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Abstract. In order to realize the intelligent control of the unloading device and 
ensure the accurate loading of materials without intervention, it is particularly 
important to carry out the kinematic analysis of the edge of the unloading port of 
the unloading device, which is the basis for the control of the unloading device 
drive system. Firstly, this paper studies the two degree of freedom motion model 
of the hydraulic winch and the high flow unloading device driven by the hydraulic 
cylinder, derives the forward and inverse kinematics equations using the close-
form method, and obtains the relationship between the length of the rope, the 
length of the cylinder and the spatial position of the edge of the unloading port. 
Secondly, the workspace of the device is analyzed by forward kinematics, and the 
reachable position of the edge of the unloading port is determined. Finally, the 
movement model of the unloading device is established by numerical method and 
visual model software, which verifies the correctness of the kinematics analysis. It 
lays a foundation for the following research on motion control of high flow 
unloading device.

Keywords. high flow unloading device; close-form method; forward and inverse 
kinematics; workspace 

1. Introduction

The high flow unloading device is the loading execution part at the end of the rapid 
dosing station. Currently, the device is usually pulled by means of rope traction to 
achieve oscillation, and the height adjustment of the loading is achieved by the 
telescoping of hydraulic cylinders, so the unloading device has two degrees of freedom. 
In the past, some scholars have studied the structural form of the unloading device [1], 
the anti-impact design [2], the unloading flow control [3] and the simulation of the 
material flow process [4], but the kinematic part of the unloading device has not yet 
been analysed and studied. In the loading process, the motion of the unloading device 
determines when the car is ready to be loaded, the shape of the material loaded into the 
carriage and when it is lifted and waits until the next carriage reaches the loading 
position to start the next loading process, which requires the height of the carriage to be 
adjusted according to the height of the different carriages and the speed of the carriage 
travel, to ensure that the material does not overflow the carriage, does not spill and that 
the unloading device does not collide with the carriage. Therefore the motion process 
of the high flow unloading device needs to be analysed to explore the spatial position 
relationship between the rope length, cylinder length and the edge of the unloading port, 
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to ensure that the position of the edge of the unloading port is solvable, and thus 
complete the control of its position. 

Kinematic analysis is the basis and prerequisite for device control and an important 
part of realising automatic and intelligent control. The existing widely used kinematic 
analysis methods are mainly the D-H method [5]-[7] and the closed vector method [8]-
[12], with the D-H method mostly applied to series devices and the closed vector 
method mostly applied to parallel devices [13]-[18]. For the form of device studied in 
this paper, it is more intuitive and simple to use the closed vector method to analyse. In 
establishing the position equations of the device by the vector method, the main 
components of the device need to be represented by vectors and closed vector polygons 
are made, so firstly the coordinate system of the device is defined, secondly the 
kinematic equations are derived based on the structural form of the device and the 
principles of the vector method, and finally a trajectory within the range of motion of 
the device is given The results are verified in joint space and working space. 

2.  Structure of the Device and Definition of the Coordinate System 

The unloading device is mainly composed of oscillating section, telescopic section, 
hydraulic winches, hydraulic cylinders, wire rope, sensor, etc. 

 
Figure 1. Organization diagram 

A sketch of the device of the unloading device is shown in Figure 1, the specific 
action process is as follows: with the expansion and contraction of the wire rope, the 
rotation of the oscillating section around the hinge point can be realised, and the 
movement of the telescopic section along the axis direction can be realised by the 
expansion and contraction of the hydraulic cylinder. 

According to the different dimensional parameters of each section, it can be 
divided into the following two cases and set the corresponding assumptions: when the 
unloading device swings, if the winch radius is relatively small then the position of the 
rope unloading point changes relatively little, it can be assumed that the position of the 
rope unloading point is fixed with the movement of the unloading device, ignoring the 
influence of the winch radius. If the winch radius is relatively large, the influence of the 
winch radius cannot be ignored, and the influence of the winch radius is considered in 
this paper. 
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Take the device structure shown in Figure 2 as an example, set the inertial 
coordinate system and inertial space fixed connection, device dynamic coordinate 
system with the unloading device body movement, the initial position of the two 
coordinate systems overlap, coordinate system origin are in the centre of oscillating, 
inertial coordinate system Y axis positive direction for the device oscillating home 
cylinder expansion direction, chute coordinate system (device dynamic coordinate 
system) Y axis positive direction for the cylinder expansion direction at any oscillating 
angle,. This is shown in Figure 2. The rotation angle of the device dynamic coordinate 
system relative to the inertial coordinate system is defined as the oscillating angle 𝛼of 
the device, then the rotation transformation matrix between the device dynamic 
coordinate system and the inertial coordinate system is 𝑅. 

𝑅 = 𝑐𝑜𝑠 𝛼 −𝑠𝑖𝑛 𝛼 0𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛼 00 0 1൩ 
The vectors in the dynamic coordinate system of the device represent: 𝑤ሬሬ⃑ : spatial 

position vector between the rope and device connection point 𝑤ሬሬ⃑  = ሾ𝑤௫;𝑤௬; 0ሿ; 𝑛ሬ⃑ : 
spatial position vector between the cylinder and device connection point 𝑛ሬ⃑  =ሾ𝑛௫; 𝑛௬; 0ሿ; 𝑚ሬሬ⃑ : spatial position vector between the piston rod and unloading device 
connection point and the lower edge of the unloading port 𝑚ሬሬ⃑  = ሾ𝑚௫;𝑚௬; 0ሿ =ሾ−𝑎 + 𝑐; 𝑏; 0ሿ. 

Vector representation in the inertial coordinate system: 𝑙: spatial position vector 
of the winch unloading point 𝑙 = ሾ𝑙௫; 𝑙௬; 0ሿ; 𝑙: spatial position vector from the centre 
of rotation of the winch to the rope attachment point 𝑙 = ሾ𝑙௫; 𝑙௬; 0ሿ; 𝑤ሬሬ⃑ : spatial position 
vector of the rope attachment point with the unloading device 𝑤ሬሬ⃑ = 𝑅 ⋅ 𝑤ሬሬ⃑ ; 𝑛ሬ⃑ : spatial 
position vector of the cylinder connection point with the unloading device 𝑛ሬ⃑ = 𝑅 ⋅ 𝑛ሬ⃑ ; 𝑠 : spatial position vector in the direction of expansion of the cylinder; 𝑚ሬሬ⃑ : spatial 
position vector between the connection point of the piston rod with the unloading 
device and the lower edge of the unloading port 𝑚ሬሬ⃑ = 𝑅 ⋅ 𝑚ሬሬ⃑ ; 𝑡: spatial position vector 
of the lower edge of the unloading port 𝑡 = ሾ𝑥ௗ௪; 𝑦ௗ௪; 0ሿ. 

 
Figure 2. Schematic diagram of vector definition 
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Where 𝑎、b、𝑐、𝑛௫、𝑛௬、𝑤௫、𝑤௫、𝑙௫、𝑙௬ can be measured according to the 
actual unloading device structure, and in this paper, the above parameters are shown in 
Table 1, respectively. 

Table 1. Structural parameters of unloading device 

Parameters (mm) 𝑎 = 1524.2 𝑏 = 1148.46 𝑐 = 508.24 𝑛௫ = −508.24 𝑛௬ = 1844.68 𝑤௫ = 554.19 𝑤௬ = 2860.65 𝑙௫ = 1754.8 𝑙௬ = 3786.69 

3.  Kinematic of the High Flow Unloading Devices 

3.1.  Inverse Kinematic of the Device 

The inverse kinematics is to solve for the rope length and cylinder length given the 
spatial position coordinates of the edge of the unloading port, i.e. for the transformation 
from working space to joint space. The closed vector method is used for derivation, 
based on the structural model of the unloading device, the vectors associated with the 
motion process are selected to construct closed polygons, where one closed polygon is 
created for each of the oscillating and telescopic degrees of freedom, as shown in 
Figure 2. 

The length of the rope is related to the vector of spatial positions of the rope and 
the connection point of the unloading device. 𝑙 + 𝑙 = 𝑤ሬሬ⃑  (1) 

The spatial position vector along the lower edge of the unloading port can be 
represented by the cylinder direction vector as follows. 𝑛ሬ⃑ + 𝑠 +𝑚ሬሬ⃑ = 𝑡  (2) 

(1) Solve for the angle 𝛼of oscillation of the unloading device:  
Assumptions, the angle between the Y-axis of the inertial coordinate system and 

the lower edge of the spatial position vector is 𝛼ଵ, the angle between the Y-axis of the 
unloading device coordinate system and the spatial position vector along the lower 
edge is 𝛼ଶ, 𝛼 = 𝛼ଵ − 𝛼ଶ. 

𝛼ଵ = ቐ arc 𝑡𝑎𝑛 |௫ೢ||௬ೢ| , 𝑦ௗ௪ ≥ 0𝜋 − arc 𝑡𝑎𝑛 |௫ೢ||௬ೢ| , 𝑦ௗ௪ < 0, 𝛼ଶ = 𝑎𝑟𝑐𝑡𝑎𝑛 ା|௦⃑|ା 

(2) Solve for the vector length 𝑙 = ห𝑙ห from the centre of rotation of the winch to 
the point where the rope is attached: 

By shifting the term from Eq. (1), we get that, 𝑙 = 𝑅 ⋅ 𝑤ሬሬ⃑  − 𝑙 
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Then, the vector length from the centre of rotation of the winch to the rope 
attachment point can be expressed as ห𝑙ห = ඥ𝑙௫ଶ + 𝑙௬ଶ + 𝑙௭ଶ. 

(3) Consider the influence of the winch radius (this paper takes the winch radius as 
200mm) and solve for the actual length 𝑙௦ of the rope, which consists of two parts: the 
length of the vector from the rope out point to the rope attachment point ห𝑙ห, and the 
envelope length 𝑙 . Using the Pythagorean theorem it can be solved that, ห𝑙ห =ටห𝑙หଶ − 𝑅ଶ. 

 
Figure 3. Geometric relation diagram of drawworks and rope outlet point 

In order to more accurately drive the winch to turn a certain angle to change the 
rope length, the next calculation of the rope envelope length on the reel, as shown in 
Figure 3, the length of the envelope is noted as the arc length 𝑙ℎ corresponding to 𝜃ଵ. 

𝑙ℎ = 𝑅 ⋅ 𝜃ଵ = 𝑅 ⋅ ሺ𝜋 − 𝜃ଶ − 𝜃ଷሻ = 𝑅 ⋅ ൭𝜋 − arccos𝑅ଶ + ห𝑙ห − ห𝑙ห2 ⋅ 𝑅 ⋅ ห𝑙ห − 𝑎𝑟𝑐𝑡𝑎𝑛 𝑙௫𝑙௬൱ 

𝑙௦ = ห𝑙ห + 𝑙ℎ 
(4) Solve for cylinder length 𝑠 = |𝑠|: 
By shifting the term from Eq. (2), we get that, 𝑠 = 𝑡 − 𝑅 ⋅ 𝑛ሬ⃑  − 𝑅 ⋅ 𝑚ሬሬ⃑  

Then, the cylinder length can be expressed as |𝑠| = ඥ𝑠௫ଶ + 𝑠௬ଶ + 𝑠௭ଶ. 

3.2.  Forward Kinematic of the Device 

Forward kinematics is the spatial position coordinates of the known rope length 𝑙௦ and 
cylinder length 𝑠 to solve for the edge of the unloading port, i.e. the transformation 
from joint space to workspace. 

Step 1: With a known rope length and a fixed centre of rotation of the winch and a 
fixed position of the rope attachment point relative to the unloading device, as shown in 
Figure 4, the oscillating angle 𝛼, i.e. 𝛼 = 𝛾 − 𝛿 + 𝛽, can be solved for according to the 
geometric relationship. 
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Where 𝛾  is the angle between the outgoing rope point vector and the rope 
attachment point vector; 𝛿 is the angle between the outgoing rope point vector and the 
Y-axis of the inertial coordinate system; 𝛽 is the angle between the rope attachment 
point vector and the Y-axis of the chute coordinate system. 

 
Figure 4. Schematic diagram of oscillating angle geometry 

The geometric relationships shown in Figure 4 lead to 𝛾, 𝛿 and 𝛽 respectively as 
follows. 

cos𝛾 = ห⃗బหమା|௪ሬሬ⃗ |మିమଶ⋅ห⃗బห⋅|௪ሬሬ⃗ |   (3) 

tan𝛿 = ೣబ (4) 

tan𝛽 = ௪ೣ௪   (5) 

The rotation matrix R can be solved by solving the angle from Eqs. (3)(4)(5). 
Step 2: The spatial vector of the lower edge of the unloading device can be 

expressed under the coordinate system of the unloading device with its X-coordinate −𝑎, its Y-coordinate 𝑛௬ + 𝑠 + 𝑏 and its Z-coordinate 0. The spatial vector of the 
lower edge of the unloading device can be expressed under the inertial coordinate 
system by transforming the rotation matrix. 

𝑡 = 𝑅 ⋅  −𝑎𝑛௬ + 𝑠 + 𝑏0 ൩ = ቈ𝑥ௗ௪𝑦ௗ௪0  
4.  Workspace Analysis 

The two degrees of freedom of the unloading device are influenced by the mechanical 
structure of the device and have their own range of motion. Therefore, the oscillating 
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angle of the unloading device and the stroke of the cylinder are used as constraints to 
search for all the reachable spatial positions along the lower edge of the unloading port. 
The oscillating angle can be reflected by the length of the rope, so it is only necessary 
to change two variables, the rope length and the cylinder length, to obtain the spatial 
coordinates of the lower edge of the unloading port using the positive solution 
calculation. Based on the working space, the range of motion of the device can be 
derived, which can guide the trajectory planning of the control process, thus avoiding 
the phenomenon of the device colliding with the car gang. 

According to the structural parameters of the unloading device in this paper, the 
safe working length of the rope fully extended and fully retracted ranges from 
1516.25mm to 4829.5mm; the length of the cylinder when moving within the stroke 
ranges from 1190mm to 2190mm. The resulting working space is shown in Figure 5. 

 
Figure 5. Working space at lower edge of unloading device 

5.  Simulation and Verification of Motion Relationships 

5.1.  Build a Visual Model 

 
Figure 6. Three dimensional model of high flow unloading device 

As shown in Figure 6, the visual 3D modelling software was used to model and analyse 
the motion of the unloading device. According to the actual motion of the device, 
motion subs and drives are added. The drive module outputs the rope and cylinder 
position information to observe the motion trajectory of the unloading device. 
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5.2.  Validation of Forward and Inverse Kinematic Model Simulations 

The kinematic inverse solution to the previous kinematics is modelled by taking the 
trajectory shown in Figure 5 over the ideal workspace range. 

In practice, it is necessary to obtain the winch angle and cylinder expansion and 
contraction according to the rope length variation. Figure 7 and Figure 8 show the 
winch angle and cylinder extension length respectively, which are then imported into 
the drive interface of the visualisation model to drive the hydraulic winch and cylinder, 
thereby changing the model rope length and cylinder length to obtain the trajectory of 
the lower edge of the model. 

 
Figure 7. Winch angle 

 
Figure 8. Hydraulic cylinder expansion and contraction 

 
Figure 9. Comparison diagram of lower edge expectation and model output space position 
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Figure 10. Track diagram of model simulation 

As can be seen in Figure 9 and Figure 10, the trajectories output by the model 
coincide with the desired trajectories, so the X- and Y-directional motions satisfy the 
desired values. 

6.  Conclusion 

Based on the results and discussions presented above, the conclusions are obtained as 
below: 

(1) This paper simplifies the model of the high flow unloading device, determines 
the relationship between the rope length, cylinder length and the spatial position of the 
lower edge of the unloading port through coordinate transformation and closed vector 
method, and then can indirectly obtain the spatial position of the upper edge of the 
unloading port, and derives the kinematic equations of the device, i.e. on the one hand, 
the spatial position of the lower edge of the unloading port can be found by knowing 
the rope length and cylinder length; On the other hand, the spatial position of the lower 
edge of the unloading port can be found by knowing the spatial position of the lower 
edge of the unloading port. On the other hand, the length of the rope and the length of 
the cylinder can be found by knowing the spatial position of the lower edge of the 
unloading port. 

(2) To guide the planning of the trajectory of the unloading device, the working 
space of the unloading device is analysed by numerical simulation, and the accessible 
position of the edge of the unloading port is determined more intuitively. It is a new 
solution for determining the end position of the unloading port, which is conducive to 
the intelligent implementation of the unloading device. 
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