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Abstract: To address the issue of tension fluctuations and deviations among the strands during
cable-twisting production, it is necessary to establish a relationship model between the centrifugal
force, frictional force, and tension experienced by each strand in a single span range under the state
of traveling and rotating. Considering the differences of strand alignment at the distribution reel, the
effects of centrifugal force and friction on strand tension under different twisting-deflection paths and
cylinder-traveling paths should be analyzed. In our study, different stress states of each strand were
applied to simulate and verify the tension fluctuations and deviations of every strand under various
traveling and deflection paths. The experimental results show that the increasing travel path of the
strand cylinder will cause an increase in the average strand tension. Different deflection paths in
the distribution reel will affect the range of the strand tension fluctuation. A sliding mode controller
based on a discrete system was designed in MATLAB to control the tension fluctuation and deviation
among the strands. The results indicated that this control method can effectively reduce the tension
deviation between strands, and the average tension fluctuation range of each strand was reduced
by 79.5%.

Keywords: cable-twisting equipment; factors influencing tension; sliding mode control;
tension equilibrium

1. Introduction

The equilibrium of tension between strands in cable twisting is of great significance
to the improvement of the mechanical properties of cables [1,2]. The cable-twisting pro-
duction scheme is shown in Figure 1. The model of the cable-twisting equipment was
established in the solidworks. During the stranding process, the tension of each strand
may deviate due to different twisting conditions, and the strands may be squeezed out
during twisting, resulting in broken or disordered strands. This may further lead to quality
issues in the product and may result in more severe safety incidents, such as a cable-bearing
fracture [3,4].

The early research work on cable-system mechanics mainly focused on the vibration
mechanics analysis of the cable system and the mechanical performance analysis of the
geometric structure [5,6]. Wu et al. [7] established a multidirectional coupling vibration
model of the cable strand. They used the Galerkin truncation method to solve the model
parameters and verified the strand dynamics model based on the experimental system.
Ding et al. [8] established a dynamic model of the single-rope winding lifting system based
on the Hamilton principle to obtain the relationship between the tension deviation be-
tween two cables and the longitudinal vibration. Qian et al. [9] introduced a displacement
interpolation function based on the absolute node co-ordinate method to establish the
structural deformation model of the strand under the axial load. Tang et al. [10] established
a spiral line equation with the periodic boundary condition based on the spatial analytical
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geometry method to obtain the relationship between the bending, torsion force, and tension
of the strand. Domestic and foreign researchers have also performed relevant work on
the tension deviation between strands or cables. Zang et al. [11] combined the traditional
and coupled disturbance observer through estimating the Coulomb friction and compen-
sating for the coupled disturbance; they used a nonlinear inverse step control scheme to
reduce the tension deviation of two cables in the lifting system. Ding et al. [12] established
a distributed dynamic model and designed a parameter-adaptive strand-tension-balance
robust boundary controller to achieve cable-tension-balance control and longitudinal vi-
bration suppression of the lifting container. Chen et al. [13] analyzed the redundancy
characteristics of each actuator to reduce the tension deviation of each strand under the im-
pact, and proposed a hybrid control scheme based on iterative learning control and a radial
basis function neural network to improve the performance of the controller. Li et al. [14]
combined a low-gain state observer and a nonlinear robust adaptive controller to address
the cable tension imbalance problem in the double-rope winding lifting system, and verified
that the algorithm has a superior performance in strand tension equilibrium control.
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Figure 1. Strand-twisting production schematic diagram.

However, there has been limited research on the analysis of the forces on each strand
and the control of the tension deviation under the twisting working condition of the
cable. We explored the causes of the tension deviation of strands under different twisting
working conditions, and analyzed the forces of strands at the guide hole of the cylinder
and the twisting deflection of the distribution reel. The tension data of strands under
different traveling paths and twisting-deflection paths were obtained through simulation
experiments in the laboratory. A discrete sliding mode control method was used to respond
in real time to dynamic changes in the strand tension, and reduced the influence of the above
interference factors on the strand tension. Tension equilibrium and fluctuation reduction
were ultimately achieved between the strands by adjusting the control parameters.

2. Analysis of Forces Acting on Strands during Traveling

During the working process of the cable-twisting equipment, the strands move along
the guide holes between the cylinders at a constant speed while the cylinder is moving
at a constant speed in a circular motion. The strands must pass through several spans of
continuous traction from the unwinding end to the closing end. In order to clearly analyze
the tension of the strand during its movement, it is necessary to carry out a force analysis
of the strand at the guide hole and under different deflection paths on the distribution reel
during the entire twisting process.

2.1. Analysis of Forces on Guide Holes

The movement of the strand between the cylinder bodies is a complex and multi-span
composite motion, making it difficult to model and analyze the strand over the entire span
range. At the same time, different strands follow different paths during the twisting process,
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and they pass through a different number of guide holes. Therefore, it is a prerequisite
and basic for the strand in the overall feeding process to analyze the force between the
strand and guide hole under a single span. The arrow of w stands for center axis rotation,
as shown in Figure 2. The figure was drawn in the visio.
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When the strand rotates radially along the cylinder, it is subject to an outward move-
ment tendency and is compressed against the inner wall of the guide hole under the action
of centrifugal force Fc. By dividing the wire strand into small elements, the force analysis
can be carried out as follows:

dFc = 2dT sin(
ds

2Rs
) (1)

where Rs is the radius of rotation, ds is the length of the strand element, dT is the tension
of the strand element, and dFc is the centrifugal force. The magnitude of dFc satisfies the
following relationship:

dFc = ρdsRs(ωr)
2 (2)

where ρ is the linear density of the strand element, and ωr is the rotational angular velocity.
Combining (1) and (2) together:

2dT sin(
ds

2Rs
) = ρdsRs(ωr)

2 (3)

Expanding sin( ds
2Rs

) using the Taylor series and omitting higher-order terms yields:

sin(
ds

2Rs
) = ds/(2Rs) + o((ds/2Rs)

3) (4)

Combining Equations (3) and (4), dT can be integrated and simplified within the
single-span range:

T∫
o

dT = T = ρ(RSωr)
2 (5)
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The strand travels through multiple guide holes and spans, and the motion of the
strand in each span is assumed to be superimposed on the next one [15]. The initial tension
of the strand at the Jth span can be obtained:

Tj = T0 +
j−1

∑
j=0

Tj−1 (6)

where T0 is the pre-tensioning force applied to the strand by the hysteresis brake at the
unwinding end. Under the action of centrifugal force, the strand element in a single span
presents a certain curvature, but its degree of bending can be neglected compared to the
rotation radius RS, approximately as a straight line. The centrifugal force Fc is uniformly
distributed within a single span. The friction force between the strand and the guide hole
can be calculated according to the following formula:

Ff = µmRs(ωr)
2 + (T0 +

j−1

∑
j=0

Tj−1) cos
θr

2
(7)

where µ is the sliding friction factor between the strand and the guide hole, and m is the
strand mass within the full span.

2.2. Analysis of Force under Different Strand Paths on the Distribution Reel

In the twisting process, the strands are twisted from the cylinder to the distribution
reel, and each strand changes from a triangular distribution to a circumferentially uniform
distribution. Each strand shows a different twisting-deviation path at the distribution
reel, as shown in Figure 3. θi represents the angle of rotation corresponding to different
deflection paths of strands with different numbers at the distribution reel, θi = π − 2θyoz.
The angle θyoz is the angle between each strand and surface yoz.
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The vector radius of any point A on the strand can be expressed as (8):

→
τ =

d
→
a

ds
=

dx
ds

→
i +

dy
ds

→
j +

dz
ds

→
k (8)

where dx, dy, and dz are the three co-ordinates of any point A on the strand, and i, j, and
k are the base vectors of the co-ordinate axis. The cosines of the three directions of the
tangent vector τ with respect to the space co-ordinate axis system are dx/ds,dy/ds,dz/ds.
The length from the strand to the point A where it is led out of the cylinder is denoted as S.
The deviation angle θyoz at any point A can be expressed as:

θyoz = arctan
S dz

ds√
(S dx

ds )
2
+ (S dy

ds )
2

(9)
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Due to the different paths of each strand on the distribution reel, the length of strand
S varies. When different strands undergo a rotational motion along the central axis, the
equivalent torsion radius Ri is related to the twisting-deflection angle θi as follows:

θiRi = Si (10)

where i represents the corresponding number of the twisted strand, and θi and Si corre-
spond to the twisting-deflection angle and the length of the twisted strand with different
numbers, respectively.

We then combine Equations (10) with (5). This can be integrated and simplified within
the range of the span to obtain:

Ti = ρ(
Si
θi

ωr)
2

(11)

Under the condition of the rotating twisting and traveling, the inner wall of the guide
hole will exert a certain hindering force on the strand, which can be expressed as:

Ff i = µm(ωr)
2 Si

θi
sin θi + (T0 + Ti) cos θi (12)

3. Analysis of Tension Influencing Factors during Strand Movement
3.1. Analysis of Travelling Path Deviation at the Cylinder

The model of the twisting machine’s cylinder was established to analyze the influence
of different guide-hole spans on the tension of each strand. The number of guide holes
passed by each strand under different strand numbers was recorded as Ni. From Equation
(5), it can be seen that the tension of the strand has a certain mathematical relationship with
the rotation speed ωr within a single span. Therefore, the tension of each strand within
a single span under different speeds is calculated.

Figure 4 shows the tension deviation of each strand with different rotational speeds.
There is a positive correlation coupling relationship between the tension deviation of the
strand with the rotational speed and the number of guide holes. The more guide holes
the strand goes through, the greater the deviation between the initial tension and the
output tension at the end of the cylinder. The tension deviation of a strand is small with
a low speed. As the rotational speed increases, the influence of the rotational speed on
the tension deviation of each strand increases significantly. With a lower number of guide
holes the strand passes through, the rotational speed has a smaller impact on the tension of
the strand.
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3.2. Analysis of Different Twisting Paths of Strands at the Distribution Reel

The differences in twisting-deviation paths are due to the asymmetric distribution
of the guide holes at the exit of the cylinder and at the distribution reel. They lead to
significant differences in the twisting angle between the strands, as shown in Figure 5.
In order to simulate the actual deflection path of each strand in the twisting process, the
projected lengths of each strand on the x, y, and z axes at the distribution reel are measured
and denoted as Sx, Sy, and Sz, respectively. Sl represents the actual length of the strand. The
angles between each strand and the co-ordinate plane for the x, y, and z axis are calculated,
and recorded as αxoy, βxoz, and θxoz. The measured data can be found in Table 1.
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Table 1. The spatial relative position of each strand and the length in the co-ordinate system.

Strand Number αxoy βxoz θyoz Sx/MM Sy/MM Sz/MM Sl/MM

#1 3.7◦ 15.6◦ 72.5◦ 431 127 45 450
#2 0◦ 0◦ 88.0◦ 431 13.2 8.3 431
#3 7.3◦ 31.8◦ 58◦ 431 265.4 48 510
#4 0◦ 0◦ 87◦ 431 15.95 8.65 431
#5 0◦ 0◦ 90◦ 431 18.3 1 431
#6 11.5◦ 25.8◦ 58◦ 431 233 129 500
#7 0◦ 30◦ 58◦ 431 260 43 507
#8 2.6◦ 24◦ 66◦ 431 209 6 510

Different deviation paths result in different levels of interference force on each strand
at the bending point on the distribution reel. Numerical calculation and analysis are
performed to investigate the force distribution of each strand at the exit point of the
cylinder. Through Equations (10), (11), and (14), the equivalent torsional radius and
friction force Ff i for different strands are calculated, and the tension value of each strand is
recorded in Table 2, where the tension Tsum is composed of the tension deviation Tj under
the corresponding travelling path of each strand, the tension Ti produced by different
deflection angles of the distribution reel, and the initial braking tension T0.

Table 2 records the effects on the tension of each strand with different twisting-
deviation paths Si, cylinder-travelling paths Li, and speeds ω. It can be seen that for
the #2, #4, and #5 strands, the influence of the guide-hole friction is relatively small. This
is because these three strands are parallel to each other relative to the rotation center axis
when they are drawn out from the cylinder. There is no obvious squeezing phenomenon
between the strands and guide holes. The frictional force that the strands are subjected to
is due to the centrifugal force caused by the rotation of the cylinder. The rotation of the
cylinder makes the strands come into contact with the guide holes. The mass of the strands
is small, so the frictional force generated by the centrifugal force is also small.
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Table 2. Values of radius of gyration, tension, and frictional force for each strand at different speeds.

Strand Number
Rotation Speed 200 r/min 400 r/min 800 r/min 200 r/min 400 r/min 800 r/min

Radius/M Tension Tsum/N Frictional Force Ffi/N

#1 0.355 5.3 + T0 21.2 + T0 85.0 + T0 x 1T0 + 1.6 x 1T0 +6.5 x 1T0 + 26.1
#2 0.28 4.3 + T0 17.3 + T0 69.2 + T0 y 2T0 + 0.2 y 2T0 +0.6 y 2T0 + 2.5
#3 0.50 4.0 + T0 16.1 + T0 64.2 + T0 z 3T0 + 2.2 z 3T0 + 8.7 z 3T0 + 34.1
#4 0.28 3.1 + T0 12.5 + T0 50.0 + T0 u 4T0 + 0.2 u 4T0 + 0.7 u 4T0 + 2.9
#5 0.30 2.2 + T0 8.9 + T0 35.5 + T0 0.03 0.12 0.46
#6 0.50 1.9 + T0 7.6 + T0 30.6 + T0 v 5T0 + 0.9 v 5T0 + 4.0 v 5T0 + 16.2
#7 0.50 1.3 + T0 5.2 + T0 21.0 + T0 n 6T0 + 0.7 n 6T0 + 2.8 n 6T0 + 11.4
#8 0.44 0.6 + T0 2.5 + T0 10.0 + T0 k 7T0 + 0.3 k 7T0 + 1.2 k 7T0 + 4.9

1 x = 0.3; 2 y = 0.03; 3 z = 0.53; 4 u = 0.05; 5 z = 0.5; 6 z = 0.5; and 7 z = 0.4.

4. Experimental Analysis

Each strand goes through different paths of the cylinder to the distribution reel. There
are different tension, friction, and centrifugal forces of each strand with different twisting
paths. A theoretical analysis and calculation were conducted to determine the tension of
each strand over the full span range. The relationship between the tension of each strand
and the factors including twisting paths, friction, and centrifugal forces were experimentally
obtained according to the theoretical values.

4.1. Experimental Setup Construction

The experimental setup mainly consists of the unwinding wheel, winding wheel,
braking system, guide rail sliding block mechanism, sliding friction platform, PLC, tension
sensor, and upper computer as shown in Figure 6. The braking system is used to provide
the strand tension Ti at the end of the cylinder, and the sliding friction platform applies
friction force to the strand. The guide rail sliding block is used to change the direction of the
centrifugal force on the strand during the twisting process. The tension sensor senses the
change of the strand tension in real time through the PLC, and the PLC-Recorder converts
and stores the strand tension data in real time.
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Figure 6. Simulation and experimental apparatus for strand movement.

To simulate different twisting paths of each strand at the distribution reel, the relative
position between the winding wheel and the sensor was changed in the experimental
setup. As shown in Figure 7, a three-dimensional co-ordinate system was established at
tension sensor, and the distance between the wheel and the sensor was changed. Simulated
experiments were carried out for each of the eight strands at speeds of 200 r/min and
300 r/min. The initial brake tension T0 was set to 2 N, and the initial test conditions are
shown in Table 3.
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Table 3. Analysis of the initial state of each strand under different speeds.

Rotation Speed 200 r/min 300 r/min 200 r/min 300 r/min 200 r/min 300 r/min

Strand Number Tension Tsum/N Frictional Ffi/N Centrifugal Fci/N

#1 7.3 14.0 2.2 5.7 0.15 0.49
#2 6.3 11.7 0.26 0.39 0.2 0.29
#3 6.0 11.1 3.2 6.9 0.22 0.92
#4 5.1 9.0 0.3 0.55 0.20 0.29
#5 4.2 7.1 0.03 0.1 0.19 0.34
#6 3.9 6.3 1.9 5.8 0.21 0.94
#7 3.3 4.9 1.7 4.6 0.21 0.94
#8 2.6 3.4 1.1 3.4 0.2 0.73

4.2. Data Analysis and Discussion

When the simulated forces were applied to each strand, the strand tensions showed
a certain fluctuation, as shown in Figure 8. The colored lines represent strands with different
numbers, corresponding to strand number axes in the figure. When the rotational speed
was the same and the strand did not have an obvious deflection at the distribution reel
(#2, #4, and #5), the tension of the strand closer to the twisting end was small, and the
strand farther away from the twisting end was larger. The average strand tension was
positively correlated with the span of the guide holes. The more guide holes the strand
passed through, the larger the average tension.
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Figure 8. (a) 200 r/min tension data of each strand; and (b) 300 r/min tension data of each strand.
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The range of tension fluctuation of each strand at 200 r/min and 300 r/min is presented
in box plots in Figure 9. As the speed increased, the range of the tension fluctuation and
the average tension of each strand increased. For the same speed, when the strand had
a significant deviation at the distribution reel, the average tension increased, indicating
an increase in the overall force on the strand. When the deviation of the strand at the
distribution reel was small, the range of the tension fluctuation obviously decreased. It
is evident that the change of the strand twisting-deviation path affects the range of the
tension fluctuation.
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It can be seen that there is a certain deviation in the tension between each strand
based on the analysis and experiments of the various influencing factors. According to the
input and output data of the system, a strand-tension system model was established based
on the systematic identification theory, and the discrete form of the system model can be
represented by Equation (13).

G(z) =
y(z)
v(z)

=
b1z−1 + b2z−2 + . . . + bnz−n

1 + a1z−1 + a2z−2 + . . . + anz−n (13)

For the #1, #3, #6, and #8 strands, the tension fluctuation and deviation between
different strands were more obvious. Therefore, the system model for these strands at 300
r/min can be established as shown in Table 4.

Table 4. Models of tension control systems for each strand.

Strand Number G(z)

#1 0.08−0.17z−1+0.25z−2

1−2.3z−1+2.9z−2−0.78z−3

#3 0.11−0.22z−1+0.3z−2

1−2.4z−1+2.9z−2−0.86z−3

#6 0.13−0.29z−1+0.38z−2

1−2.3z−1+2.8z−2−0.67z−3

#8 0.14−0.37z−1+0.42z−2

1−2.2z−1+2.9z−2−0.78z−3

5. Control Strategy for Strand Tension Equilibrium

In the twisting process, the interference caused by the travelling path of the cylinder
and the twisting path of the distribution reel results in differences in wire tension. The
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balance of strand tension directly affects the quality of cable twisting. Traditional PID
control is not suitable for tension control in cable twisting because of its large overshoot,
lagging response, and poor anti-interference ability. Therefore, a sliding mode controller
based on a discrete-time system is designed to reduce the tension fluctuation and deviation
between strands [16–18]. Sliding mode control is a control strategy characterized by control
discontinuity. The differences between sliding mode control and other controls are that the
structures of the system are not fixed and can dynamically change according to the current
state of the system. For cable-twisting equipment, each strand is subjected to different
cylinder-travelling and twisting-deflection paths, which have an impact on the fluctuation
and deviation of strand tension. Sliding mode control can greatly reduce these disturbances,
enabling the system to follow the sliding mode surface to achieve the better tracking of
a given signal.

5.1. The Design of The Discrete Sliding Mode Controller

The design process of the sliding mode controller is shown in Figure 10 [19,20]. Based
on the system models of each numbered strand, the state space equations are constructed,
which are represented by Equation (14):{

x(k + 1) = Ax(k) + Bu(k)
y(k + 1) = Cx(k) + Du(k)

(14)

where A, B, C, and D correspond to the state matrix, input matrix, output matrix, and direct
action matrix of the system, respectively, with x(k) representing the initial state of the state
space equation, y(k) representing the current output of the system, and u(k) representing
the system control variable. The design of the discrete sliding mode surface is:

s(k) = Px(k) (15)
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P = P[p1, p2 . . . pn] represents the coefficients of the designed sliding surface. Based
on the discrete index convergence rate, the sliding mode controller is designed as in
Equation (18):

s(k + 1) = s(k) + T(εsgn(s(k))− qs(k)) (16)

where T is the system sampling time, ε > 0, q > 0, and 1− qT > 0. The discrete sliding
mode control law based on the exponential convergence rate can be obtained as follows:

u(k) = −(PB)−1[CAx(k)− (1− qT)s(k) + εTsat(s)] (17)

where sat (s) is the saturation function.
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5.2. Simulation Analysis of Strand Tension Equilibrium

A discrete sliding mode controller is designed for cable-twisting equipment to reduce
the tension fluctuation and deviation caused by the different paths of the cylinder travelling
and twisting deviation, ε = 0.5, T = 0.2 s, q = 1, and ∆ = 10. Based on the state space
equations of each strand, the sliding surface coefficients for #1, #3, #6, and #8 were set to
[1, 2, 1], [1.4, 2.5, 1.15], [1.5, 2.5, 1], and [0.4, 1.1, 1.3], respectively. The simulation results
of each strand which was processed by discrete sliding mode control were obtained, as
shown in Figure 11. The simulation results showed that the tension fluctuation of different
numbered strands was significantly reduced, and the mean tension of each strand tended
to the target set value (set value = 10 N).
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(d) comparison of #8 strand tension.

As shown in Figure 12, under the sliding mode control based on the discrete system,
the tension fluctuations of the different strands are significantly reduced, by 85.2%, 84.2%,
86.1%, and 62.6%, respectively. The average tension of each strand is reduced by 19.7 N,
16.1 N, 12.7 N, and 6.7 N, to 10.2 N, 9.8 N, 9.6 N, and 9.7 N; thus, the tension deviation
between the strands is significantly reduced. In the cable-twisting equipment, the sliding
mode controller designed based on the discrete system can reduce the interference of
different friction forces and centrifugal forces on the tension of each strand effectively. At
the same time, for the problem of the large tension deviation between the strands due to
the different traveling paths and twisting-deflection paths, the designed controller can
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reduce the deviation between the strands effectively. This is of great significance for the
equilibrium control of the tension of each strand in the cable-twisting equipment.
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6. Conclusions

Multi-strand tension equilibrium is of great significance to improving the quality
of the cable. The force of each strand in the twisting process of wire ropes produced
by the cable-twisting equipment is analyzed based on the different paths of the cylinder
travelling and twisting deflection. A model is established for the relationship between
the tension, friction, and centrifugal force of each strand. This paper provided a new
modeling idea for the force analysis of strands under twisting conditions, and the influence
of different interference factors on the tension fluctuation and deviation of each strand
is analyzed and verified through simulation experiments. A reasonable explanation can
be given for the phenomenon of fluctuations and deviations in the tension of each strand
during the production of cable-twisting equipment. A sliding mode controller based on
discrete time systems is designed to reduce the tension fluctuation of each strand in the
cable-twisting equipment and achieve a balanced control of the tension equilibrated. By
analyzing the factors affecting the strand tension and designing the controller, it is of
great significance to the study and application of the causes and controlled methods of
strand-tension fluctuation and deviation in existing cable-twisting equipment.
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