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Abstract—This study introduces the development of a portable 
cable-driven robot with a compliant trajectory tracking method 
that incorporates real-time and continuous positive force 
redistribution. Based on the dynamic model of the robot, a rapid-
convergence tracking controller exhibiting variable compliance 
to external disturbances is designed to ensure stable trajectory 
tracking. A real-time, continuous positive force redistribution 
process is seamlessly integrated into the tracking controller to 
ensure that cable forces remain positive and continuous 
throughout the motion. Low compliance allows the robot to resist 
external disturbances and maintain accurate trajectory tracking. 
Conversely, high compliance permits the robot to temporarily 
sacrifice some tracking accuracy for safety and then resume 
tracking once the disturbance subsides. Lyapunov stability 
analysis is utilized to validate the stability of the control system. 
Experiments are conducted on the designed robot to evaluate the 
practical applicability of the control method. Results demonstrate 
the feasibility of the force redistribution without compromising 
trajectory tracking performance. 
 
Index Terms—Motion control, force redistribution, cable-driven 
robot 

 

I. INTRODUCTION 

ABLE-Driven robots (CDRs) have emerged as a 
promising solution for achieving motion and dynamic 
control within large workspaces in diverse industrial 

applications, such as construction 3D printing [1], vibration 
control of large-span flexible wings [2], and façade operations 
[3]. Various advanced control techniques have been explored 
for CDRs, including neural network-based control [4], vision-
based control [5], synchronization control [6], sliding mode 
control [7], [8], and reference trajectory shaping methods [9], 
among others. These technologies have proven effective in 
ensuring accurate trajectory tracking control. Specifically, 
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Shang et al. [6] proposed synchronized controllers to reduce 
trajectory tracking errors while minimizing synchronization 
errors between different cables. However, the aforementioned 
tracking controllers do not reflect the force redistribution. A 
fundamental characteristic of cables is their ability to 
withstand tensile forces but not resist compressive forces. This 
limitation can lead to cable slack in CDRs, causing deviations 
from desired trajectories and potentially affecting critical 
operations in industrial applications. 

CDRs maintain cable’s taut state through either passive or 
active cable forces. In under-constrained CDRs, equilibrium is 
achieved by generating passive cable forces, which can result 
from their own gravity or external forces [10]-[13]. Fully 
constrained CDRs, on the other hand, feature non-unique 
solutions for cable forces, allowing active adjustment of cable 
forces to meet specific constraints. Some studies have utilized 
the concept of internal forces to maintain cable tension, often 
by computing the null-space vectors of the transposed 
Jacobian matrix and integrating them into control inputs [14]-
[24]. For instance, Wang et al. [14] linearly incorporated null-
space vectors into the control input to ensure that cable forces 
remain within an acceptable range during Schönflies trajectory 
tracking. A robust PID controller incorporating a corrective 
term that consists of null-space vectors was designed to 
maintain bounded tracking errors [15]. Similarly, several 
trajectory tracking controllers, such as adaptive robust control 
[16], composite control [17], dual-loop position and force 
control [18], PD feedback control [19] and vision-based H∞ 
position control [20], have utilized internal forces derived 
from the null-space vector to ensure force constraints are met. 
However, these studies often neglected the continuity and real-
time efficiency of the force distribution. They primarily 
focused on tracking performance and directly imposing force 
constraints on control inputs. For example, Kawamura et al. 
[19] focused on improving trajectory tracking performance 
without documenting the corresponding cable forces. An 
iterative redundancy distribution algorithm leveraging the null 
space was discussed for its theoretical advantages in [21], but 
its real-time applicability requires enhancement. A tension-
level index was introduced to improve force distribution and 
achieve the desired cable forces [22]. However, relying solely 
on internal forces during trajectory tracking may not always 
produce continuous cable forces that satisfy the constraints. 
Simulations in [25] show that there is still significant room for 
improvement in internal force-based control strategies for 
reducing trajectory tracking errors.  

Recent research has explored geometric methods that 
leverage null-space vectors to optimize the distribution of 
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cable forces in CDRs [26]-[27]. A force distribution method 
using convex polygons was developed to improve 
computational efficiency [26]. However, this approach was 
tailored explicitly for CDRs with n + 2 cables and n degrees of 
freedom (DOFs). To satisfy the real-time requirement, a 
tension-distribution calculation method using the hypersphere 
mapping algorithm was proposed in [27]. It’s crucial to note 
that the complexity of these geometric methods increases with 
the redundancy (the number of cables minus controllable 
DOFs). As redundancy increases, the dimensionality of the 
polyhedron formed by the convex set also increases, leading to 
longer search times and greater difficulty in determining the 
optimal solution. When redundancy is limited (usually one or 
two), geometric methods have proven to be effective, as high 
redundancy significantly increases computational costs. 

To avoid using internal forces, some studies directly 
integrated the cable force distribution into the framework of 
controllers. For example, a hyperbolic function-based 
saturation function was employed to convert original control 
inputs into positive cable forces [25]. This approach utilized a 
nonlinear observer to balance discrepancies in cable forces 
under both unconstrained and constrained scenarios. However, 
using saturation functions can lead to inconsistencies between 
the boundary of expected cable forces and the boundary of 
solved cable forces. To address this limitation, researchers 
developed model predictive control [28] and nonlinear model 
predictive control [29] techniques for accurate trajectory 
tracking and handling force redistribution. These methods 
determine the optimized cable forces within specified 
constraints by formulating and minimizing a cost function. 
These cost functions typically include the tracking error and 
the 2-norm of the cable forces. Results revealed that changes 
in the constraint of cable forces directly impacted trajectory 
tracking performance. This could be attributed to the cost 
function that couples the tracking error and cable forces 
together. This coupling led to a trade-off where adjustments in 
one constraint affected the other, making it difficult for the 
controller to consistently prioritize tracking errors.  

For CDRs, achieving accurate trajectory tracking is not 
only dependent on effectively distributing cable forces but 
also handling unpredictable external disturbances such as 
varying external forces and fluctuations in payloads. These 
disturbances can impact the stability of the trajectory-tracking 
process. On one hand, to improve resistance against external 
disturbances and enhance trajectory tracking, it is desirable for 
the CDR to have low compliance. On the other hand, in 
scenarios involving human-robot interaction, higher 
compliance helps avoid excessive cable forces, allowing the 
robot to prioritize safety over strict tracking performance. The 
robot can temporarily sacrifice some tracking accuracy but 
regain it once disturbances are mitigated. However, previous 
works in [4], [6]-[9], [12]-[13], [16]-[17], [19]-[24], [27], 
[29]-[32] have generally overlooked the influence of external 
disturbances and the compliance of tracking controllers to 
these disturbances. In previous studies [14], [15], [18], 
constant external disturbances were replaced by additional 
payloads and thus were integrated into the tracking controller. 

 
Fig. 1. The designed portable cable-driven robot. 
 
In [33], the designed compliance control mainly focused on 
maintaining low compliance to ensure accurate trajectory 
tracking under heavy loads, without validating its capability to 
exhibit higher compliance when encountering external 
disturbances. Similarly, the impedance control proposed in 
[34] achieved satisfying position and force tracking but did not 
verify the robot’s ability to exhibit high compliance under 
external forces. Furthermore, the calculation of cable forces in 
[34] relied on the null-space vectors of the Jacobian matrix. To 
allow for deviations from the predetermined trajectory under 
external forces, Barroso et al. [35] utilized springs to provide 
high compliance for the CDR, offering a safe environment for 
human-robot interaction. Recognizing these gaps, this work 
aims to address the challenges of tracking control in CDRs, 
particularly the need for adjustable compliance in response to 
external disturbances.  

The contributions of this study are as follows: 
1) The designed auxiliary tracking controller eliminates 

chattering in the control input through integral processing. 
It features adjustable compliance against external 
disturbances, allowing a trade-off between trajectory 
tracking accuracy and compliance. Low compliance 
enhances the robot’s resistance to disturbances, thereby 
ensuring tracking accuracy, while high compliance allows 
the robot to temporarily sacrifice trajectory tracking 
accuracy to mitigate the risk of significant cable forces. 

2) A real-time force redistribution algorithm is introduced to 
ensure that cable forces remain continuous, thereby 
avoiding sudden discrete jumps. The cable forces are 
redistributed within given constraints without affecting the 
stability of the control system. This force redistribution 
algorithm does not compromise trajectory tracking 
performance and is seamlessly integrated with the auxiliary 
tracking control. 

3) Unlike the CDRs in [9-35], our robot body integrates 
mechanical and electronic components for portability and 
rapid deployment, and is designed to function as an 
independent and motion-capable unit. Weighing 7.8 kg and 
measuring 327 × 200 × 171 mm, it is easy for one person  
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Fig. 2. CAD model of the robot.  
 

to set up and deploy. Requiring only four simple anchors 
from environments, it provides three controllable degrees 
of freedom. Its workspace can be rapidly reconfigured 
within 94 s, transitioning from one workspace to another, 
allowing rapid restoration of operations (see video). 

4) Experiments are conducted on the developed portable CDR 
(see Fig. 1 and supplementary video). The results verify 
the robot’s ability to resist external disturbances and 
maintain accurate trajectory tracking at low compliance. 
Under high compliance, even with a deviation of up to 65.9 
mm, the robot can still maintain stable trajectory tracking 
and return to the predetermined trajectory once the 
disturbances are over. 
The subsequent sections of this paper are structured as 

follows: Section II describes the hardware components of the 
robot. Section III introduces the robot’s dynamic model. 
Section IV details the controller design. In Section V, 
experiments are conducted on the developed robot to validate 
the practical applicability of the control method. Section VI 
concludes the work. 

II. ROBOT COMPONENTS OVERVIEW 

To achieve portability, quick deployment, and rapid 
reconfiguration of the workspace for the robot, we integrated 
the mechanical and electronic components into the robot’s 
main body. The entire unit weighs only 7.8 kg and has a 
compact size of 327 mm × 200 mm × 171 mm, making it easy 
for one person to carry. Fig. 2 depicts the mechanical structure 
of the robot. Each cable is wound in a spiral pattern around a 
25 mm-diameter drum, passes through two pulleys, and then 
anchors to the simple anchors within the environment. To 
ensure neat alignment of cables along the drum surface during 
winding and unwinding operations, an internal cable winding 
mechanism has been integrated into the robot. The mechanism 
consists of synchronized pulleys, timing belts, lead screws and 

 
Fig. 3. Diagram of electronic components of the robot. 
 

guiding shafts. The transmission ratio of the synchronous belts 
is 1:1. One pulley is fixed directly to the motor shaft, while the 
other is connected to the lead screw. The guiding shaft, 
together with the sliding block, converts the rotation of the 
lead screw into linear motion along the axis of the drum. The 
pitch of the helix on the lead screw and drum is 1 mm. 

In addition to the aforementioned mechanical structures, 
the robot also integrates essential electronic components, 
including motors, motor drives, force sensors, a controller, and 
a camera, as shown in Fig. 3. The corresponding technological 
specifications are: 
1) Controller: Beckhoff PLC with Intel® Core™ i7 2715QE 

2.1 GHz processor (4 cores), power supply unit, EL9505 
5V DC power supply terminal, and EL3356 EtherCAT 
terminals. Motor and drive: Four Maxon Brushless EC 90 
flat motors (260 W, nominal speed: 1670 rpm, nominal 
torque: 964 mNm) with Hall sensors and MILE 2-channel 
encoder (2048 counts per turn). Four Maxon EPOS4 
Compact 50/15 EtherCAT drives. 

2) Sensors: Four Futek LSB205 load cells. 
3) Battery: 22.2 V 6s Lipo battery with 10,000 mAh for the 

Beckhoff controller, motor drives, and force sensors. 
4) Others: Inter NUC for programming and user interface.  

The robot requires only four simple external anchor points, 
and the positions of these anchor points can be changed 
quickly. Its workspace can be rapidly reconfigured within 94 s, 
transitioning from one workspace to another, allowing rapid 
restoration of operations (kindly see the supplementary video). 
Fig. 4 shows four different workspaces, each with a distinct 
shape and size. A1–A4 represents four anchor points. When 
anchor point A4 moves down, the workspace shifts from the 
rectangular shape in Fig. 4(a) to the trapezoidal shape in Fig. 
4(b). Subsequently, as A4 moves to the right, the workspace 
expands into another trapezoidal shape, as shown in Fig. 4(c). 
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Fig. 4. Reconfiguration of the robot’s workspace. (a) – (d) represents 
four different workspaces. 
 
Finally, the workspace is further enlarged by moving A2 

rightward as well as A3 and A4 downward (see Fig. 4(d)).  

III. DYNAMIC MODEL 

This portion describes the dynamic model of the portable 
robot, including an unknown disturbance term. The model is 
simplified by assuming that the cables connecting the robot’s 
body (Bi) to the environmental anchor points Ai have 
negligible mass. As shown in Fig. 1, the reference coordinate 
frame {O} is positioned on the ground, while the moving 

coordinate frame {Or} is placed at the robot’s center of mass. 
Based on the vector loop equation, the robot’s kinematic 
model can be formulated as: 

   1, 2,..., .
r

O
i i O i i m   p a l R b   (1) 

where the vector li originates from Bi and terminates at Ai, ai 
denotes the location of Ai within {O}, p is the location of {Or} 
in {O}, OROr is the rotation matrix, bi denotes the location of 
Bi within {Or}, and m denotes the total count of cables. The 
dynamic model with unknown disturbance Td is expressed by:  
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where mr and Ir respectively symbolize the mass and inertia 
matrix of the whole robot body. ω Eθ  denotes the robot’s 
angular velocity. θ = [ , ,  ]T is the vector of Euler angles.  
Jacobian matrix J is expressed by: 
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where the unit vector ri along the i-th cable is expressed as
/i i ilr l . The cable length li is expressed by:  

 .
r r

TO O
i i O i i O il            a p R b a p R b   (4) 

Let c(ꞏ) = cos(ꞏ) and s(ꞏ) = sin(ꞏ), then the dynamic model 
(2) can be rewritten as: 

      , T
d    M x x C x x x G x T J u     (5) 

where   , , ], , , ,[
T T

p p px y z    x p θ  represents the portable 

robot’s posture in the workspace. 1 , ,[ ]Tmu u u  is the cable 
force vector. G(x) = [mrg, 03×1]T is the gravity wrench, g = 

 0,  0,  -9.8
T

m/s2. The new Jacobian matrix J is expressed by: 
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The inertia matrix  M x and the Coriolis and centrifugal 

matrix  ,C x x  are expressed by: 
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IV. CONTROLLER DESIGN 

A. Observer 
Assuming the prescribed target trajectory is xd = [xd, yd, zd, d , 

d , d ]T, the tracking error, denoted as e, is expressed as: 
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Fig. 5. Control block diagram of the controller. 
 

 .d e x x   (11) 

The acceleration tracking error could be obtained by 
substituting (11) into the dynamic model (5): 
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where M-1(x) is the inverse matrix of M (x). Let 1ze x be one 
state of the tracking error system (12) and let an extended state 
xz2 represent the external disturbance, then it’s feasible to 
formulate the following state equation: 
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Based on (13), the designed observer is: 
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where z1 and z2 are two states of the observer, which are used to 
approximate the error e and extended state xz2, respectively. 

d̂T represents the estimated value of the external disturbance Td. 
Then, d̂T will be integrated into the auxiliary trajectory tracking 
control. Two diagonal gain matrixes β1 = diag([β11,…, β16]) and 
β2 = diag([β21,…, β26]) contain positive elements. Regarding 
the external disturbance, we make the following assumption: 

Assumption 1: The external disturbance Td = [Td1, Td2, Td3, Td4, 
Td5, Td6]T is slow-varying and satisfies the following conditions: 
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Lemma 1: The observer in (14) can ensure that errors ez1 and 
ez2 ultimately converge to zero: 

    1 2lim ,  limt z t zt t  e 0 e 0  (16) 

Proof: Due to page limitations, we have placed the proof of 
Lemma 1 in a supplementary PDF file (“Supplementary Material 
1.pdf”). Kindly refer to it for further information. 

B. Auxiliary Tracking Control 

The entire control block diagram is shown in Fig. 5. The 

auxiliary tracking control incorporates inputs such as the target  
trajectory, , , and , the actual posture feedback x and ,  
as well as the estimated disturbance derived from the  
designed observer in (14). The inputs of the observer include 

, , , x, , and the output of the auxiliary tracking 
control. The force redistribution process is then employed to 
complete the secondary distribution of cable forces, ensuring that 
the optimized cable forces satisfy the constraint conditions and 
the specified objective function. As the output of the auxiliary 
tracking control, the cable force vector u is designed as follows: 
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where (ꞏ) † denotes the pseudoinverse of (ꞏ). The vector S in 
(17) is chosen as: 

1 2
2 1 2,    1 2,sign sign         S e α e β e   (18) 

The gain matrixes α, β, K1, K2, and other variables in (17) 
and (18) are detailed in “Supplementary Material 1.pdf”. The 
selected Lyapunov function takes the following form: 

 
1

.
2

TV  S S  (19) 

Lemma 2: There exist some control parameters α, β, K1, K2, 
γ1, γ2, mn, n, g, h, p, and q such that: 

  lim 0t V t    (20) 

If 2 1
ie   ≠0 (i = 1,…,6), there exists a positive scalar   such that:  

 0.V      (21) 

Proof: The proof of Lemma 2 is placed in the supplementary 
PDF file (“Supplementary Material 1.pdf”).  

Lemma 3: Assuming that the state of the system reaches the 
sliding surface at t0, the tracking error e will converge to zero at 
time point te: 

 
2 21 1/ 1/
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  (22) 

Proof: The proof of Lemma 3 is placed in the supplementary 
PDF file (“Supplementary Material 1.pdf”).  

One important aspect to note is that the cable force vector u 
obtained in (17) consists of a sign function, leading to oscillations 
near the sliding surface. However, these oscillations are 
undesirable in practical experiments. To mitigate this issue, the 
sign function can be replaced with a hyperbolic tangent function, 
which effectively eliminates the oscillations but at the cost of the 
strong robustness of the sliding mode controller. 

To maintain the stability of the tracking controller without 
sacrificing it, the sign function can be placed in the first derivative 
of the control input. Through further integration, the updated 
control input will avoid a sudden and abrupt jump caused  
by the sign function term. Let   1 T u M x J u , v u u ,  

dx dx dx x
d̂T

dx dx dx x
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and       1 ˆ( ) , d
   f x M x C x x x G x T  ,  where u  is 

the updated control input. 
Let 1 x x and 2 x x , we obtain: 
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The new sliding surface takes the following form: 

 .  S αe e βS   (24) 

where   1 6diag ,..., α  and  1 6diag ,...,    β ,  which 

contain positive elements.  
After choosing / 2TV  S S  as the Lyapunov function and 

calculating the derivative, we obtain: 
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1

.T
i i

i

V S S


 S S    (25) 

where iS  is the i-th element of S in (24), which is expressed by: 

 ,  1,2,...,6.i i i i i iS e e S i        (26) 

Substituting (26) into (25) yields: 

 
 

     
   

1 2

1

2

1 1
1 2

1 1

1

2 1 1 2

1

2 2 1

     ( ) ( )

        

        ( ) .

i i i i i i i i i i i i i i i i

i i i i di vi i di

i i di i i i di i di

i i i di i i di

S S S e e e e e e e

S u f x u f x

x x x x x x

x x u f x

 





       



   

  

 





    

     

    

   

x x

x

      

 

 

 

(27) 

Let   1 1

1 1 1i i i i dix x
      and   2 1

2 2 2i i i i dix x
       .   

Since 1i and 2i are positive scalars, equation (27) becomes: 

 

   
   
  

1 2 2

1 2

2 1 1

         

          ( ) ( ) .

i i i vi i i i di i i di

i i di i i i

i i i i

S S S u x x x

x u

f f

 

 



       

     

   x x

  





  (28) 

Then, the derivative ( )vu of the updated control input u  
can take the following form: 

 
     
   

1 2 2 2 1

1 2

( )

       .

vi i i i i i i i i i

i i di i i di di vi

u x u f

x x x u

  

 

         

       

x

  
 (29) 

Let a positive scalar i  satisfy 1( )i if x . Substituting 

(29) into (28) yields: 

  1( ) .i i i vi i i vi i iS S S u f S u S    x    (30) 

Let  ivi iu sign S  and , 0i i i i      . Equation (30) 

can be rewritten as: 

   0.i i i i i i iS S S S         (31) 

Eventually, the updated control input could be obtained: 

 
0

.
t

i viu u dt   (32) 

where 

     
     

i 1 2 2

2 1 1 2      ( )

vi i i i i i i i

i i i i i di i i di di

u sign S x u

f x x x

  

  

       

         x   
 (33) 

C. Force Redistribution 

Although the output of the auxiliary tracking control in (17) or 
(33) can maintain system stability in simulations, it does not 
guarantee that cable forces will always be positive in actual 
experiments. To ensure that the eventual cable forces us satisfy 
the specified constraints without compromising the tracking 
control performance, a force redistribution process is introduced 
to replace the original vectors u or u with us: 

      , .T T
d s       M x x C x x x G x T J u J u   (34) 

where us = [us1, us2, …, usm]T satisfies 0 < umin ≤ usi ≤ umax. umin 
and umax denote minimum and maximum limits for cable forces. 
us also can minimize the given object function: T (us1, us2, …, 
usm). When the goal is to minimize the Euclidean norm of cable 

forces, then T (us1, us2, …, usm) = 2 2
1 2

2...s s smu u u   . 

Firstly, the Lagrangian function L( ,,su η ν ) is constructed as 

follows: 

        
6 2

1 1

, , .
m

s s s s
i

i qi i ei
i

T E NL  
 

   u u uη ν u   (35) 

where Eq = −JTus+JTu = [Eq1, Eq2,…, Eq6]T, Ne = [Ne1, Ne2,…, 
Ne2m]T = [us1 − umin, −us1 + umax, us2 − umin, −us2 + umax,…, usm –  
umin, −usm + umax] T, ηൌ ሾ 1 2 6, ,...,   ሿT, and ν ൌ ሾ 1 2 2, ,..., m   ሿT. 

Then, we utilize the Karush-Kuhn-Tucker conditions and (35) 
to formulate the optimization problem [36]: 

 

 

   
   

6 1

2 1  

1
min  

2
. .    

      

TT
k sk

sk sk

sk s

q

e k m

q

e

s

T

t 



 









d B d u d

u u d 0

u u d 0

E E

N N

  (36) 

where md  is the gradient descent direction for us. Equation 
(36) is solved in two steps using the smooth Newton’s method. 
First, obtaining the correct gradient descent direction jz . Second,  
obtaining the update increment 1

z
z
 . Similar to this process, after 

obtaining the gradient descent direction md  , the update 
increment 1

 for us can be solved by the selected merit function 
(78). Equations (72) - (86) and the definition of variables are  
placed in the supplementary PDF file (“Supplementary Material 
1.pdf”). Kindly refer to it for further information. 

TABLE I lists a complete solving process for calculating 
cable forces within specified upper and lower limits. The 
objective function is not confined to the commonly used 
Euclidean norm function and can adopt other specified 
functions. The process of force redistribution directly converts 
the unconstrained cable forces (produced by the auxiliary 
tracking control) into new cable forces us that satisfy the 
constraints. The redistribution principle in (34) ensures that 
the new cable forces do not affect the tracking performance. 
Such a feature allows for the seamless integration of the cable 
force redistribution with the auxiliary tracking control. 
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TABLE I 
FORCE REDISTRIBUTION SOLVING PROCESS 

1: Input: Original vector u from (17) or vector u from (32) and (33) 
2: Output: Optimized cable forces us 
3: Initialize Parameters: 
4: Set Eq(us), Ne(us), 0 00 ,,s η νu , B0 , and d0 
5: Define object function T (us1, us2, …, usm) 
6: Define Lagrangian function L( ,,su η ν) using (35) 
7: Set ρ1, ρ2, ρz1, ρz2, ε0, ε1, ε2, ε3, εz0, γ, δ, σ0,  , and k = 0 
8: while condition (82) is unsatisfied and k ≤ 3000 do 
9: Set z0, 𝝕, and j = 0 
10: while ||H(zj)|| > ε3 and j ≤ 150 do 
11: Obtain jz from (72) 

12: Obtain z from (77) 

13: Update z using 1 1
z

j z jj
  z z z  

14: end while 
15: if ||H(zj)|| ≤ ε3 or j == 150 then 

16: dk = dj , zkη = z jη , zkν = z jν  

17: end if 
18: Obtain   from (80) and (81) 

19: Update us using 1 1sk sk k
  u du  

20: if condition (82) is satisfied then 
21: Output us and break while 
22: else  
23: Update 1kη , 1kν , and 1kB  

24: end if 
25: end while 
26: if condition (82) is satisfied or k == 3000 then 
27: Output us 
28: end if 
 

V. EXPERIMENT IMPLEMENTATION 

To validate the effectiveness of the designed trajectory 
tracking control and the cable force redistribution process, this 
section conducts experimental tests on two different 
configurations of the robot. Fig. 6 illustrates the experimental 
setup. Here, a Leica Laser Tracker (AT901-MR) is used to 
measure and record the position of the robot. 

The system utilizes motor drives in speed control mode to 
achieve the motion control of the CDR (see Fig. 5). The linear 
velocity ( il

 ) of each cable is calculated by the CDR’s inverse 
model and converted into the motor’s angular velocity (wd,i) 
based on drum radius (rdrum = 25 mm). The motor position and 
speed (wreal,i) feedback from the drive are used to calculate the 
robot’s position. A PI controller processes the error between 
target cable forces (us) and actual cable forces (uactual), whose 
output is then integrated with the motor’s speed control signal.  

To demonstrate the importance of the force redistribution 
during trajectory tracking of the robot, we provide an example 
comparing the differences between cable forces generated by 
the auxiliary tracking control and those generated by the force 
redistribution process. Fig. 7(a) illustrates the cable forces and 
motion trajectories under the auxiliary tracking control. Fig. 
7(b) shows the cable forces and motion trajectories under a 
combination of the auxiliary tracking control and the force 
redistribution process. In Fig. 7(a), the cable forces of Cables 
3 and 4 are negative, indicating that these two cables need to 
exert reverse pressure. However, in practice, cables can only 
exert tension, not pressure. Therefore, if we rely solely on the 
auxiliary tracking control in experiments, Cables 3 and 4 will  

 
Fig. 6. Experimental setup. 
 

 
Fig. 7. Performance comparison before and after force redistribution. 
 

become slack, and the robot may fail to achieve the expected 
trajectory tracking. After force redistribution, as shown in Fig. 
7(b), the forces of four cables are positive. In Fig. 7(a) and Fig. 
7(b), the obtained trajectories closely match the designed ones, 
with errors approaching zero. The obtained trajectories remain 
unchanged before and after force redistribution. The overlap 
of the curves in Fig. 7(c) and Fig. 7(d) indicates that the 
control input ureal is not affected by the force redistribution. 

Next, we will analyze why the force redistribution does not 
affect trajectory tracking performance and the stability of the 
control system. According to (5), u is a 4×1 cable force vector, 
while the left side of the equation ultimately results in a 3×1 
vector. The difference in dimensions arises because cables can 
only exert tension and not pressure, necessitating that the 
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number of cables exceeds the number of controllable degrees 
of freedom by one. This characteristic of redundant actuation 
means that for the same motion state of the robot, there are 
multiple solutions for the cable force vector u. This is the 
foundation of force redistribution. 

In (5), using the Jacobian matrix J, the cable force vector u 
is transformed into a 3×1 vector, which we denote as ureal, as 
shown in (37). In the stability proof process, we essentially 
use ureal for verification because the right side of the dynamic 
model (5) consistently includes the Jacobian matrix J that 
transforms the cable force vector u into ureal. Thus, in the 
stability proof, the control input is always in the form of ureal. 
Note that ureal is a 3×1 vector linked to the 4×1 vector u 
through the Jacobian matrix J. As previously analyzed, for the 
same ureal, multiple different vectors u can be solved. The 
principle of force redistribution lies in selecting a vector u that 
satisfies the given constraints from these different cable force 
vectors. Although these vectors differ, they all can be 
transformed into the same ureal through the Jacobian matrix J. 
Therefore, the value of ureal essentially remains unchanged, 
ensuring that the system stability and trajectory tracking 
performance are not affected. 

 

     
      real

real

,

,

T
d

d

T

     


   
  

M x x C x x x G x T J u

M x x C x x x G x T u

u J u

  

     (37) 

In the experiment, we validated the robot’s adjustable 
compliance in response to external disturbances through two 
different configurations. Low compliance indicates that the 
robot has strong resistance to external disturbances, with 
increased cable forces enhancing its position-holding 
capability. High compliance, on the other hand, indicates that 
the robot has lower resistance to external disturbances, 
resulting in significant displacement in the direction of the 
disturbances. This allows the robot to avoid excessive cable 
forces by sacrificing some trajectory tracking accuracy, which 
helps to reduce the risk of cable breakage and ensures the safe 
operation of the robot. 

The initial parameters in the force redistribution process  
are: us0 = [30, 30, 5, 5]T, 0η = [0, 0, 0]T, 0ν = [0, 0, 0, 0, 0, 0, 0,  
0]T, ρ1 = 0.5, ρ2 = 0.1, B0 = diag([1, 1, 1, 1]), δ = 0.05, σ0 = 0.8,  
ε1 = 10-6, ε2 = 10-5, ε3 = 10-6, ρz1 = 0.5, ρz2 = 0.2, ε0 = 0.05, = 
0.05, εz0 = 0.05, γ = 0.05, d0 = [1, 1, 1, 1]T, 0zη = [0, 0, 0]T, 0zν  
= [0, 0, 0, 0, 0, 0, 0, 0]T. The control parameters are: α = 
diag([5,  5,  5]) ,  β  = diag([1.5,  1.5,  1.5]) ,  α =diag 
([15000, 17000, 12]), β = diag([12000, 15000, 10]), β1 = 
diag([10, 10, 10]), β2 = diag([150, 150, 150]), 1 = 0.1, 2 = 
0.001, 3 = 0.001, 1 = 0.1, 2 = 0.001, 3 = 0.01, γ1 = 7/3, γ2 = 
5/3. The control cycle of the Beckhoff controller is 1 ms. 

A. Configuration 1  

Configuration 1 of the robot is depicted in Fig. 4(a). The 
coordinates of four anchor points are specified as follows: A1 

(-549.5, 1220), A2 (549.5, 1220), A3 (-549.5, 0), and A4 (549.5, 
0). The coordinates of four anchor points located at the robot 
are: B1 (-100, 100), B2 (100, 100), B3 (-100, -100), and  

 
Fig. 8. Circular trajectories and Euler angles in Configuration 1. 
 

 
Fig. 9. Four cable forces corresponding to four scenarios in Fig. 8. 
 

 
Fig. 10. Rectangular trajectories and Euler angles in Configuration 1. 
 

 
Fig. 11. Four cable forces corresponding to four scenarios in Fig. 10. 
 

B4 (100, -100). The robot’s trajectories include circular (in Fig. 
8) and rectangular (in Fig. 10) shapes. For each type of the 
trajectories, we set up four scenarios (Scenario 1 - Scenario 4).  
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Fig. 12. Circular trajectories and Euler angles in Configuration 2. 
 

 
Fig. 13. Four cable forces corresponding to four scenarios in Fig. 12. 
 

 
Fig. 14. Rectangular trajectories and Euler angles in Configuration 2. 
 

 
Fig. 15. Four cable forces corresponding to four scenarios in Fig. 14. 
 

Scenario 1 employs the designed auxiliary tracking control 
and force redistribution process without external disturbances, 
with control parameters set to umin = 15 and umax = 120.  

TABLE II 
TRACKING ERRORS IN FIG. 8 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

X 
Max.  2.92 mm 65.90 mm 39.52 mm 9.19 mm 

RMSE 1.13 mm 26.30 mm 12.40 mm 4.30 mm 

Z 
Max.  4.61 mm 15.95 mm 12.45 mm 7.97 mm 

RMSE 2.53 mm 7.99 mm 5.38 mm 4.50 mm 

β 
Max.  3.38° 6.61° 4.69° 3.61° 

RMSE 2.27° 3.11° 2.86° 2.33° 
 

TABLE III 
TRACKING ERRORS IN FIG. 10 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

X 
Max.  5.58 mm 46.96 mm 37.75 mm 14.32 mm 

RMSE 2.86 mm 12.03 mm 10.64 mm 5.55 mm 

Z 
Max.  3.86 mm 24.08 mm 9.51 mm 5.30 mm 

RMSE 2.12 mm 6.17 mm 4.84 mm 2.52 mm 

β 
Max.  4.48° 6.84° 6.17° 5.13° 

RMSE 2.92° 4.33° 3.19° 2.76° 
 

TABLE IV 
TRACKING ERRORS IN FIG. 12 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

X 
Max.  2.88 mm 38.82 mm 20.66 mm 4.79 mm 

RMSE 1.21 mm 13.96 mm 7.42 mm 2.06 mm 

Z 
Max.  4.26 mm 12.63 mm 11.36 mm 4.81 mm 

RMSE 2.29 mm 5.48 mm 4.68 mm 2.59 mm 

β 
Max.  1.13° 2.58° 2.14° 1.99° 

RMSE 0.70° 0.95° 0.80° 0.75° 
 

TABLE V 
TRACKING ERRORS IN FIG. 14 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

X 
Max.  4.98 mm 46.05 mm 24.98 mm 11.59 mm 

RMSE 2.93 mm 10.19 mm 8.53 mm 4.64 mm 

Z 
Max.  3.69 mm 11.93 mm 11.49 mm 5.72 mm 

RMSE 1.92 mm 6.19 mm 5.58 mm 2.98 mm 

β 
Max.  2.61° 5.35° 3.95° 2.84° 

RMSE 1.14° 1.52° 1.32° 1.23° 
 

Scenarios 2 to 4 include disturbances, with the parameters 
set as follows: Scenario 2 has umin = 0 and umax = 120, Scenario 
3 has umin = 6 and umax = 120, and Scenario 4 has umin = 15 and 
umax = 120. The purpose of comparing these scenarios is to 
evaluate the effectiveness of the designed controller under 
different conditions and to validate its compliance when 
facing external disturbances. 

Fig. 8 illustrates the tracking effect of position and Euler 
angles under four different scenarios in Configuration 1. Fig. 9 
depicts the cable forces corresponding to the circular 
trajectories in Fig. 8. Table II lists the root mean square error 
(RMSE) and the maximum tracking error in these scenarios. 
Without disturbances, the maximum angular error is 3.38°. 
With external disturbances, as the robot’s compliance 
decreases, the angular error gradually reduces from 6.61° to 
3.61°. In Scenario 1, after force redistribution, the minimum 
cable force is approximately 15 N in the absence of 
disturbances. The maximum position error is 4.61 mm, 
occurring in the Z-axis direction. In Scenarios 2 to 4, external 
disturbances are introduced during the robot’s motion, which 
causes a position error of 65.9 mm along the X-axis. However, 
the tracking controller still maintains stable tracking. Despite 
the significant deviation, once the disturbances subside, the 
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robot can quickly converge back to the predetermined 
trajectory. The controller exhibits high compliance to external 
disturbances, allowing the robot to deviate (65.9 mm) in the 
direction of the disturbances. By intentionally sacrificing 
tracking accuracy, the controller effectively mitigates a sudden 
increase in cable forces. As the robot’s ability to resist external 
disturbances gradually improves, the position error decreases 
from 65.9 mm to 9.19 mm, but the maximum cable force 
increases from 78.2 N to 111.3 N. 

Regarding the rectangular trajectory, Fig. 10 and Fig. 11 
show the trajectory tracking performance and changes in cable 
force under four different scenarios. In the absence of any 
disturbances, the maximum position error remains within 5.58 
mm while all cables maintain positive tension. From Scenario 
2 to Scenario 4, it is observed that the robot’s ability to resist 
disturbances improved, leading to a reduction in maximum 
position error from 46.96 mm to 14.32 mm. However, this 
improvement comes at the cost of reduced compliance, 
resulting in an increase in cable forces from 89.5 N to 107.3 N. 
TABLE III indicates that the maximum angular error and 
RMSE decrease as the robot’s compliance decreases. 
Interestingly, the RMSE under disturbances (Scenario 4) is 
smaller than the RMSE without disturbances (Scenario 1). 
This occurs because, as the robot moves along the Z-axis, 
external disturbances inadvertently adjust the robot’s angle, 
bringing it closer to the target angle. Throughout the process, 
the robot consistently maintains its ability to track the 
predetermined trajectory, even when the position error reaches 
a maximum of 46.96 mm. 

B. Configuration 2 

Configuration 2 of the robot is shown in Fig. 4(d). The 
coordinates of four anchor points are specified as follows: A1 
(-1159.5, 1747), A2 (1159.5, 1747), A3 (-1159.5, 0), and A4 
(1159.5, 0). The robot’s trajectories include circular (Fig. 12) 
and rectangular (Fig. 14) shapes. The four scenarios in 
Configuration 2 are the same as those in Configuration 1. In 
Scenario 1, by comparing Tables II to V, it can be observed 
that Configuration 2 exhibits superior trajectory tracking 
performance (position and angle) compared to Configuration 1. 
This phenomenon occurs because Configuration 1 has a 
smaller workspace, where the trajectory is closer to the 
workspace boundary. In contrast, Configuration 2 has a larger 
workspace, with the trajectory being further from the 
workspace boundary. 

In the circular trajectory depicted in Fig. 12, the maximum 
position error without disturbances is 4.26 mm, and the 
maximum angular error without disturbances is 1.13° (see 
TABLE IV). From Scenario 2 to Scenario 4, the maximum 
position error of the robot under external disturbances 
decreases from 38.82 mm to 4.81 mm, and the maximum 
angular error decreases from 2.58° to 1.99°. However, as a 
trade-off, the maximum cable force increases from 92.62 N to 
106.2 N (see Fig. 13). In the rectangular trajectory shown in 
Fig. 14, the maximum position error without disturbances is 
4.98 mm, and the maximum angular error is 2.61°. As the 
robot’s ability to resist external disturbances gradually 

improves, the position error decreases from 46.05 mm to 
11.59 mm, and the maximum angular error decreases from 
5.35° to 2.84° (see TABLE V). However, the maximum cable 
force increases from 75.3 N to 86.1 N (see Fig. 15). Even 
when the position error reaches a deviation of 46.05 mm, the 
robot still maintains stable trajectory tracking, demonstrating 
the stability of the controller. 

VI. CONCLUSION 

This study developed a portable CDR with a compliant 
tracking controller that integrated auxiliary tracking control 
and cable force redistribution. Experimental results verified 
that the robot could effectively adjust its compliance in 
response to external disturbances. When operating at high 
compliance, the robot sacrifices tracking accuracy to mitigate 
the sudden increase in cable forces caused by disturbances. 
Conversely, the robot is better at resisting disturbances at low 
compliance to maintain accurate trajectory tracking. Moreover, 
experiments validated the controller’s ability to converge and 
maintain stability, even with deviations up to 65.9 mm. Once 
the external disturbances cease, the controller continues to 
accurately track the predetermined trajectory. Additionally, 
the experimental results indicated that the force redistribution 
process efficiently redistributed the cable forces to meet the 
given constraints. The seamless integration of the force 
redistribution process with the auxiliary tracking control 
ensures the stability and compliance of the robot during 
trajectory tracking. Furthermore, the robot relies only on 
simple anchor points from the external environment, and its 
workspace can be quickly reconfigured as needed. Future 
work will explore applications in unstructured environments 
such as facade operations. 
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