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Abstract 
         This paper presents the derived dynamics equations 
in 5 axis H-4 parallel manipulator for real-time controls 
using Inverse Dynamics Control for position control and 
Impedance Control for indirect force control strategy. 
Friction models obtained from the experiment are also 
used to compensate the actual friction of the control 
system. From the experimental results of the real-time 
control, the motion tracking and impedance force control 
performance are satisfaction. Tracking errors can be 
reduced within 0.40 millimeter by using friction 
compensated model. The derived dynamic model is also 
suitable for others advanced control technique. The 
accuracy of the control can be improved by increasing the 
rigidity of the structure. 
 
Keywords:  H-4 Parallel Robot, Resolve acceleration, 
Impedance Control 
 
1. Introduction 
        Robot force control has attracted a wide number of 
researchers in the past two decades. Robots using force 
feedback are expected to operate in unstructured 
environments other than the industrial shop floor. 
        Control of the interaction between manipulator and 
the environment is crucial. Robot end effector has to 
perform some operation on a surface such as polishing, 
deburring , machining, or assembly. During interaction, 
the constraints which have to be set by geometric paths 
can be followed by the end effector. In such a case, the 
use of an only motion control strategy for controlling 
interaction is not enough. In task, due to motion errors, 
the manipulator may try to violate the constraints 
imposed by the environment. This builds to rise a contact 
force and a deviation of the end effector from the desired 
path. A compliant behavior is introduced during 
interaction to overcome this task.  
        Interaction control strategies have two categories: 
indirect force control and direct force control. Indirect 
force control is belong to compliance control and 
impedance control, where position error is related to 
contact force through a impedance with adjustable 
parameters. 
         In most situations, a model of the environment is 

not available. The effective strategy is the motion and 
force control obtained by closing a force control loop 
around  a motion control loop.   
        Many advantages of the parallel mechanism robots 
over serial mechanism, such as structural stiffness, load 
capacity, accurate precision, speed and acceleration 
performance, induce the parallel manipulator to the topics 
of research activities in the academic community for 
several years since the 6-DOF parallel mechanism for 
flight simulator proposed by Gough and Stewart. 
Although the disabilities due to the parallel 
configurations are the small working volume and small 
movement for orientation to reach a workpiece, the 
benefits of these mechanisms have still been taking in 
development continuously in fields of robotic.  
      The minimum requirement to give maximum 
flexibility in between tool and workpiece orientation is 
five degrees of freedom. Besides the advantages 
mentioned above, the motion characteristics are also 
preferable such as the errors in the arms are averaged 
instead of build up as in series structure, the load is 
distributed to all arms, low inertia due to actuators are 
mount on a fixed base. The purposed configuration is for 
a rapid prototype application in the form of a master-
slave application with force control algorithms.  
       Owing to multiple close-chain links make the 
dynamic analysis of parallel manipulators more 
complicated than serial manipulators. To obtain the 
dynamic model by using Newton-Euler formulation, the 
equations of motion of each body need to be written 
which leads to a large number of equations and consumes 
large computation time when used in a real-time control 
system. Unnecessary computation of reaction forces as 
done in the Newton-Euler formulation are eliminated in 
the Lagrangian formulation. Additional coordinates along 
with a set of Lagrangian and some model simplification 
make the Lagrange formulation more efficient than 
Newton-Euler formulation. In this paper we use the 
derived dynamic model of the H-4 parallel robot by using 
the Lagrangian for inverse dynamics control.  
       The intention of this article is to use inverse 
dynamics for motion tracking and impedance force 
control with inner motion tracking loop to evaluate the 
dynamics of a 5-DOF manipulator based on the H-4 
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manipulator with one rotational table by Lagrange 
formulation. 
   
2. Inverse Dynamics Control     
         In this section, the problem of tracking control of an 
operational space trajectory or a Cartesian space 
trajectory is presented. The circular path on a spherical 
surface of a workpiece is the referenced path as shown in 
figure 1. The dynamic model of the manipulator arm can 
be written in the well known format as shown in equation 
(1). It is nonlinear and multivariable system.  
  
              (1) 
 

         The resolved acceleration control is implemented 
base on the derived dynamic model. It is a feedback 
linearization control technique for tracking control 
problem. The controlled torques can be derived of the 
inverse dynamic model as in equation (2). The inverse 
dynamic model can be obtained from the derived 
dynamic model by Lagrange formulation.   
                           (2) 
 
               Substitute torques from in equation (2) into 
equation (1), the linear model used for controller design 
can be described by     

                              (3) 
 

           where n can be consider as resolved acceleration 
in term of joint space whose expression is to be 
determined yet. From analytical Jacobian, velocity 
relationship between end-effector and joint manipulator is 
in the form as     
                                                (4)  

         And the acceleration, , can be derived 
from equation (4). The resolved acceleration can be 
chosen as   
                                   (5) 

    Where                                            (6) 
  a  can be consider as resolved acceleration in term of 
end-effector variables and can be selected as 
               (7) 

 
where  is the desired path trajectory, end-
effector velocity, and end-effector acceleration. So, 
equation (7) can be turned into the homogeneous 
differential equation as 
                 (8) 
 
where . Equation (8) expresses the 
dynamics of position error, , while tracking the given 
trajectory, . The gain P DK K,  can be 
selected by specify the desired feed-rate. 

       The block diagram of the control system is illustrated 
in Figure 2. The trajectory, , can be derived 
from the specified circular path on a spherical surface. 

are the desired angular position and velocity, 
respectively, of the rotating table. So, the referenced input 
can be written as  
and  . The command torques can be derived from 
the inverse dynamic model. And the end-effector position 
and velocity in operational space can be derived from the 
inverse Jacobian . 
The position and velocity gain used in equation (8) is 
chosen 
 

    

          

     

 

               

 
   Whereas the PD gain of the rotating table are 
   
             Pk .= 550 0                 Dk .= 4 0  
 
   The resistant torque models due to coulomb friction are 
also used in the control system as feed forward to 
compensation the actual friction torques in the system. 
The modified friction torques are as following:   
   For motor1: 

1 0.0019743* + 0.15friction qt =                               

2 -0.0022429* + 0.1friction qt =           
     

    For motor2: 
              1 -0.00112815* + 0.15friction qt =           
              2 -0.00338445* + 0.1friction qt =        
   
    For motor3: 
              1 -0.0022563* + 0.15friction qt =               
               

2 0.00112815* + 0.1friction qt =        
         
    For motor4: 
              

1 -0.000112815* + 0.3friction qt =           
              

2 0.00112815* + 0.2friction qt =               
      In this experiment, the tool-tip is desired to maintain 
the direction normal to the plane tangent to the spherical 
surface at the point of contact along the desired path. The 
feed rate is set equal to 27.3273 mm/sec or 1639.638 
mm/min.  
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Figure 1. Circular path on spherical workpiece 

 
 

 
Figure 2. Block scheme of operational space inverse 

dynamics control 
 

          The experimental results are shown in Figure 3 – 
Figure 7. Figure 3 shows the measurement of the tool-tip 
position (Xw,Yw,Zw) in the workpiece coordinate 
compared with the references. Zw is maintained in 
constant level at 116 mm. The actual tool-tip position is 
very close to the reference position. The motion in Xw 
and Yw direction are sinusoildal motion.  The error 
between the measured tool-tip position and reference 
position of each axis is shown in Figure 4. The maximum 
errors occur when the direction of motion is changed. 
These errors can be reduced by adding dither signal 
embedded in the command signal to prevent the motion 
get struck because of the friction. Error in both Xw and 
Yw have similar pattern. The feed speed, 27.3273 
mm/sec, used in this experiment is rather larger than 
typical cutting speed for conventional machine tool. 
Small backlash and structure flexibility also create 
sources of error. Because, in the experiment, the tool-tip 
position is calculated from the kinematic formulation, 
then the numerical truncation error also create another 
source of error.  Figure 5 shows the tool orientation angle 
and angle of the rotating table which can be explained 
similar to the Xw and Yw motion. The maximum error 
occurs in the Xw direction is less than 0.4 mm. And the 
maximum errors at tool-tip orientation and at the rotating 

table are less than 0.12 degree and 0.15 degree, 
respectively. 
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Figure 3. Tool-Tip position in workpiece coordinate 

Xw,Yw,Zw 
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Figure 4. Tool-Tip error position in workpiece coordinate 

Xw,Yw,Zw 
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Figure 5. Tool orientation (θ) and turning table angle(α) 
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Figure 6. Tool orientation error (θ) and turning table 

angle error(α) 
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Figure 7. Tool-Tip velocity on workpiece coordinate 

Xw,Yw,Zw 
 

3. Impedance Control 
         In this section, we focus on the problem of force 
control by impedance force with inner motion loop 
tracking. The experiment is to control the Tool-tip by 
tracking in the ellipse path with spherical surface 
obstruction as shown in figure 8.  The linear impedance 
force control can be illustrated by: 
                                 (9) 
 Where , ,d K KM D P  are positive definite and  

                             
          All deviations in displacement, velocity and 
acceleration can be found by equation (9) as shown 

                        (10)    
       Where 1 1 1 T

d AM J B J- - - -=  and B  is the inertia matrix 
of H-4 manipulator from equation (1). 
             By chosen

KP (stiffness matrix) and 
KD (damping 

matrix), we can solve . The  and
 

can be 
found by integral. Finally, the resolved acceleration can 
be as: 

                                      (11) 
       where   

           and     

 
Figure 8. Ellipse path with spherical surface obstruction  

in Experiment  
         The block diagram of the Impedance control system 
is illustrated in Figure 9. The trajectory, , can 
be derived from the specified ellipse path on a spherical 

surface. are the desired angular position and 
velocity, respectively, of the rotating table. So, the 
referenced input can be written as 

and .  
The deviation due to impedance force is added together 
with trajectory desired in order to get new desired values  
on compliance frame.  

 
Figure 9. Block scheme of the Impedance control with 

Inner motion control 
    
           In this experiment, the tool-tip is desired to keep 
trajectory in ellipse path while as the spherical workpiece 
surface is an obstruction environment. Force sensor is 
attached on the fifth rotating axis as shown in figure 8. 
The stiffness matrix and damping matrix gain used in 
equation (10) is chosen 

 
 

           The gain for motion inner loop and the table is 
also use the same as the inverse dynamics control section. 
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Figure11. Actual path and desired path on

w wX Y plane 
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Figure12. Deviation distances on 

w w wX Y Z due to spherical 
obstruction. 
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Figure13. Contact force on 

w w wX Y Z due to spherical 
obstruction. 
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Figure14. Two Angular movement between desired and 

actual angular movement 
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Figure15. Error in two angular movement.  

 
          The end effector moving along to the reference 
ellipse path has lift up and deviate from the path 
following the constraint spherical obstruction as in figure 
10 and 11. Maximum lift is 7 mm and contact force in 

wZ  
is 140 N. Maximum deviation in 

wX  is 7.5 mm and force 
in 

wX is 50 N. Maximum deviation in 
wY  is 3.5 mm and 

force in 
wY is 30 N as shown in figure 12 and 13.   

           Stiffness of the impedance system on the control 
strategy in along 

w w wX Y Z  are as follows: 

            50 30 140
6 6 8 6 20

7 5 3 5 7
. , . ,

. .
= = =  N/m. 

          From figure 14, the two actual angular movements 
follow along the desired angular movements. Error in 
angular movement is in 0.17 degree for q and 0.21 
degree for a  as shown in figure 15. 

 
4. Conclusion     

In this paper, we presented inverse dynamics 
implemented in the first four axis of the H-4 parallel 
manipulator to perform feedback linearization. The 
circular trajectory on spherical surface is used as the 
reference profile for tracking control. The three axis 
impedance force control with inner motion loop strategy 
is introduced for real-time control to perform with 
spherical obstruction. The tracking performance can be 
improved by increasing the rigidity of the structure and 
reducing the numerical truncation error. The interaction 
performance is suitable for cooperate with master-slave 
operation with force feedback control. 

Next, we will continue the work to cover the master-
slave operation with force control algorithms for a rapid 
prototype manufacturing system.  
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