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Abstract: Wide weaving machines traditionally enhance the weaving width by increasing the shuttle’s
initial velocity. However, this approach introduces challenges like pronounced equipment vibration,
elevated noise levels, heightened energy consumption, and a reduced lifespan. Moreover, its efficacy
in significantly widening fabric is constrained. Addressing these concerns, this paper proposes
a wide-width warp insertion solution that involves driving the high-temperature superconducting
shuttle to achieve high-speed horizontal flight through a traveling magnetic field. The inductive weft
insertion system structure of wide weaving machines comprises an insertion guideway with an iron
core and wound electromagnetic coils. The shuttle consists of a high-temperature superconducting
block and a conductive plate, serving as the driving element. By establishing the equivalent circuit
of the weft insertion guideway and the suspended shuttle, the calculation formula for the dynamic
driving performance of the weft insertion guideway is obtained. Utilizing a transient 3D magnetic
field simulation model, the impact of parameters like the current frequency, shuttle conductive plate
thickness, and suspension gap on weft insertion performance is explored. Successful wide-width
weft insertion motion is achieved by controlling coil input current parameters. Finally, an experi-
mental platform is constructed to validate the correctness of the weft insertion system structure and
simulation model through practical experiments.

Keywords: wide weaving machine; weft insertion guideway; electromagnetic traction; high-
temperature superconductivity

1. Introduction

Weaving machines are crucial pieces of mechanical equipment in textile production,
and the fabrics they produce find extensive applications in various fields such as cloth-
ing, home textiles, aerospace [1], military defense, rail transportation, marine vessels,
hydraulic construction, environmental protection, and more [2]. In particular, lightweight
and wide carbon fiber fabrics exhibit characteristics such as a high strength, a high modulus,
corrosion resistance, fatigue resistance, and seamless construction [3]. When used over
large areas, they possess greater overall strength and stability [4]. Currently, the usual
approach to enhance the initial velocity of the shuttle, thus increasing the weaving speed
and width of the loom, involves improving the mechanical shuttle-throwing structure or
employing electromagnetic launching methods. The Swiss company Sulzer improved the
shuttle-throwing structure by replacing the fixed cam with a rotating cam, optimizing
the cam’s motion curve. This modification reduces the friction between the cam and the
shuttle-throwing lever, resulting in a 1.7% increase in the mechanical efficiency of the
shuttle-throwing machine [5]. Mirjalilil [6] studied the electromagnetic driving force of the
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weaving machine’s electromagnetic emission coil. Owlia [7–9], from Yazd University, Iran,
further utilized the electromagnetic emission coil to accelerate the ferromagnetic pellets
that draw the warp threads. Through experimental research on the projectile ejection speed
under different parameters of the electromagnetic coil, they established an adaptive neural
network model that accurately predicts the projectile speed. Xu [4,10] designed a multi-
stage electromagnetic emission structure to increase the initial speed of the warp inserter
and concluded that a warp inserter initial speed as high as 126 m/s is required to achieve a
12 m wide fabric. Compared to the mechanical shuttle insertion method, electromagnetic
warp insertion provides a faster initial speed for warp insertion, allowing the yarn to travel
a greater distance in the shuttle space. However, accelerating the warp inserter to extremely
high speeds in a short period results in excessive acceleration for both the inserter itself
and the tensioned yarn, leading to severe fluctuations in yarn tension and causing warp
thread breakage issues [11,12]. Taking cotton yarn with a strength of 15 cN/tex and a linear
density of 200 tex as an exampled, its maximum tensile strength is 30 N, which cannot meet
the requirements of high-acceleration wide-width weft insertion. This is particularly prob-
lematic in the production of lightweight and wide-width fabrics, as the high acceleration
of ultra-fine yarns increases the risk of breakage, limiting the range of wide-width fabrics
that can be produced using this method. In summary, whether through improving the
shuttle mechanism or changing the warping method, both approaches have limitations in
increasing fabric width, and they impose high demands on mechanical structures and yarn
strength. Therefore, this paper proposes a high-temperature superconducting magnetic
levitation inductive electromagnetic warping scheme. This scheme utilizes the traveling
magnetic field generated when the coil winding is energized with an AC to guide the
shuttle during the warping process. The levitation force of the shuttle during warping
is provided by the high-temperature superconductor. Compared to existing wide-width
warping methods, this scheme possesses the following characteristics:

(1) Using the electromagnetic traction wound around the iron core as the force to pull the
shuttle, achieving a super-wide weft insertion can be realized by increasing the length
of the coil and the iron core, no longer restricted by the initial velocity of the shuttle.
Moreover, since the installation position of the weft insertion guideway is below the
warp threads, it is not limited by the size of the shuttle opening, making the design of
the weft insertion guideway more flexible and convenient to install.

(2) Utilizing the levitation force generated by high-temperature superconductors in the
magnetic field of the permanent magnet array to support the suspended shuttle,
there is no actual contact between the shuttle and the weft insertion guideway and
warp threads. This eliminates issues such as wear, heating, noise, and vibration
caused by friction during the weft insertion process, contributing to an extended
equipment lifespan.

In this paper, a novel structure for the weft insertion guideway was designed. Based
on the technical specifications of the weft insertion process of the loom, various structural
parameters of the weft insertion guideway were calculated. On this basis, a mathematical
model and a simulation model of the weft insertion guideway-shuttle-weft yarn were estab-
lished. These efforts sought to provide valuable insights for the design and manufacturing
of high-performance wide-width looms.

2. Weft Insertion System Structure and Operating Principles

The weft insertion system can be divided into three parts: a weft insertion guideway,
a permanent magnet array, and a magnetic levitation shuttle (hereinafter referred to as the
shuttle). The three-dimensional structure is illustrated in Figure 1a. The weft insertion
guideway is installed below the lower warp, with two permanent magnet arrays mounted
on either side of it. The shuttle is suspended above the weft insertion guideway and
permanent magnet arrays, positioned at an angle between the upper and lower warps. The
weft insertion guideway consists of an iron core made from stacked silicon steel sheets
and electromagnetic traction coils. The electromagnetic traction coils are wound in a short-
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distance double-layer stacking (i.e., “half-filled slot”) fashion on the teeth of the iron core,
forming three groups of windings. In the winding connection scheme shown in Figure 1b,
S represents the number of slots on the iron core of the weft insertion guideway. Each coil
of the winding spans two iron core slots, with the center of two adjacent magnetic poles
spanning three iron core slots. The slot–tooth pitch is 60◦ in the electrical angle. Figure 1c
depicts the schematic structure of the shuttle shown in Figure 1a. The shuttle consists of
a conductive plate, high-temperature superconductor, and a fixed plate. The conductive
plate is embedded beneath the shuttle, with its lower surface parallel to the lower surface
of the fixed plate. At the tail of the shuttle, there is a selvedge device designed to clamp
and guide the weft yarn during insertion. Inside the shuttle, there are cavities on each side
of the conductive plate, intended for securing the high-temperature superconductor and
containing liquid nitrogen.
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When a suitable symmetrical three-phase alternating current is applied to the elec-
tromagnetic coil windings, a traveling magnetic field is generated in the gap between
the warp insertion guideway and the suspended shuttle. This results in the induction of
eddy currents in the shuttle’s conductive plate. The interaction between the eddy current
magnetic field and the source magnetic field of the warp insertion guideway generates
traction force, thereby driving the shuttle to pull the weft yarn and achieve weft insertion.

Simultaneously, after the superconducting material inside the shuttle’s two cavities is
cooled with liquid nitrogen, the change in the magnetic field induces a superconducting
current within the material. Consequently, a magnetic field opposite to the external mag-
netic field is generated inside the superconductor, aiming to counteract the influence of the
external magnetic field. Two opposing magnetic fields enable the superconductor to stably
levitate above the permanent magnet arrays on both sides of the weft insertion guideway,
providing levitation force equal to the weight of the shuttle and sufficient guiding force to
maintain shuttle stability.

By appropriately designing the structural dimensions of the conductive plate and
changing the frequency of the input current, stable and rapid weft insertion motion can be
maintained under continuously changing yarn tension and suspension height.
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3. Calculation of Weft Insertion Performance Parameters
3.1. Equivalent Circuit of the Weft Insertion System

The driving part of the weft insertion system consists of the guideway and the con-
ductive plate, with the permanent magnet array installed on both sides of the guideway.
The impact of the permanent magnet array on the weft insertion system’s performance
can be neglected. Therefore, when studying the weft insertion system’s performance, it is
sufficient to focus on the guideway and the conductive plate and establish an equivalent
circuit. The electromagnetic traction coils are wound around the core of the weft insertion
guideway in a “half-filled slot” manner, and there is an end effect at both ends of the core.
In situations where the thickness of the conductive plate and the air gap are relatively large,
the impact of the leakage reactance and skin effect of the conductive plate cannot be ignored.
Let K′r(s) and K′x(s) be correction factors for the resistance and magnetizing reactance of
the conductive plate due to the longitudinal dynamic end effect, and let Cr(s) and Cx(s)
be correction factors for the resistance and magnetizing reactance of the conductive plate
due to the transverse end effect, respectively. K f is the correction factor for the resistance
of the conductive plate due to the skin effect. The equivalent circuit of the weft insertion
guideway and the conductive plate can be represented as shown in Figure 2.
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In this figure, r1 is the resistance of the electromagnetic traction coil, x1 is the leakage
reactance of the electromagnetic traction coil, xm0 is the magnetizing reactance, r′2 is the
resistance of the conductive plate referred to the electromagnetic traction coil, and x2 is the
leakage reactance of the conductive plate.

In one-dimensional field analysis [13], we can separate the longitudinal and transverse
end effects and then superimpose the separately processed results to obtain the analytical
result that includes the total end effects. At the same time, according to the relationship
of equal complex power in the field circuit, we can obtain the equations for K′r(s), K′x(s),
Cr(s), and Cx(s). These are all equations about the slip ratio, and when the slip ratio is very
small, Cr(s) and Cx(s) can be written separately as

Cr(s) =
sG
{

Re2[T] + Im2[T]
}

Re[T]
(1)

Cx(s) =

{
Re2[T] + Im2[T]

}
Im[T]

(2)

In the above equation,

T = j
[

r2 + (1− r)
λ

αa
tanhαa

]
(3)

r2 =
1

1 + jsG
(4)
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λ =
1

1 + 1
r tanhαa · tanhk(c− a)

(5)

where G is the quality factor, 2a is the width of the weft insertion guideway core, 2c is the
transverse length of the conductive plate, α = c

τ , k = π
τ , and τ is the polar distance of the

weft insertion guideway.
In the process of warp insertion, the angle between the upper warp and the lower

warp is small, and the space available for installing the warp insertion guideway is limited.
Therefore, the gap thickness of the designed guideway and the thickness of the conductive
plate in this paper are relatively small. Considering the uniformity of the conductive
plate [14], the influence of secondary leakage inductance and the skin effect of the secondary
conductor on the electromagnetic warp-insertion guideway characteristics can be neglected.
Moreover, during the warp-insertion motion, the shuttle primarily operates in the central
portion of the warp-insertion guideway. At this point, the influence of end effects can also
be neglected, i.e., setting Kr = Kx = Cx = K f = 1 and x2 = 0. The equivalent circuit
depicted in Figure 2 can be simplified to the approximate equivalent circuit shown in
Figure 3.
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The reactive power equality relationship gives the magnetizing reactance as in
Equation (6):

xm0 =
4m1µ0(W1kw1)

2aVs

πkδkµδpe
(6)

where m1 is the number of phases in the power source, µ0 is the vacuum permeability,
W1 is the number of turns per phase connected in series in the weft insertion guideway
winding, kw1 is the winding factor, kδ and kµ are the gap factor and saturation factor of the
weft insertion guideway, δ is the gap thickness between the weft insertion guideway and
the conducting plate, and pe is the equivalent number of pole pairs.

Based on the principle of equal complex power in the field path and Weber’s law, the
equivalent resistance of the conductor plate assigned to the weft insertion guideway is
obtained as follows:

r′2 = 4m1ρ2
(W1kw1)

2

2pe

2a
τd

(7)

where ρ2 is the volume conductivity of the conductor plate and d is the thickness of the
conductor plate.

The starting internal power factor refers to the internal power factor of the weft
insertion system during the startup process, reflecting the power factor condition of the
internal components of the weft insertion system. Its expression is as follows:

cos θi =
1√

1 +
(

Crr′2
sxm0

)2
(8)
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The primary per-phase resistance is given by Equation (9):

r1 =
ρ12LcpW1

A
(9)

where ρ1 is the resistivity of the guideway coil winding, Lcp is the average half-turn length
of the winding, and A is the cross-sectional area of the winding.

The per-phase leakage inductance of the guideway coil winding is given by
Equation (10):

x1 = 15.8
f

100

(
W1

100

)2 2a
q1

(
λs

p
+

λt + λe + λd
pe

)
(10)

where f is the power supply frequency, q1 is the number of slots per phase per pole of
the guideway, p is the pole pair number, and λs, λt, λe, and λd are the leakage magnetic
conductances for the slot, tooth end, winding end, and harmonic, respectively.

Letting kµ = 1, by combining Equations (6)–(8), we can derive the formula for calcu-
lating the thickness of the conductive plate as given in Equation (11):

δ

d
.
=

2 f τ2sµ0
√

1− cos2 θi
πCrρ2kδ cos θi

(11)

Also, since the synchronous speed of the warp insertion guideway is VS = 2 f τ, the
above equation can be expressed as a linear equation in terms of δ as

d =
πCrρ2 cos θi

VSτsµ0
√

1− cos2 θi
kδδ (12)

The above equation indicates that, in the case where other parameters of the weft inser-
tion system have been determined, the thickness can be expressed as having a proportional
relationship with the air gap. In order to obtain the maximum traction force, the thickness
of the conductive plate is determined only by the gap thickness between the warp insertion
guideway and the shuttle. Moreover, the selection of the conductive plate thickness should
monotonically increase with the increase in gap thickness.

3.2. The Calculation of Warp Insertion Performance

Based on the aforementioned approximate equivalent circuit of the warp insertion
guideway and the corresponding parameter calculation formulas, the performance cal-
culation of the warp insertion guideway can be completed. Let U1 be the input phase
voltage of the warp insertion guideway winding, and let m1 be the number of phases in the
power supply.

The expression for the winding phase current, neglecting the asymmetry between
phases, can be represented as

•
I1(s) = U1

s
Crr′2
− j 1

xm0

1 +
(

s
Crr′2
− j 1

xm0

)
(r1 + jx1)

(A) (13)

Therefore, the power factor of the warp insertion guideway can be expressed as

cos ϕ = cos(arg
•
I1(1.0)) (14)

Unlike cos θi, cos ϕ represents the power factor of the entire weft insertion system,
indicating the power factor level of the weft insertion system during startup.
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The magnitude of the traction force of the warp insertion guideway is given by

F(s) =
m1

Crr′2Vs

sU2
1[

1 +
(

s
Crr′2
− j 1

xm0

)
(r1 + jx1)

] (N) (15)

The startup input power is given by

P1 = m1U1 I1(1.0) cos ϕ (16)

The startup synchronous power is given by

Pδ = FVs (17)

Assuming that during the warp insertion process, the shuttle moves only along the
warp insertion guideway, while neglecting mechanical losses, the startup synchronous
efficiency of the warp insertion system is given by

ηc =
Pδ

P1
(18)

4. Results Analysis and Validation
4.1. Simulation Verification

In the design process of the warp insertion system, the core task is the study of the
traction force of the warp insertion guideway. To verify the correctness of the formula for
calculating the traction force of the warp insertion guideway, the structural parameters of
the warp insertion guideway were calculated based on the formula for the linear motor
structure [15]. We established a transient magnetic field 3D simulation model for the warp
insertion system, as shown in Figure 4.
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In Figure 4, the three-phase coils are wound around the core of the warp insertion
system using a short-distance double-layer winding method, and the coil connection is
the same as shown in Figure 1. The conductive plate of the shuttle is located above the
warp insertion system. The excitation source for the three-phase coils is assumed to be
a three-phase voltage source, and the voltage expression is given by Equation (19). The
simulation model has the remaining parameters listed in Table 1.

VA(t) = 180 sin(2π f t)
Vb(t) = 180 sin(2π f t + 2π

3 )

Vb(t) = 180 sin(2π f t + 4π
3 )

(19)



Appl. Sci. 2024, 14, 2687 8 of 12

Table 1. Simulation parameters.

Project Parameter Project Parameter

Iron Core Material Silicon Steel DW-465 Winding Turns 96
Iron Core Width (mm) 100 Warp Insertion Pole Pairs 10
Iron Core Length (mm) 600 Conductor Plate Material Aluminum
Iron Core Height (mm) 35 Conductor Plate Width (mm) 100

Iron Core Tooth Width (mm) 10 Conductor Plate Thickness (mm) 100
Iron Core Tooth Height (mm) 25 Conductor Plate Thickness (mm) 1–20

Iron Core Slot Width (mm) 10 Air Gap Height (mm) 10
Winding Material Copper Power Supply Frequency 10~100 Hz

After setting up the simulation parameters, with a simulation duration of 100 ms and
a step size of 1 ms, Figure 5 shows the magnetic field contour of the cross-section of the
warp insertion guideway and the distribution of the induced magnetic field strength on
the conductor plate when the power supply frequency is 50 Hz. From left to right, the
subfigures depict the magnetic field characteristics at simulation times of 60 ms, 65 ms, and
70 ms, respectively. In each subfigure, the lower part illustrates the magnetic field generated
by the weft insertion guideway, including the magnetic flux distribution, while the upper
part displays the distribution of induced magnetic field intensity and direction in the
conducting plate. From Figure 5, it can be observed that after applying three-phase voltage,
the warp insertion guideway generates a rapidly moving wave magnetic field to the right,
inducing an eddy current magnetic field in the conductor plate. Under the interaction of
these two magnetic fields, the warp insertion guideway generates a continuous traction
force on the shuttle, causing the shuttle to move to the right and achieve warp insertion. By
using a variable frequency drive to provide three-phase voltage with the opposite phase
sequence, the direction of the traction force can be changed.
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To further investigate the impact of various parameters on the traction force of the
drafting guideway, simulations were conducted to separately analyze the variation in
the traction force with parameters such as the thickness of the conductive plate, drafting
guideway slip rate, and power frequency. Subsequently, the simulation results of the latter
two parameters were compared and analyzed with the theoretical values calculated.

Figure 6 shows the variation curve of the traction force as a function of the thickness
of the conductive plate when the slip rate is 1 (shuttle at rest) and the power frequency is
50 Hz. In Figure 6, it can be observed that at gap thicknesses of 6 mm, 8 mm, and 10 mm,
the traction force reaches its maximum when the thickness of the conductive plate is 3 mm,
4 mm, and 5 mm, respectively. This is roughly consistent with the relationship between
the conductive plate and gap thickness in Equation (12), with an error of 2.67%. To ensure
that the shuttle is not affected by the warp during the drawing-in process and to leave
a margin in the suspension height, the initial suspension height of the shuttle should be
around 10 mm. Therefore, when using the conductive plate as the driving force for the
shuttle, in order to obtain greater starting traction force and reduce the starting distance,
the optimal thickness of the conductive plate is 5 mm.
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Figure 7 shows the curves of the traction force and efficiency of the weft insertion
guideway with respect to the slip rate when the air gap thickness is 10 mm, the power
frequency is 50 Hz, and the conductive plate thickness is 5 mm. In Figure 7, it can be
observed that as the slip rate gradually increases, both the traction force and efficiency
show an increasing trend followed by a decrease, reaching their maximum values at a
slip rate of 0.3. This is because when the slip rate is less than 0.3, there is a traction
force generated in the secondary conductive plate due to the induced eddy current, and
it increases with an increase in the slip rate. However, when the slip rate exceeds 0.3,
the energy generated by the induced eddy current in the secondary conductive plate is
dissipated in the form of heat, leading to a decrease in both the traction force and efficiency.
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Figure 8 depicts the curve of the traction force of the weft insertion guideway with
respect to the power frequency when the gap thickness is 10 mm, the slip rate is 0.3, and the
thickness of the conductive plate is 5 mm. In Figure 8, it can be observed that the traction
force increases first and then decreases with the power frequency, reaching its maximum at
60 Hz. This is due to the fact that, with the current magnitude unchanged, higher electrical
frequencies result in an increased eddy current and hysteresis losses. Therefore, to ensure
sufficient traction force for the shuttle during start-up and weaving, and to reduce energy
losses, the rated slip ratio of the warp-insertion system should be around 0.3. This implies
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that the weaving machine should operate at a high speed, and the optimal power frequency
is 60 Hz.
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4.2. Experimental Verification

To validate the accuracy of the analytical and simulation calculations, a prototype of
the weft insertion guideway was manufactured, and an experimental platform was set
up, as shown in Figure 9. The experimental platform consisted of a variable frequency
drive, a weft insertion guideway, a shuttle conductive plate, a tension sensor, and a sliding
rail. The support force provided by the sliding rail replaced the suspension force of
the superconductor, and a tension sensor was used to measure the traction force of the
weft insertion guideway. The output voltage of the variable frequency drive used in the
experiment is given by Equation (19), with a frequency ranging from 0 to 100 Hz. The
structural parameters of the experimental platform are listed in Table 1.
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Figure 9. Weft insertion guideway experimental platform.

Figure 10 depicts the variation of the traction force exerted by the weft insertion
guideway on the conductive plate with the frequency of the power source when the
conductive plate thickness is 5 mm, the air gap thickness is 10 mm, and the slip ratio is 1.
As seen in Figure 10, the data results for the traction force from the analytical calculations,
simulation calculations, and experimental measurements align closely with changes in
the power source frequency. This confirms the accuracy of the simulated model for the
weft insertion guideway and conductive plate established in this study. These findings
hold significant implications for the design of an inductive weft insertion guideway in
wide-width looms.
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5. Conclusions

In addressing the challenges of wide weaving, this paper proposed a wide-width
warp insertion solution, detailing the structure of an inductive weft insertion system
for wide weaving machines. The equivalent circuit of the weft insertion guideway and
the suspended shuttle was established and simplified, resulting in the derivation of the
calculation formula for the mechanical performance of the weft insertion guideway. Finally,
feasibility experiments were designed and conducted to validate the proposed wide-width
inductive weft insertion structure. The following conclusions are drawn:

(1) After applying three-phase AC power, the electromagnetic coils continuously generate
a rapidly moving unidirectional magnetic field. This field consistently provides stable
traction force to the suspended shuttle during the warp insertion process, allowing the
weaving machine to achieve a wide warp insertion width without being constrained
by the initial velocity of the shuttle.

(2) This study investigated the impact of various parameters, including shuttle structure,
misalignment ratio, and current frequency, on the performance of the warp insertion
guideway. The optimal design parameters for the warp insertion system, aiming
to achieve maximum traction force and minimize energy loss, were determined: a
shuttle suspension height of 10 mm, a thickness of 5 mm for the shuttle conductive
plate, a misalignment ratio of 0.3, and a current frequency of 60 Hz. These findings
provide a theoretical foundation for the application of the inductive warp insertion
system in wide weaving machines.
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