as they have certain disadvantages. According to the research,
the multipole field launching principle is fascinating and
relevant. Various MFEL analyses, such as the use of flux
distribution [13, 14, 15,16,17], coil twisting [18, 19, 20], other
armature shapes research [21, 16], and optimal design [22]
utilizing different methods, are also helpful in learning more
about the MFEL. Different switching patterns are explained out
of which best switching pattern is found to obtain maximum
Lorentz force in this article [23]. [24] proposes a Two-wing Ring
type Armature, which can accommodate any type of material
inside the ring working on an electromagnetic induction
principle for propelling the object.

The utilization of Multipole Electromagnetics in linear
positioning systems represents an innovative strategy for
achieving precise and efficient motion control [25]. This
technique involves the strategic placement of multiple magnetic
poles along the linear path, generating intricate magnetic field
patterns. These patterns find applications across various
domains, including linear positioning systems. In contrast,
conventional linear positioning systems often rely on
straightforward magnetic setups, such as solenoids or permanent
magnets, which, while effective, can exhibit limitations
concerning precision and  adaptability. Multipole
Electromagnetics [26, 27, 28], conversely, exploits the concept
of strategically positioned multiple magnetic poles to create
meticulously controlled magnetic fields. These fields can be
precisely manipulated to achieve exceptionally accurate linear
motion by adjusting the strength and polarity of individual poles.
For example, in a linear motor employing Multipole
Electromagnetics, the stator comprises an array of magnetic
poles, each independently controllable. Coordinating the
energizing and de-energizing of these poles enables the linear
element (such as a carriage or slider) to move with remarkable
precision and fluidity. This heightened level of control proves
invaluable in applications demanding the utmost precision, such
as semiconductor manufacturing, optics positioning, or
laboratory automation.

This article introduces the concept of a Quadrupole
Electromagnetic Linear Positioning System (QELPS), inspired
by the Multipole Electromagnetic Launcher. The QELPS is a
non-contact sensor that can measure the position and velocity of
a moving object with high accuracy. The article presents a
detailed description of the design algorithm for the QELPS,
which includes the selection of the magnetic material, the
calculation of the magnetic field strength, and the determination
of the optimal sensor position. The modeling of the QELPS is
also discussed, including the use of finite element analysis
(FEA) to simulate the magnetic field and the use of ANSYS to
analyse the data. The mathematical model explains the workings
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of the model. QELPS model can be applied for any motion track
positioning system with square rod support.

The article provides a thorough explanation of the theory
behind the QELPS, including the principles of magnetic fields
and the quadrupole configuration. The use of QELPS in
manufacturing industries can have several benefits, such as
enabling precise control of the position of objects along the
manufacturing process and detecting deviations from the
intended path. This can help to improve the quality of products
and reduce waste. The design algorithm and modeling approach
in the proposed QELPS model of the article provide valuable
insights into applications in various motion track positioning
systems featuring solid bar support.

Il. DESIGN STRUCTURE OF QELPS

Quadrupole Electromagnetic Linear Positioning System
(QELPS) consists of sliding bar, yoke, and coils. The idea of this
work is to move the coil-filled yoke on a sliding bar based on
Faraday’s laws of Electromagnetic induction. The sliding bar is
the stationary component and the coil-filled yoke is the moving
component. In Figure 1 (a), the 3D model of the QELPS is
mentioned. The coils are placed on four sides of the sliding bar
to apply each Lorentz force. This Lorentz force helps in moving
the coil-filled yoke on the sliding bar. The dimensions
considered for this study are as mentioned. Each copper coil has
1000 turns with 40mm*40mm*68mm dimensions. A yoke made
of iron measures 153 mm*22 mm * 20mm. The bar also made
of iron measures 500 mm*120 mm* 60 mm. The dimensions of
each component are pictorially represented in Figure 1(b),
Figure 1(c), and Figure 1(d).

@)

(b)
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(d)

Figure 1. Quadrupole Electromagnetic Linear Positioning System ( a)
Quadrupole Electromagnetic System, (b) Bar, (c) Rectangular yoke, (d)Coil

The properties of iron considered for this study are
conductivity of 103*105 siemens/m, relative conductivity of
4000, and Poisson's ratio is 0.28. To observe the magnetic
characteristics of the QELPS, magnetostatic analysis is
conducted using ANSYS Maxwell. For the analysis, 1000 A of
current excitation is considered. Figure 2 and 3 explores the
magnetic flux density in terms of magnitude and vectors.
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Figure 2. Magnetic Intensity Magnitude in QELPS yoke and coil.
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Figure 3. Magnetic Intensity Vectors in QELPS Yoke and Coil

The maximum intensity observed in coils, and the yoke helps
close the system's magnetic path. 1.168*10"5 A/m is the
maximum intensity, and 2.61 A/m is the minimum intensity. The
magnetic density of 3.58 Tesla is the maximum, and 0.0038
Tesla is the minimum. In the yoke, the magnetic field is uniform
and points inward, providing consistent and tightly packed field
vector lines. In the coil, the magnetic intensity's vector is
determined by the electric current passing through it. The vector
direction is circular, and its magnitude depends on the current
strength. More current means a stronger magnetic field with a
larger vector.
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Figure 4. Current density in the yoke and coils of QELPS

Current density is a plot that will help understand the
system's hotspots. In Fig. 4, the current density of the system is
presented. The current density is maximum in the coils, which
implies that the coils will be hotspots, and the yoke is a bit cooler
than the coils.

The circuit modeling and the motion expression of the core,
yoke, and coils are given in Equations. 1-5 (Kim et al., 1996))

{[L:] + [Mi]}%[li] = Wi = [R]lL] = v [G][E] - (D)

[ei] = [Veil = —[lai] )
1o 22 = (L] [G,][L] ®
T=v (4)
(6] = - [Mi] (5)
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Where in the above Equations 1-5, suffix i varies from 1 to
the number of stages, [Vi],[li], [V.i], and [l4i] are the voltage and
current matrices of the coils and the center bar. [Ci], [Li], and
[Mj] are the capacitance of the capacitor bank with a Source of
30V and self-inductances and mutual inductances of driving
coils and center bar. ro and vp are the mass and velocity of the
center bar. Lorentz force observed in the system is 79.651 N in
the y-direction.

TABLE I SELF AND MUTUAL-INDUCTANCE MATRIX
Coils Coil | Coil 2 Coil 3 Coil 4
Coil 1 450 mH 70.83 mH 68.71 mH 70.77 mH
Coil 2 70.83 mH | 451.27 mH 70.80 mH 68.85 mH
Coil 3 68.71 mH 70.80 mH 450.65 mH 70.75 mH
Coil 4 70.77 mH 68.85 mH 70.751 mH 450.91 mH

1. MATHEMATICAL MODEL OF QELPS

A Single Coil Model of QELPS

A single coil analysis will be approximated as the same as
the other coils in the system to produce the mathematical
equation for the calculation of the model's equivalent
Reluctance. This study is carried out on the assumption that all
coils are uniform in size and spaced at equal intervals. The coil
and bar parameters are shown in Figure 5. Where t is the
thickness of the coil, wc is the width of the coil, I; is the length
of the coil, Iy is the airgap length between the coil and bar, hy is
the height of the bar.

I Cail

Figure 5. Single coil model of QELPS

For finding the number of flux paths and how the flux moves
through the system FEMM freeware is used. After the building
the 2D model of QELPS in FEMM, the flux lines are observed
and represented in Figure 6. Theses flux lines are used to identify
and calculate the reluctance of the overall system. Due to current
flow, flux is emanating from the electromagnetic coil. An
expression for permeance is derived using the flux volume and
the flux flow's mean length. The flux is moving through the
system's coil, airgap, and bar. Each flow path's mean length and
permeance are expressed after the volume.
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Figure 6. Identification of flux paths

Flux from the Electromagnetic coil in Flux path 1:

Volume of the flux tube = (hcs_t) . w, (6)
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Using Eq.(8), (11) & (14), equivalent reluctance of one flux
path is derived. In the similar pattern, equivalent reluctance is
derived for the remaining flux paths.

IV. IMPLEMENTATION OF QELPS FOR LINEAR
MOTION TRACK

Modern robotics is dealing with ever-increasing demands for
flexible automation. One example is linear tracks to increase the
robot's workspace. The linear track's flaws reduce precision,
contrasting with the precise robot systems required for current
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applications [24]. ldentification of the non-linearities of the
linear path is necessary to improve the accuracy of the system
consisting of robots and a linear track.

_

Figure 7. 3D model of QELPS
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Figure 8. Magnetic density in QELPS

This paper presents a design of QELPS for the exact
integration of track movements. Figure 7 illustrates the 3D
model of the QELPS-based linear motion track. On the top of
the yoke, a non-conducting plate is placed. The conducting plate
will be the utility place. The length of the sliding bar is a variable,
which varies based on the operation area in the industry. For
testing purposes, a current of 1000A is injected into the coils.
Complete model magnetic behavior is presented in Figure 8,
Figure 9, and Figurel0. In the 3D FEM analysis, the maximum
flux density of 3.5839 Tesla is observed in the pole shoes of the
yoke, and maximum intensity of 1.168*105 A/m and maximum
current density of 7.9826*106 A/m2 are observed in the coils of
the system as shown in Figure 10.

V. INTERACTIVE QELPS DESIGN ALGORITHM
IMPLEMENTATION

Based on this analysis it is clearing the possibilities of
implementing the QELPS as a linear drive system. An
interactive design algorithm is much needed to design various
ranges of QELPS. The main objective is to develop QELPS as
per the user requirements.

1249


http://www.ijritcc.org/

International Journal on Recent and Innovation Trends in Computing and Communication

ISSN: 2321-8169 Volume: 11 Issue: 10

Article Received: 18 August 2023 Revised: 10 October 2023 Accepted: 20 October 2023

H [Am]

1.1680E+05
I 5.0001E+04
2.1404E+04

9.1625E+03
3.9222E+03
1.6790E+03
7 1874E+02
3.0788E+02
13171E+02
5.68381E+01
2 4135E+01
1.0332E+01

4 4228E+00
v 1.8933E+00

P dba
x 8.1046E-01

3.4694E-01

§—n

Figure 9. Magnetic intensity in QELPS
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Figure 10. Current Density in QELPS

The basic information the user must provide is track
parameters such as length, side length, and side width. The final
output of this algorithm will be the dimension of QELPS
mentioned in Table Il. Such as the length of the coil, the side
length of the coil, the side width of the coil, the number of turns,
the number of layers in the coil, and the outer yoke dimensions.

TABLE 2: QELPS DESIGN VALUES FROM DESIGN ALGORITHM

Parameters Values
Number of turns for each layer 22.00
Number of turns for each coil 242
Number of layers for each coil 11

Height of coil for each coil 0.043m
Thickness of the coil 0.0092 m
Number of poles 4

Velocity obtained 4.90 m/sec

Step 1: Start the program by inputting basic parameters such as
the absolute and relative permeability, as well as the absolute and
relative permittivity of the materials.

Step 2: Prompt the user to enter the length, width, height of the
track, and required velocity of operation.

Step 3: Initialize the number of turns and layers to the starting
point, which is 1.
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Step 4: Calculate inductance values, mutual inductance values,
force values, and velocities for each turn.

Step 5: Check if the user's required velocity is close to the
calculated value. If it matches, the program will terminate.
Otherwise, return to Step 3, increment the number of turns, and
recalculate the values.

Step 6: Display the final output parameters, including the
number of layers, coil height, coil length, coil width, coil
thickness, and the obtained force.

: / Asking the user to enter the length, width, height of the track, required velocity of operation, absolute and relative

permeability of the materials.

l

/ Initializing number of turns and layers to the starting point, i.c. is |
Inductance values, Mutual inductance values, Force values and Velocities are
calculated.
Turns= Tums+1 l
[ Tolerance =Required velocity - Calculated velcocity ]

/ Print the dimensions of the coil, number of layers, number of turns, velocity obtained /

Figure 11. QELPS Flowchart

VI. RESULTS AND DISCUSSIONS

In Figure 12, the power circuit of the QELPS is presented.
The power circuit of QELPS is simulated in ANSY'S Simplorer.
The model of QELPS is developed using the ANSYS Twin
builder. Using Maxwell 3D, the 3D model of QELPS is designed
and linked with the Simplorer using Twin Builder. Twin Builder
produces an equivalent circuit according to the simulation
analysis in Maxwell.

Figure 12. Power circuit diagram of QELPS
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Current and position are the input variables, and force is the
output variable, the source with an initial voltage of 30V. The
resistance values in the circuit are R4 of 0.001 Q and R6 of 0.2
Q. For testing purposes, the PWM switch is considered as the
switching device. The PWM switch with a time period of 20
msec, a duty cycle of 0.5, and an Initial delay of 1 msec. As
illustrated in Figure 13, the output force terminal is linked to the
translational mass block representing displacement force and the
translational limit stop block represents displacement force for a
more practical approach. The armature's bar mass is 1000 grams,
and the damping coefficient is 100000 Ns/m, with upper and
lower position limits of 0.05 m and 0.01 m, respectively. The
force output is connected to the translational mass and friction,
to understand the working of the system. A damping coefficient
of 10*10°% Ns/m and a spring rate of 10*10° N/m are considered
in the translation friction model.

QELPS

2

Coil_1_N oil_3_N|
f F -

Coil_1_] oil_4_N|
Coil_2_H + oil_4_p
Coil_2.1 } Fpree1 11 . . +
calamy " Fhrce N2

0
==A

Figure 13. Mechanical translational circuit diagram of QELPS

In Figure 13, the mechanical translational circuit diagram of
QELPS is presented. In which a force meter is used to measure
the Lorentz force produced from the coils over projectile and
corresponding mass and damping were presented in the ANSYS
Simplorer circuit.

After execution, the square-shaped yoke's force, current,
velocity and acceleration are presented in Figure 14, Figure 15,
Figure 16, and Figure 17.

Force Plot Sl ANSYS

Figure 14. Force Profile of QELPS

The force profile of the QELPS is presented in Figure 14 for
two cycles. When the PWM switch is turned on, after an initial
delay of 1 millisecond, the Lorentz force increases to 27.6
newtons based on the pulse width i.e., based on the requirement
of operation. Switching off the PWM switch causes the force to
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return to the baseline. This cycle of switching the PWM switch
on and off continues to allow the smooth linear position
movement of the QELPS. This is a preliminary study on
implementing QELPS for linear motion track.

Figure 15 illustrates the current in QELPS. Time is plotted
on the x-axis in milliseconds, and the current, measured in
amperes, is plotted on the y-axis. When the PWM switch is
turned on, there is an initial delay of 1 millisecond, after which
the current transiently increases to 580 amperes based on the
pulse width. As the switch turns off, the current decreases to zero
amperes. The cycle of alternately switching the PWM switch on
and off continues. The current direction can be reversed for both
the forward and reverse operation of the circuit. Additionally,
adding resistance and a diode to the circuit can limit the reverse
current.

Figure 15. Current Profile of QELPS

Velocity Piot

T om st 100 1500 e 210

Figure 16. Velocity of QELPS

In Figure 16, time is plotted on the x-axis in milliseconds,
and velocity measured in millimeters per second is plotted on the
y-axis. When the PWM switch is turned on, the velocity ramps
up to 0.00074 mm/s. When the switch is turned off in the second
half cycle, the velocity continues at the same speed. Later, when
the switch is turned on in the second cycle, the velocity increases
from the preexisting speed to 0.0014 mm/s. After that, it remains
constant for the second half of the cycle. Figure 17 depicts the
acceleration of QELPS. Time is plotted on the x-axis in msec
and acceleration measured in mm/sec? is plotted on the Y-axis.
Like the force generated, when the PWM switch is turned on the
acceleration of the mass also begins to increase after an initial
delay of 1msec to 0.09 mm/sec.

Later in the second half of the cycle when the switch is turned
off the acceleration also reduces to the baseline. This is a
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preliminary study on the implementation of QELPS for linear
motion track. Using QELPS for linear motion track is its simple
control operation. The circuit's current is the main parameter on
which the whole process depends. More sophisticated research
is needed to implement QELPS for linear track applications.

Accelerafion Plot

2 A e

Figure 17. Acceleration of QELPS

VII. SUMMARY AND CONCLUSION

The article delves into the technical aspects of the design
algorithm and modeling process of a Quadrupole
Electromagnetic linear position system (QELPS) utilized in
linear motion tracking applications within the manufacturing
industries. The QELPS functions as a non-contact sensor
capable of accurately measuring the position and velocity of a
moving object. The article provides a comprehensive account of
the design algorithm for the QELPS, encompassing the selection
of magnetic materials, calculation of magnetic field strength, and
determination of the optimal sensor position.

Additionally, the article explores the modeling of the
QELPS, including implementing finite element analysis (FEA)
to simulate the magnetic field and utilising ANSYS for data
analysis. This article thoroughly explains the underlying theory
behind the QELPS, including the principles governing magnetic
fields and the quadrupole configuration. Integrating QELPS
within manufacturing industries can yield numerous advantages,
such as precise control over object positioning throughout the
manufacturing process and the ability to detect deviations from
the intended path. These benefits can contribute to enhanced
product quality and waste reduction. The QELPS exhibits
promise in linear motion applications based on the obtained
values, and further expansion of its implementation to various
domains can be facilitated through optimal design and the
incorporation of a suitable power circuit.
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