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ABSTRACT  

The research on the causes and characteristics of 
belt deviation in the belt storage units of a telescopic 
belt conveyors is of significant importance for 
designing corresponding correction systems to 
enhance the operational stability and lifespan of the 
conveyor. This paper analyzes the normal, tangential, 
and lateral contact forces and restoring forces between 
the conveyor belt, pulleys, and idlers. Using a 
multi-body dynamics (MBD) method, a lateral MBD 
model of the multi-layer, multi-directional conveyor 
belt in the belt storage units is established, and 
simulation analyses are conducted to investigate its 
deviation characteristics. The results indicate that 
when the conveyor belt approaches or passes over a 
pulley with a deflection angle, it exhibits deviation 
movement. When the take-up pulleys have an in-plane 
and out-of-plane deflection angle, the maximum 
deviation of the conveyor belt occurs at the take-up 
pulley 3 and take-up pulley 2, respectively. 
Furthermore, the deviation of the conveyor belt is 
positively correlated with the deflection angle and the 
center distance of the pulleys. After deviating, when 
the conveyor belt passes through a take-up pulley or 
idler with an in-plane deflection angle, a resetting 
phenomenon occurs, thereby reducing the amount of 
deviation. 

 
INTRODUCTION 

The telescopic belt conveyors is an important 
piece of equipment for transporting raw coal 

 
 
Paper Received July, 2024. Revised January, 2025. Accepted 
February, 2025. Author for Correspondence: Jian Wu 
* Professor, School of Mechanical Engineering, Taiyuan 

University of Science and Technology, Taiyuan, Shanxi 
030024, China. 

* Key Laboratory of Intelligent Logistics Equipment in Shanxi 
Province, Taiyuan, Shanxi 030024, China. 

** Graduate Student, School of Mechanical Engineering, 
Taiyuan University of Science and Technology, Taiyuan, 
Shanxi 030024, China. 

underground in coal mines and it plays a crucial 
role in the coal mining industry. The proper alignment 
of the conveyor belt is a necessary condition for the 
safe operation of the telescopic belt conveyor. 
However, due to the complex working environment, 
the conveyor belt often experiences deviation, 
especially in the case of multi-layer and 
multi-directional belt arrangements within the storage 
units, where the issue is more severe and difficult to 
manage. There are primarily two reasons for the 
deviation: First, during the process of the conveyor 
belt retraction and extension, a gap exists between the 
edge of the take-up pulleys wheel and the track. When 
the take-up pulleys move, it can easily become 
misaligned, causing the take-up pulleys on the trolley 
to experience an in-plane deflection angle βH (Figure 
1a), the pulley is deflected in the XZ plane about the 
center point of the axis. Second, geological changes 
can result in uneven ground surfaces during use, 
leading to an out-of-plane deflection angle βV (Fig. 
1b), the pulley is deflected in the YZ plane about the 
center point of the axis. To study the correction 
system for belt deviation in the belt storage units, it is 
essential first to understand the characteristics of 
multi-layer, multi-directional conveyor belts within 
the storage units. 

 
(a) In-plane deflection angle βH 

 
(b) Out-of-plane deflection angle βV 

 
Fig 1. Deflection angle of the take-up pulleys in the 

belt storage units. 
Many scholars have studied the problem belt 
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deviation using various methods. Hendrik Otto et 
al.(2019) the deviation of the conveyor belt when the 
idler moves laterally and the horizontal plane is 
deflected experimental setups, they constructed a 
lateral dynamics model to predict the deviation of the 
conveyor belt using stiffness matrix and deformation 
vector of the belt. Egger and Hoffman (2003) 
recorded deviation of the center line of the conveyor 
belt after the roller tilted using cameras. They 
observed that the conveyor belt immediately shifted 
as it approached the tilted pulley, and based on the 
beam bending theory, they used the second-order 
bending theory to calculate the lateral movement of 
the conveyor belt, indicating that the lateral 
movement of the belt was proportional to the angle of 
tilt of the pulley. YIN et al. (2020) used a MBD 
approach to discretize the conveyor belt and 
established a multi-body nonlinear contact dynamics 
model for the belt conveyor. They analyzed the 
monotone increasing relationship between the 
parallelism of the pulley and the deviation of the 
conveyor belt, showing that the greater the operating 
speed and distance of the conveyor belt, the larger 
degree of deviation. Zhang (2011) based on 
Euler-Bernoulli bending theory, divided the conveyor 
belt into free span sections and sections around the 
pulley, established the differential equations for the 
lateral movement of the belt, constructed a set of 
nonlinear equations, and solved it iteratively to obtain 
the relationship between the deflection angle of the 
pulley and the misalignment. Schmidrathner et al. 
(2022) using the finite element method, established a 
hybrid Euler-Lagrange lateral dynamics model to 
analyse the tangential and normal contact forces 
between the belt and the pulley during movement, 
parameterizing the lateral movement of the conveyor 
belt usings spatial coordinates. (BALAS et al. 1987; 
SIEVERS et al. 1988) treated the conveyor belt as a 
Timoshenko beam and analysed the deviation 
movement of a system composed of multiple 
segments of the conveyor belt. HAN et al. (2009) 
considered the inherent internal mechanical feedback 
of the annular flat belt and studied the deviation 
behavior of the conveyor belt with small lateral 
bending stiffness within the system ; Han et al. (2017) 
based on the quasi-static equation of Euler–Bernoulli 
beam, proposed a model to predict the lateral 
movement of the flat belt in relation to changes in the 
pulley’s tilt angle over time, indicating that the flat 
belt tends to move toward the side with a shorter 
center distance, and the degree of misalignment 
increases with the increase of center distance and 
tension. Yoon et al. (2012) combined the finite 
element method and MDB to construct a shell 
element model of the conveyor belt with four nodes 
and proposed an efficient contact force search 
algorithm to analyse the deviation of the conveyor 
belt when the pulley is tilted, which was validated 
through experiments. Cheng et al. (2004) used the 

commercial finite element code MARC to propose a 
simulation method for analysing the deviation of the 
flat belt caused by the pulley deflection, examining 
the effects of deflection angle, tension and friction 
coefficient on the deviation of the belt.  

Although many researchers have analysed the 
lateral movement of the belt using various methods 
and from different influencing factors, their research 
focus has primarily been on belt systems with only 
two pulleys. There has been less research on 
multi-pulley belt systems similar to belt storage units, 
and the lateral movement characteristics and 
influencing factors of multi-layer, multi-directional 
pulley belt systems within belt storage units remains 
unclear. Therefore, this paper establishes a lateral 
MBD model of the belt conveyor system within the 
belt storage units of the Telescopic Belt Conveyor. It 
analyses the belt deviation characteristics when there 
are in-plane and out-of-plane deflection angles 
present in the take-up pulleys, as well as the influence 
of the deflection angle of the take-up pulleys and the 
center distance H (distance between the bend pulley 
and the take-up pulley) of the pulleys on the deviation 
of the belt conveyor. 

 
MODELLING METHOD 

Introduction to MBD 
 
MBD is the science that studies the motion laws 

of multi-body systems composed of multiple 
interconnected flexible or rigid objects. It mainly 
includes the dynamics of multi-rigid body systems 
and flexible systems (Liu, 2013). A system composed 
of multiple interconnected objects is referred to as a 
multi-body system. A multi-rigid body system 
consists of multiple rigid bodies, while a flexible 
system includes flexible bodies. Early research on 
multi-body systems employed classical mechanics 
methods, represented by vector mechanics methods 
such as the Newton-Euler equations and analytical 
mechanics methods represented by the Lagrange 
equations. To address the complex dynamics 
modeling of multi-body systems, researchers have 
combined classical mechanics methods with modern 
computational techniques, proposing various methods 
such as graph theory, variational methods, screw 
theory, and Kane's method. These methods can be 
categorized into relative coordinate methods and 
absolute coordinate methods.  

The research object of MBD is a mechanical 
system where multiple rigid or flexible bodies are 
connected through joints or force elements. The 
fundamental equations of motion characterize the 
relationship between motion parameters and forces 
acting on the system. The relative coordinate method 
describes the system using the generalized 
coordinates of each joint, where the generalized 
coordinates typically represent the relative angles or 
displacements between the connected rigid or flexible 
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bodies. Thus, the system's position can be completely 
determined by the array of generalized coordinates of 
all joints. The differential equations of motion for 
multi-body systems using the relative coordinate can 
be expressed (Rong et al. 2011): 

 
     (1) 

 
In the equation, q,  the symbols represent 

respectively the generalized coordinates of the 
system and their second derivatives with respect to 
time;  is the system's generalized quality 
matrix;  is a generalized force vector. 
positions and other motion quantities of the When 
modeling multi-body systems using the relative 
coordinate method, the number of equations is 
relatively small, making it more convenient and 
efficient for modeling and solving complex systems. 
By applying mathematical methods to solve the 
system of differential equations, one can obtain the 

moving objects. 
The telescopic belt conveyor has both flexible 

and rigid components, and it includes a storage belt 
hopper structure, which adds complexity to the 
arrangement of the conveyor belt and the contact 
between the belt and the rollers and idlers. Therefore, 
using MBD methods can better analyze the deviation 
characteristics of the conveyor belt. The main moving 
components of the retractable belt conveyor include 
the conveyor belt, rollers, and idlers. Since the 
stiffness of the conveyor belt is much smaller than 
that of the rollers and idlers, the conveyor belt is 
treated as a viscoelastic flexible body, while the 
rollers and idlers are treated as rigid bodies. contact 
between the conveyor belt and the rollers and idlers is 
considered as a rigid-flexible coupling contact. 

 
Discrete Modelling of Conveyor Belts 

 
The conveyor belt model is based on the discrete 

modelling method of the Kelvin viscoelastic model, 
which discretizes the conveyor belt into rigid finite 
elements (RFE) with mass and inertia connected by 
spring-damping elements (SDE). After the conveyor 
belt is discretized into belt units, it can be regarded as 
a multi-body system with flexible connections. The 
nonlinear spring and damping parameters between 
adjacent rigid belt units are used to solve the 

nonlinearity of the conveyor belt material. 
 

 
The connecting force between adjacent belt units 

is related to the stiffness coefficient matrix and the 
damping coefficient matrix of the conveyor belt, 
which includes elastic forces and damping forces. In 
this paper, the connecting force between belt units are 
modeled using beam forces, defined based on 
Timoshenko beam theory, which represents the force 
and moment (as shown in Figure 2). The calculation 
Eq. is as follows (Liu, 2013): 

Among them, , , , , , are the 
translational and rotational displacement of the 
moving marker relative to the base marker. , , 

, , , are the relative translational and 
rotational speed.  the Eq. is as follows: 

 

   (3) 

of which, 

 

          (2) 

 

 
Fig. 2. Discrete model of conveyor belt. 
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        (4) 

 
where,  is Young's modulus for conveyor 

belts (N/mm2), which is the elastic modulus along the 
longitudinal direction with the value ; A is 
Cross-sectional area of conveyor belt (mm2); l is the 
Width of belt unit (mm); , ,  is the 
moment of inertia; ASY, ASZ are correction factors for 
shear deformation in the Y and Z directions with belts, 
ASY = ASZ =1.2；G is the modulus of elasticity of the 
conveyor belt (N/mm2). 

The damping coefficient matrix is: 
 

    (5) 
 
where, ratio is the damping coefficient, is 

the stiffness matrix. 
 

Lateral MBD Modelling 
Analysis of contact force 

 
After the conveyor belt is discretized into several 

belt units, the continuous contact between the 
segments and the rollers and idlers essentially acts as 
a dynamic constraint, resulting in contact forces 
between the two contacting components (as shown in 
Figure 3). When the conveyor belt experiences lateral 
movement, the contact forces primarily consist of 
normal contact forces fn, tangential friction forces ff1, 
and lateral friction forces ff2, with the contact between 
the belt units and the rollers and idlers being related to 
their own material properties. 

The contact normal force fn between the belt 
units and the pulleys and idlers arises from the tension 
of the belt units or the gravitational force acting at the 
contact points with the pulleys and idlers, directed 
along the normal direction of the contact point, 
always pointing toward the center of the pulleys or 
idlers. In rigid-flexible coupling contact, the normal 
contact force fn can be viewed as a nonlinear spring 
connection relationship, modified based on Hertz 
contact theory, resulting in the normal contact force fn 
being given by(최 주환  , 2009): 

 

  (6) 

 
Where, k is spring coefficient; c is damping 

coefficient;  and  are the penetration depth and 
the time derivative of the penetration depth, 
respectively；m1, m2, and m3 are the spring exponents, 

damping exponents, and indentation exponents, 
respectively. 

The belt conveyor operates on friction drive, and 
the power is transmitted through the tangential 
friction forces ff1 between the conveyor belt and the 
pulleys and idlers. When the conveyor belt undergoes 
lateral movement, the friction force between the belt 
and the rollers and idlers is primarily sliding friction 
ff2. The calculation of the friction force between the 
conveyor belt and the rollers and idlers is as follows 
(Choi et al.2010): 

 
   (7) 

 

 (8) 

 
Where fn is the contact normal force; v is relative 

velocity; vs, vd are the static threshold velocity, 
dynamic threshold velocity, respectively; μs and μd are 
the static friction coefficient, dynamic friction 
coefficient, respectively. 

 

 
(a) contact normal force and tangential friction force 

 
(b) contact normal force and lateral friction force 

 
Fig. 3. Contact force between conveyor belt and pulley 

and idler. 
 
Analysis of lateral restoring force 
 
When the conveyor belt moves laterally, it 

experiences a force that opposes the lateral movement 
or a force that causes the conveyor belt to move in the 
opposite direction. The opposite movement of the 
conveyor belt is referred to as restore motion, and the 
force that prevents lateral motion or causes the 
conveyor belt to move in the opposite direction is 
termed the restore force. 

(1) When the pulleys experiences an in-plane 
deflection angle βH, the conveyor belt radius Ri of 
rotation along the width direction after entering the 
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pulley is inconsistent (as shown in Figure 4a), 
resulting in different tensions along the width of the 
belt Fqi. The larger the rotational radius Ri, the greater 
the tension Fqi, and this tension Fqi generates a lateral 
component FZHi  in the direction of the larger 
rotational radius, causing the belt to move in that 
direction. This movement direction is opposite to the 
lateral motion direction of the conveyor belt caused 
by the roller's in-plane deflection angle. The restore 
force FZHi at each point along the width direction is 
expressed as: 

 
              (9) 

 
(2) When the misaligned conveyor belt is 

operating on the idler, it forms an angle θ with the 
idler (as shown in Figure 4b). The conveyor belt will 
experience a restore force FZ due to the running 
resistance FW of the idler, which acts along the axis of 
the idler and opposite to the direction of deviation. 
This can be expressed as: 

 

             (10) 
 

 
(a) Restore force of conveyor belt when passing 

through pulley 

 
(b) Restore force of the conveyor belt as it passes 

through the idler 
 

Fig. 4. Lateral restore force. 
 

Simulation model establishment 
 
RecurDyn (Recursive Dynamic) is a professional 

CAE software developed by the Korean company 
FunctionBay (FunctionBay Inc.) for MBD analysis. 
By using recursive equation based on relative 
coordinate systems, it efficiently performs dynamic 
modeling and analysis of both rigid and flexible 
multi-body systems. 

In RecurDyn, a telescopic belt conveyor model is 
built using the Belt Toolkit. This paper focuses on the 
belt deviation characteristics within the belt storage 
units. To save simulation computation time, the length 
of the conveyor carrying section is shortened, while 
the belt storage units are modeled based on actual 

conditions, there is no material on the conveyor, and 
the grooved pulley in the bearing part is simplified to 
a flat pulley. It is assumed that the friction coefficient 
between the conveyor belt, pulleys and idlers is 
unchanged. The temperature and humidity of the 
underground coal mine environment are basically 
constant, and the influence of temperature and 
humidity changes on the performance of the conveyor 
belt is ignored. The main technical parameters of 
some key components are listed in Table1. 

 
Table 1. Key component parameters for telescopic belt 

conveyor belt storage units. 
Parameter value Parameter value 

Conveying capacity 
Q (t/h) 

800 Diameter of bend 
pulley 1 (mm) 

800 

Conveying speed V 
(m/s) 

3.5 Diameter of bend 
pulley 2 (mm) 

630 

Conveyor belt type PVG1400S Diameter of bend 
pulley 3 (mm) 

1000 

Width of belt B 
(mm) 

800 Diameter of 
take-up pulley 1 

(mm) 

1000 

Tension T (N) 13000 Diameter of 
take-up pulley 2 

(mm) 

630 

Center distance H 
(m) 

4~24 Diameter of 
take-up pulley 3 

(mm) 

800 

 

 
Fig. 5. Topology of the telescopic belt conveyor 

components. 
 
According to the working principles of the 

telescopic belt conveyor, the relevant components are 
simplified: the supporting structures, such as the 
intermediate frame of the conveyor, are simplified, 
and the pulleys and support idlers are set with fixed 
coordinates in space; the drive device is simplified by 
implementing a circumferential drive function on the 
drive pulley; the tensioning device is simplified by 
establishing a translational joint between the take-up 
pulleys in the belt storage units and the ground, 
allowing for the tensioning of the belt. The 
topological structure of telescopic belt conveyor is 
shown in Figure 5. 
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The length of the belt units l is 62mm. The 
conveyor belt model is established using the 
Assembly entity modeling feature. The connection 
forces and moments between the belt blocks are 
created based on the Beam force model. Using the 
relevant parameters of the conveyor belt from Table 1, 
the stiffness matrix and damping matrix in the Beam 
force are calculated using Eq. (3) and (4). In 
RecurDyn software, the parameters k, c, δ, m1, m2, m3 
are set respectively, and the normal contact force fn 
between the belt blocks and the pulleys and support 
idlers can be calculated using Eq. (6). Eq. (8) 
indicates that the friction coefficient between the belt 
and the pulleys and support idlers is determined by 
the relative velocity v and the threshold velocity vs, vd. 
Then, the friction force under different motion states 
is calculated using Eq. (7). The contact parameters 
(SUN et al.2024) between the conveyor belt and the 
pulleys and support idlers are shown in Table 2. 

 
Table 2. Contact parameters between conveyor belt 

and pulley and idler. 
Parameter value Parameter value 
Stiffness Coefficient 
k (N/mm) 

2855 Static Threshold 
Velocity vs (mm/s) 

0.1 

Damping 
Coefficient c 
( ) 

0.57 Stiffness Exponent 
m1 

1.1 

Dynamic Friction 
Coefficient μd 

0.3 Damping Exponent 
m2 

1.1 

Dynamic Threshold 
Velocity vd (mm/s) 

10 Indentation 
Exponent m3 

1.1 

Static Friction 
Coefficient μs 

0.35 Penetration depth δ 
(mm) 

0.1 

 
According to the actual working conditions of 

the Telescopic Belt Conveyor, the conveyor drive 
system is a double-drum drive, and the tensioning 
system are three take-up pulleys at the end of the belt 
storage units that moves as a whole to tension the belt. 
The drive functions of the drive pulley and the 
take-up pulley are set, as shown in Table 3 and Table 
4. 

Table 3. Drive pulley drive function and tensioning 
drive function for different pulley center distances. 

Parameter value 
Drive pull
ey 1 

(-1)*IF(time-1:step(time,0,0,1,0),0,IF(time-8.0:0.42
857143*(time-1)*(time-1)-0.04081633*(time-1)*(ti
me-1)*(time-1),7,7) ) 

Drive pull
ey 2 

IF(time-1:step(time,0,0,1,0),0,IF(time-8.0:0.428571
43*(time-1)*(time-1)-0.04081633*(time-1)*(time-1
)*(time-1),7,7) ) 

 
Table 4. Tensioning drive function for different pulley 

center distances. 
Parameter center distances H(mm) value 

 
Tensioning 
drive 

4000 STEP(TIME,0,0,1,107) 
6000 STEP(TIME,0,0,1,100) 
8000 STEP(TIME,0,0,1,96) 
10000 STEP(TIME,0,0,1,90) 

In Table 3, the driving functions for drive pulley 
1 and drive pulley 2 are represented as angular 
velocity parameters, with the two drive pulleys 
rotating in opposite directions. The starting mode is a 
parabolic acceleration start, with an initial velocity of 
0, reaching a rated velocity of 3.5m/s after 8s. In 
Table 4, the driving function of the take-up pulleys 
are represented as a displacement function, with the 
tensioning displacements set for center distances 
H=4000mm, H=6000mm, H=8000mm, and 
H=10000mm. The initial displacement is 0, and the 
tensioning displacement is achieved within 1s, 
reaching a rated tension of 13000N. 

Another study on dynamic tension verified the 
simulation modeling method and contact parameters 
of the above conveyor, the results show that the 
simulation model tension is basically the same as the 
experimental tension (SUN et al.2024), which 
indicates the conveyor model and contact parameters 
are correct. Concurrently, the telescopic belt conveyor 
model established in this paper will not deviation of 
belt when the deflection angle of the take-up pulley is 
0, which is consistent with the actual situation. 

The simulation model of the telescopic belt 
conveyor is shown in Figure 6. The centroid of roller 
3 is set as the coordinate origin. Based on the winding 
configuration of the conveyor belt  within the belt 
storage units, the conveyor belt is divided into 9 
segments:  
  Segment ab: from the separation point of Drive 
pulley 2 to the entrance point of take-up pulley 1. 
  Segment bb’: from the entrance point of take-up 
pulley 1 to the separation point. 
  Segment b’c: from the separation point of take-up 
pulley 1 to the separation point of bend pulley 1. 
  Segment cd: from the separation point of bend 
pulley 1 to the entrance point of take-up pulley 2. 
  Segment dd’: from the entrance point of take-up 
pulley 2 to the separation point. 
  Segment d’e: from the separation point of take-up 
pulley 2 to the separation point of bend pulley 2. 
  Segment ef.: from the separation point of bend 
pulley 2 to the entrance point of take-up pulley 3. 
  Segment ff’: from the entrance point of take-up 
pulley 3 to the separation point. 
  Segment f ’g: from the separation point of take-up 
pulley 3 to the separation point of bend pulley3. 

In Fig. 6, disp sensors are placed at the centroid 
points of take-up pulleys 1, 2, and 3 to measure the 
distance along the Z-axis between the centroid points 
of the take-up pulleys and the centroid points of the 
belt blocks, which represents the lateral displacement. 
Tension sensors are set on the conveyor belt at 
positions ab, cd, and ef to measure the tension at 
different locations on the belt. Belt unit 152, located 
at the separation point of Drive Roller 2, is designated 
as the operational output and force output unit to 
analyze the lateral movement characteristics  
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Fig. 6. Simulation model of the telescopic belt conveyor. 

   

(a) Deviation amount (b) Deviation velocity (c) Restore force 
Fig. 7. Deviation characteristics of belt unit 152 when the take-up pulley is in-plane deflection. 

 
of the belt unit within the belt storage units. This 
setup allows for the collection of displacement, 
velocity, acceleration, and force exerted on the belt 
unit along the coordinate directions. 

 
ANALYSIS OF BELT DEVIATION 

CHARACTERISTICS IN BELT 
STORAGE UNITS 

 
This study uses the in-plane deflection angles βH 

of the three take-up pulleys, the out-of-plane 
deflection angles βV of the three take-up pulleys, and 
the center distance H between the bend pulley and the 
take-up pulley as experimental variables. Through 
simulation experiments, it evaluates the deviation, 
deviation velocity, and changes in tension of the 
conveyor belt as it passes around the deflected 
take-up pulleys within the belt storage units. The aim 
is to explore the influencing factors of belt deviation 
within the belt storage units and clarify the deviation 
characteristics of the storage belt units. 

 
In-plane Deflection of the Take-up Pulley 
Analysis of belt unit deviation 

 
Taking belt unit 152 as the research subject, with 

set to H=4m, βH=0.5°, the belt unit starts at point a, 
traveling through the belt storage units to reach point 
g, with a simulation time of 18s.  

When analyzing the deviation characteristics of 
belt unit 152 in the time domain, we observe that the 
deviation undergoes three changes (Figure 7a) as the 

belt unit travels from point a through the belt storage 
units to point g and exits. Specifically, the deviation 
values are 45.52mm in segment ab, 23.75mm in 
segment cd, and 38.16mm in segment ef. Furthermore, 
the deviation in segment cd is based on the maximum 
deviation in segment ab, and the deviation in segment 
ef is based on the deviation in segment cd. Thus, we 
can conclude: 

 
             (11) 

 
in the equations: 

WH -is the total deviation of the belt unit as it passes 
through the belt storage units. 
Wab -is the deviation of the belt unit in segment ab. 
Wcd - is the deviation of the belt unit in segment cd. 
Wef -is the deviation of the belt unit in segment ef. 

During the three deviation processes, the 
deviation velocity of the belt unit gradually increases 
(Fig. 7b), with the maximum deviation velocity of 
43.43mm/s in segment ab, 44.36mm/s in segment cd 
and 32.01mm/s in segment ef. In Fig. 7c, at points b, 
d, and f, where the belt unit enters take-up pulley 1, 
take-up pulley 2, and take-up pulley 3 respectively, it 
experiences a restoring force in the opposite direction 
of the deviation. The maximum restoring forces are 
335.94N, 176.25N, and 337.35N, which continue to 
act on the belt unit until it exits the take-up pulleys. 
In Fig. 7a, it can be clearly seen that the deviation of 
the belt unit experiences a sudden change at points b, 
d, and f, with restoring displacements of 4.27mm, 
3.79mm, and 4.16mm, respectively. The deviation  
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(a) Deviation amount (b) Deviation velocity (c) Conveyor belt tension 
Fig. 9. Deviation and tension change at each take-up pulley when the in-plane deflection of the take-up pulleys 

deflects. 
 

velocity of the belt unit decreases rapidly, 
approaching nearly 0 when it exits the take-up 
pulleys, consequently, there is no deviation in 
segments bc, de, and fg. 

When the take-up pulley has an in-plane 
deflection angle βH, the tension distribution of the 
conveyor belt entering the take-up pulley is 
inconsistent across its width. The tension decreases 
from the tight side to the slack side, resulting in a 
tension difference on both sides of the conveyor belt. 
This creates an axial lateral force FZH that causes the 
conveyor belt to deviate in the direction of reduced 
tension (see Figure 8a). As shown in Fig. 7a, the 
direction of the lateral force is only related to the 
deflection direction of the pulley and is independent 
of the running direction of the conveyor belt. 
Furthermore, the longer the running time of the belt 
unit before entering the take-up pulley, the greater the 
amount of deviation. 
 
Analysis of belt deviation characteristics at the 
take-up pulleys 

 
Taking the centroid points of the three take-up 

pulleys as observation references, the conveyor belt 
runs in a complete cycle of 32s from startup. 

The deviation of the conveyor belt at the take-up 
pulleys gradually increases (Figure 9a), with the 
maximum deviation at take-up pulley 3 (segment ef) 
reaching 144.12mm. The maximum deviation at 
take-up pulleys 1 and 2 (segments ab and cd) are 
128.35mm and 125.21mm, respectively. This 
indicates that when the take-up pulley has an in-plane 
deflection angle βH, the deviation of the conveyor belt 

at take-up pulley 3 is the largest in the belt storage 
units. 

From Fig. 9b, it can be observed that during the 
0-8s, the conveyor is in the startup phase, and the 
deviation velocity of the conveyor belt at the three 
rollers gradually increases. The conveyor belt starts 
operating at 1 second, showing significant 
fluctuations in deviation velocity, reaching a 
maximum deviation velocity of 12mm/s at 4s. After 
4s, the deviation velocity gradually decreases, and at 
8s, the conveyor achieves its rated belt velocity. The 
deviation velocity at take-up pulley 1 decreases to 
0.9mm/s at 15s, then gradually increases, stabilizing 
around 6mm/s during the period from 26-32s. At 
take-up pulley 2, the deviation velocity decreases to 
1.12mm/s at 18.5s, then gradually increases, reaching 
5.8mm/s at 32s. At take-up pulley 3, the deviation 
velocity reduces to 1.08mm/s at 23s and then 
gradually increases, reaching 5.57mm/s at 32s. From 
8-20s, the deviation velocity at take-up pulley 3 is 
greater than that at take-up pulley 1 and 2, and it 
takes only 12s for the deviation velocity to increase 
to a level comparable to that at take-up pulley 1 and 
2. 

In Fig. 9c, the tension of the conveyor belt at the 
three deviation points within the belt storage units 
shows significant fluctuations during the startup 
phase of 0-8s. After 8s, the tension stabilizes, and 
tension in segment ab < tension in segment cd < 
tension in segment ef. 

 
Out-of-plane Deflection of the Take-up Pulley  
Analysis of belt unit deviation 

 

  
(a) In-plane deflection (b) Out-of-plane deflection 

Fig.8. Lateral force caused by deflection of the of the take-up pulley 
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Taking belt unit 152 as the research subject, with 
set to H=4m, βV=0.5°, with a simulation time of 18s.  

The deviation of belt unit 152 is analyzed in the 
time domain (Figure 10a). The deviation from point b 
to point b' is 9.55mm. The deviation from point d to 
point d' is 5.46mm, while the deviation from point f 
to point f' is 7.1mm. Notably, the deviation in 
segment dd' is based on the deviation in segment bb', 
and similarly, the deviation in segment ff ’ is based on 
the deviation in segment dd'. It is also evident that the 
direction of deviation at take-up pulley 3 is opposite 
to those at take-up pulleys 1 and 2. Therefore, when 
there is an out-of-plane deflection at the take-up 
pulleys, the belt unit experiences deviation upon 
entering the deflected roller, which disappears after 
exiting the roller. The total deviation the belt unit 
experiences while passing through the belt storage 
units is given by: 

 
           (12) 

 
where, 

WV is the total deviation of the belt unit as it passes 
through the belt storage units; 
Wbb’ -is the deviation of the belt unit at take-up pulley 
1; 
Wdd’ -is the deviation of the belt unit at take-up pulley 
2; 
Wff’ -is the deviation of the belt unit at take-up pulley 
3. 

In Fig. 10b, when the belt unit enters take-up 
pulleys 1, 2, and 3, its deviation velocity suddenly 
changes within a very short time frame. 
Approximately within 0.4 seconds, the deviation 
velocity rapidly rises from 0 to 30mm/s and then 
quickly drops back to 0. The maximum deviation 
velocity during the three deviation events is 
30.79mm/s, 29.94mm/s, and 29.96mm/s, respectively, 
which are nearly equal. In Fig. 10c, analyzing in 
conjunction with Fig.10a, the restoring forces at 
points d and f are 60.67N and 39N, respectively. It 
can also be seen from Fig. 10a that there are restoring 
effects just before reaching point d and in the f ’g 
segment. 

When the take-up pulley has a deflection angle 
βV in the out-of-plane, the rotational radius of the 

conveyor belt that enters the take-up pulley is 
inconsistent across its width. This variation in 
rotational radius creates a lateral force FZV in the 
direction of the increasing rotational radius, causing 
the conveyor belt to deviate (see Fig. 8b). Once the 
conveyor belt exits the take-up pulley, the lateral 
force FZV disappears, which means that the conveyor 
belt will not actively deviate at other locations, and 
the direction of the deviation is related to the 
direction in which the conveyor belt enters the pulley. 
As indicated by the deviation amounts of the belt unit 
on each take-up pulley in Fig. 10a, the amount of 
deviation is related to the diameter of the pulley; 
specifically, a larger diameter results in a greater 
deviation. 

 
Analysis of belt deviation characteristics at 
take-up pulleys 

 
Taking the centroid points of the take-up pulleys 

as observation references, the conveyor belt operates 
in a complete cycle of 32s.  

At 3s, there is a significant deviation of the 
conveyor belt at take-up pulley 1 (Figure 11a), at 
which point the deviation velocity suddenly rises to 
12.84mm/s, and subsequently decreases rapidly (Fig. 
11b). From 4s-24s, there is basically no deviation, but 
after 24s, the deviation gradually increases. At 
take-up pulley 2, the deviation and deviation velocity 
gradually increase from 6s-13s, reaching a maximum 
deviation velocity of 4.28mm/s, after which both the 
deviation and velocity gradually decline. After 26s, 
the deviation begins to increase again. The presence 
of take-up pulley 3 causes the conveyor belt to 
misalign in the opposite direction, resulting in a 
smaller deviation compared to take-up pulley 2, and a 
restoring phenomenon occurs. 

In Fig. 11a, the maximum deviation amounts at 
take-up pulleys 1, 2, and 3 are 8.01mm, 12.02mm, 
and 10.27mm, respectively. This indicates that when 
there is an out-of-plane deflection angle at the 
take-up pulleys, the deviation at take-up pulley 2 is 
the largest. Furthermore, the deviation and deviation 
velocity of the conveyor belt are significantly smaller 
when compared to scenarios where the rollers have 
an in-plane deflection angle. 

 

   
(a) Deviation amount (b) Deviation velocity (c) Restore force 

Fig. 10. Deviation characteristics of belt unit 152 when the take-up pulley is in-plane deflection. 
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(a) deviation amount (b) deviation velocity 
Fig. 11. Deviation characteristics at each take-up pulley when the take-up pulleys are out-of-plane deflection.  

 

   
(a) Deviation amount of belt unit 
152 

(b) Deviation velocity of belt unit 
152 

(c) Deviation amount of conveyor 
belt at take-up pulley 3 

  
(d) Deviation velocity of conveyor belt at take-up 
pulley3 

(e) Conveyor belt tension in the ef segment 

Fig. 12. Deviation characteristics and tension change of conveyor belt at different in-plane deflection angles. 
 
Impact of Pulley In-plane Deflection Angle on 
Deviation 

 
Taking belt unit 152 and take-up pulley 3 as the 

subjects of study, with set to H=4000mm and the 
in-plane deflection angle βH as the experimental 
variable, belt unit 152 is simulated to start from point 
a, complete one cycle, and return to point a, with a 
total simulation time of 32 seconds. The deviation 
characteristics of the conveyor belt are analyzed 
during this period when βH =0.1°, βH =0.2°, βH =0.3°, 
βH =0.4°, βH =0.5°. 

As the in-plane deflection angle βH of the 
take-up pulley gradually increases, the deviation 
quantity of belt unit 152 within the belt storage units 
also increases progressively (Figure 12a). With the 
in-plane deflection angle βH increasing from 0°to 0.5°, 
As demonstrated in Table 6, an increase in deflection 

angle of 0.1° is associated with a corresponding 
deviation in the belt unit at 32s. At points b, d, and f, 
the restoring quantity of the belt unit also increases 
with the increase in the in-plane deflection angle (Fig. 
12a). When the belt unit leaves point g and enters the 
return section and load-carrying section, it then 
returns to point a, the restoring phenomenon occurs 
in segment fa of the conveyor belt, and the restoring 
quantity will also increase with the growing in-plane 
deflection angle βH (Table5). The velocity of 
deviation and the restoring velocity of the block 
accelerate as the in-plane deflection angle βH 
increases (Fig. 12b). 

 
Table 5. Restoring quantity of conveyor belt in 

the fa segment. 
βH (°) 0.1 0.2 0.3 0.4 0.5 

Restoring 
amount (mm) 

8.7 18.04 27.29 37.13 47.18 
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In Fig. 12c and 12d, when the conveyor belt is 
running for 32s, the deviation amount and velocity of 
the conveyor belt at take-up pulley 3 (segment ef) 
increase with the in-plane deflection angle βH 
(Table6). Additionally, the tension of the conveyor 
belt in segment ef decreases as the in-plane deflection 
angle βH increases (Fig. 12e). This is because the 
increase in the in-plane deflection angle βH amplifies 
the tension difference on both sides of the conveyor 
belt, resulting in a larger lateral force FZH generated 
by this tension difference. For every increase of 0.1° 
in the deflection angle βH, the average increment in 
the deviation amount at the take-up pulley 3 is 
17.53mm. Therefore, the deviation amount WH(n) of 
the conveyor belt at the 3rd take-up pulley when the 
in-plane deflection angle βH is given can be expressed 
as: 

 
 (13) 

 
where, WH1is the deviation quantity at take-up 

pulley 3 when βH=0.1°; βH(0.1) is βH=0.1°; CH is the 
compensation coefficient, taken as 2.6. 

 
Table 6. Belt deviation after 32 seconds of 

operation for belt unit 152 and take-up pulley 3. 
βH (°) 0.1 0.2 0.3 0.4 0.5 

belt unit 
152 (mm) 

-16.5 -33.78 -51.41 -69.41 -87.63 

take-up 
pulley 3 

(mm) 

-27.28 -55.34 -84.14 -113.79 -144.12 

 
Impact of Pulley Out-of-plane Deflection Angle on 
Deviation 

 
Taking belt unit 152 and take-up pulley 2 as the 

subjects of study, with set to H=4000mm and the 
out-of-plane deflection angle βV as the experimental 
variable, belt unit 152 is simulated to start from point 
a, complete one cycle, and return to point a, with a 
total simulation time of 32s. The deviation 
characteristics of the conveyor belt are analyzed 
during this period when βV =0.1°, βV =0.2°, βV =0.3°, 
βV =0.4°, βV =0.5°. 

As the deflection angle βV of the pulley 
increases, the difference in radius of rotation in the 
direction of the belt width also increases, so the 
lateral force FZV in the direction of the increasing 
radius increases. In Figure 13a, as the deflection 
angle βV of the take-up pulley in the out-of-plane 
increases from 0.1°to 0.5°, the deviation of belt unit 
152 in segments bb’, dd’, and ff’ also increases 
correspondingly, the amount of deviation at 32s with 
the belt unit is shown in Table 7. The belt unit also 
exhibits a restoring phenomenon in segment f ’a (Fig. 
13a), with the restoring amount gradually increasing 
with the deflection angle (Table 8). The deviation 
velocity of the belt unit in segments bb’, dd’, and ff ’ 

also accelerate with the increase in the out-of-plane 
deflection angle (Fig. 13b), while in the other 
segments, the deviation velocity is basically 0. 

As demonstrated in Figure 13c, after 32s, the 
deviation amounts at the take-up pulley 2 under 
different deflection angles βV are shown in Table 7. 
For every increase of 0.1° in the deflection angle βV, 
the average increment in the deviation amount at the 
take-up pulley 2 is 2.4 mm. Similarly, we can derive 
that when the out-of-plane deflection angle βV(n) is 
given, the deviation amount WV(n) of the conveyor 
belt at the take-up pulley 2 can be expressed as: 

 
 (14) 

 
where, WV1 is the deviation quantity at take-up 

pulley 2 when βV =0.1°; βV(0.1)is βV =0.1°；CV is the 
compensation coefficient, taken as 0.7. 

 
Table 7. Belt deviation after 32 seconds of 

operation for belt unit 152 and take-up pulley 2. 
βH (°) 0.1 0.2 0.3 0.4 0.5 

belt unit 152 (mm) 1.07 2.01 2.93 3.95 4.72 

take-up pulley 2 (mm) 2.24 5.04 7.43 9.95 12.02 
 
Table 8. Restoring amount of conveyor belt in the 

fa segment. 
βV (°) 0.1 0.2 0.3 0.4 0.5 

Restoring 
amount (mm) 

0.18 0.51 0.9 1.21 1.82 

 
The deviation velocity of the conveyor belt 

begins to increase at 5s (Fig. 13d), reaching a 
maximum at 8s, with higher deflection angles βV 
resulting in greater deviation velocity. After 8s, the 
velocity decreases. 

 
Influence of Different Center Distances on 
Deviation 

 
To investigate the effect of changes in the center 

distance H of the belt storage units after the belt is 
retracted and extended on deviation, belt units and 
take-up pulleys are taken as the subjects of study. The 
analysis is conducted on the deviation characteristics 
of the conveyor belt under conditions of in-plane and 
out-of-plane deflection angles βH and βV. 

(1) In-plane deflection angle βH present at the 
take-up pulley 

With the in-plane deflection angle set at βH =0.5°, 
the center distance H is treated as the experimental 
variable. belt unit 152 is simulated to start from point 
a, complete one cycle, and return to point a, with a 
total simulation time of 32s. The deviation 
characteristics of the conveyor belt are analyzed 
during this period at H=4000mm, H=6000mm, 
H=8000mm and H=10000mm respectively. 
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(a) Deviation amount of belt unit 152 (b) Deviation velocity of belt unit 152 

  
(c) Deviation amount of conveyor belt at take-up pulley 

2 
(d) Deviation velocity of conveyor belt at take-up 

pulley 2 
Fig. 13. Deviation characteristics of conveyor belt at different out-of-plane deflection angles. 

 
In Figure 14a, as the center distance H increases, 

the deviation of belt unit 152 in segments ab, cd, and 
ef also increases correspondingly. Due to the increase 
in H, the lengths of segments ab, cd, and ef become 
longer, causing the starting points of deviation at 
points c and e to be gradually delayed. Similarly, the 
ending points of deviation at points b, d and f are also 
delayed. However, the restoring amount in segment 
fa decreases as the center distance H increases (Table 
9). In Fig. 14b, the deviation speeds of the belt unit in 
sections ab, cd, and ef are nearly equal, indicating 
that the deviation speed of the belt unit is not affected 
by the change in center distance H. Therefore, the 
reason for the increase in deviation amounts in each 
segment is that the running time of the belt unit has 
increased, resulting in a longer duration during which 
the belt unit are subjected to the lateral forces causing 
deviation. 

 
Table 9. Restoring amount of conveyor belt in the 

fa segment. 
Center distance H (mm) 4000 6000 8000 10000 
Restoring amount (mm) 6.6 4.67 1.72 0.68 

 
In Fig.14c, the deviation amount of the conveyor 

belt at the take-up pulley 3 increases as the center 
distance H increases. The deviation amounts at the 
take-up pulley 3 after the conveyor runs for 32s under 
different center distances H are shown in Table 10. 
From the increments in the deviation amounts, it can 
be observed that the variation in deviation amounts 
has a nonlinear relationship with the changes in H. 

At the same time, the deviation velocity of the 
conveyor belt also increases correspondingly (Fig.  

 
14d). However, as the center distance H increases, the 
trend of change in the deviation velocity decreases, 
indicating that the deviation velocity stabilizes at a 
more consistent value. 

 
Table 10. Deviation of the take-up pulley 3 with 

different center distances H. 
Center distance H (mm) 4000 6000 8000 10000 
Deviation amount (mm) 144.12 171.89 183.98 215.88 

 
(2) Out-of-plane deflection angle βV present at 

the take-up pulley 
With the out-of-plane deflection angle set at βV 

=0.5°, the center distance H is treated as the 
experimental variable. belt unit 152 is simulated to 
start from point a, complete one cycle, and return to 
point a, with a total simulation time of 32s. The 
deviation characteristics of the conveyor belt are 
analyzed during this period at H=4000mm, 
H=6000mm, H=8000mm and H=10000mm 
respectively. 

When the take-up pulley has an out-of-plane 
deflection angle βV, as the center distance H increases, 
the deviation of belt unit 152 also increases 
accordingly (Figure 15a). However, the increase in 
center distance H has a minor effect on the change in 
deviation amount, and the difference in deviation of 
the belt unit on the three take-up pulleys being 
approximately 1mm. The change in restoring amount 
is similar to that when the roller has an in-plane 
deflection angle, where the restoring amount in 
segment fa decreases as the center distance H 
increases (Table 11). In Fig. 15b, it can be observed 
that the deviation velocity of the block in segments  
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(a) Deviation amount of belt unit 152 (b) Deviation velocity of belt unit 152 

  
(c) Deviation amount of conveyor belt at take-up pulley 3 (d) Deviation velocity of conveyor belt at take-up 

pulley3 
Fig. 14. Deviation characteristics of conveyor belt at different center distances H with an in-plane deflection angle 

of the take-up pulleys. 
 
 

  
(a) Deviation amount of belt unit 152 (b) Deviation velocity of belt unit 152 

  
(c) Deviation amount of conveyor belt at take-up pulley 2 (d) Deviation velocity of conveyor belt at take-up 

pulley 2 
Fig. 15. Deviation characteristics of conveyor belt with different center distances H for the take-up pulleys with 

out-of-plane deflection. 

bb’, dd’, and ff ’ is almost unaffected by changes in 
the center distance, and the deviation velocity in the 
same segments are generally consistent. 
 
 
 

Table 11. Restoring amount of conveyor belt in the fa 
segment. 

Center distance H (mm) 4000 6000 8000 10000 
Restoring amount (mm) 1.87 1.11 0.64 0.22 

In Fig.15c, the variation of the center distance H 
has a minor effect on the change in deviation amounts. 
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After the conveyor runs for 32s, the deviation 
amounts at the take-up pulley 2 under different center 
distances are shown in Table 12, with the difference in 
deviation amounts being less than 1.5 mm. 

Additionally, 8s before, the deviation speed of 
the conveyor belt decreases with the increase in center 
distance H (see Fig.15d). After 8s, when the conveyor 
belt reaches its rated running speed, the deviation 
speeds gradually decrease and tend to converge to 
similar values. From the previous analysis, it can be 
concluded that the deviation of the conveyor belt 
occurs at the take-up pulleys, and the change in center 
distance H does not affect the belt's operation on the 
pulleys. Therefore, when the take-up pulley 
experiences a deflection in the out-of-plane, the 
deviation of the conveyor belt is almost unaffected by 
the change in center distance H. 

 
Table 12. Deviation of the take-up pulley 2 with 

different center distances H. 
Center distance H (mm) 4000 6000 8000 10000 
Deviation amount (mm) 12.02 11.96 11.51 13.20 

 
CONCLUSION 

 
This paper analyzes the discretization modeling 

method of the conveyor belt in the belt storage units, 
the contact forces between the conveyor belt and 
pulleys, as well as the lateral restoring forces. It 
employs RecurDyn to establish a lateral multi-body 
dynamic model of the telescopic belt conveyor belt 
storage system and explores the deviation 
characteristics of the conveyor belt when the take-up 
pulley experiences in-plane and out-of-plane 
deflection in the belt storage units. The relationships 
between the in-plane deflection angle βH, out-of-plane 
deflection angle βV, and pulley center distance H and 
their effects on conveyor belt deviation within the belt 
storage units are revealed. The main conclusions are 
as follows: 

1. When there is an in-plane deflection angle βH 
at the take-up pulley in the belt storage units, the 
deviation of the conveyor belt is quite serious. In the 
direction of the conveyor belt's operation, deviation 
occurs as the belt approaches the front of the take-up 
pulley. The number of deviations times of the 
conveyor belt matches the number of take-up pulleys, 
and the directions of deviation are consistent. 
Consequently, the deviation quantities of the 
conveyor belt gradually accumulate, with the 
maximum deviation WH in the belt storage units 
occurring at take-up pulley 3. Therefore, when 
implementing corresponding corrective measures, the 
corrective actions at take-up pulley 3 should be larger. 

2. When there is an out-of-plane deflection angle 
βV at the take-up pulley in the belt storage units, the 
deviation of the conveyor belt is relatively slight. In 
the direction of the conveyor belt's operation, 
deviation occurs as the belt wraps around the take-up 

pulley. The number of deviations corresponds to the 
number of take-up pulleys. The deviation direction is 
consistent on pulleys rotating in the same direction, 
while it is opposite on pulleys that rotate in the 
reverse direction. The position of maximum deviation 
WV is at take-up pulley 2. Therefore, the corrective 
actions at take-up pulley 2 should also be larger. 

3. The angle of deflection of the take-up pulley 
and the pulley center distance H are positively 
correlated with the deviation quantity of the conveyor 
belt. During the installation and use of the telescopic 
belt conveyor, efforts should be made to ensure the 
perpendicularity of the take-up pulley's axis to the 
conveyor's center-line and its parallelism with the 
plane of the conveyor belt, especially when the pulley 
center distance H is large. It is important to prevent 
the take-up pulley from having an inclination in either 
the in-plane or out-of-plane. 

4. The deviation of the conveyor belt following a 
displacement is affected by the restoring force, which 
induces a restoring phenomenon and reduces the 
deviation quantity. The greater the number of support 
idlers encountered after leaving the belt storage units, 
the larger the restoring quantity of the conveyor belt. 

5. When monitoring the deviation of the 
conveyor belt in the belt storage units, the focus 
should be on monitoring the take-up pulley 2 and 
take-up pulley 3. When designing the deviation 
correction device, as the number of deviations times 
of the conveyor belt within the belt storage units is 
related to the number of take-up pulleys, and since the 
deviation quantity varies at each take-up pulley, the 
number of corrective devices in the belt storage units 
should match the number of take-up pulleys. These 
corrective devices should be installed close to the 
take-up pulleys, with each corrective device providing 
different corrective force. 
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