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Abstract: This study presents a methodology for simulating a unified approach that controls interaction force 

between tool and objective by using a synthesis method of robot interacting control law for stabilizing the 

transient process of motion. Root locus is used to analyze stabilization of motion deviation characteristics. 

Based on responses of motion deviation, contact force is derived to satisfy exponential stability and we generate 

control input with respect to motion trajectories and interaction force. Moreover, simulation is applied to 

experimental application of a Cartesian robot driven by two stepper motors, and the noise of feedback signals 

is considered as presence of system inaccuracies, and the unified approach of interaction force control is 

examined precisely.
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Nomenclature

x, xp : real and programmed motion along a x-axis

y, yp : real and programmed motion along a y-axis

1,  : the angles of joint 1 and joint 2  

ηx, ηy: motion deviations along x, y-axis.

μx, μy: interaction force deviations along x, y-axis

τx : motor torque control input for x-axis actuator, Nm

τy : motor torque control input for y-axis actuator, Nm

Fx : x-axis complement force, N

Fy : y-axis contact force, N

φ: slope angle of flat plane.

M: constant matrix of inertia.

Lh: constant matrix of viscous friction.

Lk: constant matrix of stiffness.

me: the equivalent mass of environment inertia.

1. Introduction

The objective of research is to study on the control 

method of constant contact force when robot works on 

arbitrary trajectories along vehicle body surface.

Recently, manipulators are used widely in the surface 

processing tasks as sanding, grinding, deburring, 

polishing industry because of its benefits such as the 

improvement of the quality of surface performance. 

They automatically travel on a target route to make the 

products having the same quality. In order to improve 

the vehicle body surface performance or to prevent 

overloading or damage to the tool during operation, the 

actuation force needs to be controlled with predefined 

values. In general these operations need to be controlled 

simultaneously both of the tool trajectory and interaction 

force.

In force/position control system, a closed-loop 

controller is used to control interaction force and robot 

trajectories along vehicle body surface. The challenge in 

this algorithm is how to change the position, velocity 



Unified Approach for Force/Position Control in the Vehicle Body Sanding Process

26   Journal of Drive and Control 2017. 9

Fig. 1 Vehicle body sanding in the industry (internet).

and acceleration for maintaining the predefined  

interaction force. This approach combines two 

independent subtasks in Cartesian coordinate frame, in 

which one subtask is the robot’s motion control along a 

predetermined trajectories and the other is the control of 

the interaction force of the robot and objectives.

In the previous research, the hybrid position/force 

control approach [1, 2] is based on compliant control 

algorithm and applies two independent control loops for 

a 2 DOF compliant joint manipulator. The two 

orthogonal axis mechanism system is used to implement 

the interaction control approach [3], this approach 

divides the control algorithm into two independent 

subtasks, which are motion control along horizontal axis 

and the control of interaction force between tool and 

work-piece along the y-axis. The motion and interaction 

force of robot are estimated by the quality of the 

pre-set transient processes. To improve the performance 

of force/position control, this paper studies a unified 

approach and its advantages on controlling the contact 

force for scalar robot model. The approach of dynamic 

interaction control defines two control subtasks 

responsible for the stabilization of robot position and 

interaction force. Both control subtasks utilize dynamic 

model of the robot and the environment in order to 

ensure the tracking of both the nominal motion and 

force.

The unified control law stabilizes simultaneously both 

the tool motion and interaction force. This method 

applies the exponential stability for closed-loop system 

and maintains the programmed quality of transient 

processes of motion and interaction force.

This paper is organized as follows, in section 2, we 

described the unified force/position control law for 

Cartesian robot to ensure the interaction force when 

robot works on known trajectories along with 

work-piece surface. This section includes modeling of 

robot dynamics and objective surface dynamics in 

subsection 1, and the transient processes of robot 

motion and interaction force in subsection 2. Section 3 

shows the simulation implementation for such unified 

approach. The final is the conclusion of this research 

and forward direction of experimental application.

2. Unified Force/Position Control for 

Cartesian Robot

In the automotive industry, the modern robots widely 

are used to process the vehicle body components, the 

high quality requirements are standardized with the 

acceptable ratio. For such purpose, the study presents a 

Cartesian robot model for sanding vehicle body, the 

simulation mode is supposed that the robot works on 

the horizontal XY plane, moves the tool over flat 

objective which rotates about horizontal axis with 

variant angle φ.

In general, the control law is synthesized by 

stabilizing the robot motion and interaction force 

simultaneously. The control law possesses exponential 

stability of closed-loop systems and ensures the preset 

quality of transient processes of motion and interaction 

force. This section uses the exponential stability 

theorem [4] for both motion and contact force. For 

adapting such stability, the initial conditions and 

transient processes of motion and interaction force need 

to be set to correspond with control laws. The control 

law, derived from dynamic modeling and stabilizing 

synthesis of transient processes, is applied for the robot 

closed-loop dynamic model, shown as:

 (1)

2.1 Dynamic Modeling

The dynamic model of the robot interacting with its 

work-piece:

 (2)

The model of object dynamics:

 (3)
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Where    
  is angular position vector of the 

robot.

In this content, the operational space approach [5] 

was used, the end-effector equations of motion can be 

written in the Cartesian coordinate frame. The dynamic 

models are transformed to Cartesian coordinate frame:

 (4)

 (5)

Where the Cartesian coordinate z      , 
the position coordinate are induced from angle vector. 

The matrices  and  are constant matrices 

of inertia, viscous friction and stiffness, respectively.

Assuming that all the functions in (2), (3), (4) and 

(5) are continuously differentiable with respect to all 

variables with initial conditions z    z  and , 

z   z  and the programmed motion z  and 

programmed interaction force F  satisfy environment 

dynamic model (5), so the control objective is to 

achieve: z →z  zp  when 

→∞ . These responses of system are specified by the 

transient process synthesis.

2.2 Transient processes of motion and force

The transient processes of motion and contact force 

generally are determined by the equations:

  (6)

         (7)

Where   z  z ,    , the 

P and Q are continuous functions and they are used to 

determine characteristics of the transient processes for 

stabilizing the motion and interaction force.

The P is the function of vectors   and   with   

and  , where   and   are constant coefficient 

matrices, the (6) can be rewritten as:

 (8)

As for two-link revolute robot, the environment 

dynamics are depicted as:

 (9)

 (10)

The deviations of environment dynamics for positive 

velocity:

 (11)

 (12)

We assume that the constant matrices of inertia, 

viscous friction and stiffness matrices are:  

 and , 

respectively.

So the correspondence between motion deviation and 

force deviation can be expressed:

 (13)

To get the transient process of interaction force, the 

approximation is applied for linearized system with 

definitions     ,     ,       

and      . So, the equations (8) and (13) can 

be rewritten as:

 (14)

 (15)

We obtain:

 (16)

Where , 

assume that the matrix α is nonsingular, deriving from 

(14) and (16) we obtain    where 

  
  . So the transient process of contact 

force can be obtained:

 (17)
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Where ,

, 

 So the coefficients of function 

Q are approximated from the coefficients of the 

function P.

When  →  as →∞ , (11) and (12) can 

induce   → .

3. Simulation

3.1 Simulation Setup

As mentioned in previous section, the Cartesian robot 

are described as Fig. 2 and parameter table 1. The 

robot consists of two revolute links on the plane and a 

flexible movement tool is mounted on the tip.

Fig. 2 Model of Cartesian robot in the process.

Table 1 simulation parameters

 Desired contact force 
(F0)  100 [N]

 Horizontal velocity 
(V0)

 80 [mm/s]

 Mass of tool (m)  5 [kg]

Mass of link 1 (m1) 10 [kg]

Mass of link 2 (m2) 7 [kg]

Length of link 1 (l1) 1 [m]

Length of link 2 (l2) 1 [m]

 Vertical distance of 
flat plane (R)  0.3 [m]

 Robot foot in y-axis 
(y0)

 1.4 [m]

The dynamics modeling of the Cartesian robot is 

depicted by the positive matrices of inertia moment, 

nonlinear functions of centrifugal, Coriolis’ and 

gravitational moment and Jacobian matrix. All of these 

coefficients are induced by the angular position vector 

of robot.

The relation between z     and     
  is:

   (18)

The contact force vector is introduced in Cartesian 

space    
 , in which the contact force Fy is a 

sum of the inertial, frictional and gravitational 

components:

 (19)

Where   

   is environment stiffness 

coefficient,  


   and is the support 

equivalent mass.

The horizontal component of contact force is a sum 

of the inertial and frictional forces:

 (20)

The equations (19) and (20) are reformed from 

environment dynamics equation (5). For maintaining the 

constant contact force, the programmed contact force 

along the y-axis is set as constant.

 (N)

And the nominal motion along the x-axis: 

                                         

  

From (15), (16) we can determine the horizontal 

component of contact force Fx and vertical motion yp:

.

And .       

                        

3.2 Procedure Proposal

In order to implement the unified approach for 
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synthesizing the force/position control law, the contact 

force, which acts on the dynamic vehicle body, is 

studied through the characteristics of the transient 

process. This process is induced by the sanding tool 

motion’s transient process as mentioned in section 2.1. 

The problem needs to be solved that is to find out the 

good form of the transient process of motion, that 

satisfies the exponential stability condition, so the 

function P in the equation (6) is investigated by being 

supposed as below:

 (21)

 (22)

In which,    are motion deviation between the 

real motion and programmed motion along x-axis, 

y-axis respectively. For generating the acceptable control 

model of the transient models in (21, 22), the motion 

transient processes are analyzed in the s-space by using 

the Laplace transformation method.

From the equation (21), the Laplace transform of 

motion deviations can be rewritten as equation (23) 

with foreknown initial conditions, the same case for 

y-axis motion in the equation (22).

          (23)

So the system has two poles and one zero, the trivial 

solution of zero is     and solutions of poles 

are    ±



   respectively. The 

problem is considered as a simple second-order system. 

The root locus method is used to analyze the basic 

characteristics of transient response of a closed-loop 

system is closely related to location of poles in the 

s-plane. When the poles in the left of the s-plane the 

system response increases, similarly when the poles on 

the imaginary axis and in the right of s-plane the 

system response is neutral and increases respectively. 

For linear system, the stability is related to the location 

of the roots of the characteristic equation. As the 

equation (23), the damping and undamped natural 

frequency varies the locations the system’s poles are 

changed respectively. 

Through analyzing the characteristics of transient 

process in root locus procedure, the rising time and 

delay time are proportional to damping ratio and 

inversely proportional to natural frequency. And based 

on the requirement of the transient time and damped 

state of system, the damping ratio and natural frequency 

can be tuned to generate the acceptable control model 

of the programmed interaction force with fast responses 

of step servo motors. In this case, the closed-loop root 

locus of such controller with    ,     is 

examined as in Fig. 3. And the transient processes’ 

responses are shown in Fig. 4 with the acceptable 

specifications are expressed on table 2.

Fig. 3 Root Locus

Table 2 Specifications of transient process

Rising time (tr)  365 [milliseconds]

Delay time (td)  200 [milliseconds]

 Steady state error  2.926e-64 [m]

3.3 Results and Discussions

Based on the above root locus analysis, we can do 

tuning the damping ratio and frequency to get the 

acceptable responses for desired interaction control 

design. 

Where          and 

  
     . The responses of motion and 

interaction force are shown as the following figures.
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Fig. 4 The motion transient processes

 Fig. 5 The motion deviation rates.

Fig. 6 The interaction force transient processes.

Fig. 7 The x-axis component of interaction force.

In this proposal, the sanding motion is estimated with 

foreseen trajectory. In which the desired horizontal 

velocity is proposed 80 mm/s along x-axis and the y 

direction desired positon are constant depending on the 

desired interaction force. 

Fig. 8 The interaction force.

When such transient processes are applied, the 

response of interaction force reached the steady state 

adaptively. For adapting above responses, the joints’ 

revolutions are estimated by using robotic invert 

kinematic as shown in Fig. 9, and 10.

Fig. 9 The angle of robot joint 1.

Fig. 10 The angle of manipulator joint 2.
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Fig. 11 The estimation of Cartesian robot.

The estimation of Cartesian robot is shown as Fig. 

11 based on the simulation data. The slope angle φ is 

calculated as -1.1148 rad, about -63.872 degree.

4. Conclusion

This study describes the unified approach, which was 

developed from hybrid force/position control method. 

This approach combines the task of stabilizing both the 

robot motion and interaction force simultaneously in 

Cartesian space. In which, the transient processes of 

contact forces are derived through the proposed transient 

processes of motion and environment dynamics. This 

one-to-one correspondence between the interaction 

response and motion regulation is obtained and this 

approach ensures the exponential stability of system 

through synthesis of motion and force transient 

processes. 

The unsettled environment dynamics equation was 

assumed to be linear in Cartesian space so that the 

obtained results are applicable to nonlinear environment 

dynamics in the range of validity of the linear 

approximation. 
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