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and precise autonomous robot control can be fused. 
In order to verify the availability of the proposed 

control approach, some contacting tasks using the 
two-degrees of freedom Cartesian robot are executed 
against a vertical object wall. The experimental 
results indicate that the proposed cooperative control 
approach is effective for the unexpected change in 
working conditions such as a object having an uneven 
or a partially elastic surface. 

Level 2 

2 Structure of Control System 

2.1 Cooperative Mechanism 

kt,'*....j" Fusion of human robot informations 
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T h e  human ope ra to r  i s  r equ i r ed  accuracy 
recognition and judgment for the working situation 
to operate a robot according to the working strategy 
of a human operator. However, the operator is 
difficult to perceive quantitatively the behavior of the 
robot from external sensor and visual sensation. In 
order to complement the above disadvantages, fuzzy 
reasoning and neural network are introduced to the 
cooperative system. Fig.1 shows the mechanism of 
the proposed cooperative control system. The system 
considered in this study consists of four levels, the 
layer from level 2 to level 4 is the intelligence level 
and level 1 is the execution level. The nature of the 
system is to fuse the intellectual faculties of the 

human operator and sensing functions of the robot in 
order  to  compensate the recognition error  and 
judgment error of working situation by the operator 
in the both level 2 and level 3. In the level 4, the 
operator generates the working strategy of the robot 
operation through the master operation and the 
external situations are detected by the some sensors 
fixed to the robot. In the level 3, the control mode is 
selected by fuzzy reasoning based on the strategy 
information from the operator and the external 
information detected from the robot. In the level 2, 
the degree of cooperation between direct human 
control and autonomous robot control is determined 
by neural network based on a model, which expresses 
the desired cooperative form of human and robot. 
This model is called a reference cooperative model. 
By introducing the reference cooperative model, the 
cooperative form of human and robot for executing 
required tasks can be established quantitatively. The 
degree of cooperation is automatically determined by 
the neural network using error back propagation to 
adjust the robot output to the output of the reference 
cooperative model. 

In this system, the cooperative form of human and 
robot is modelled as follows: 

(1) 
where rn is  a desired value of the modified robot 
motion and r d  is a desired value of the initial intention 

r n  = Td + f (ym ,ys ,$) 
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Fig.1 Mechanism of cooperative control system 
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backward tilt. The 

of matrices M a 

The human operator guides the robot by means of 
the joystick in the X direction and Y direction. The cooperative control is  executed and the degree of 

control of direct human 
control carried out for c rk is shown in 

consist of four 
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Fig.2 Configuration of C k diagram of cooperative control system 
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component of the prority matrix in the direction of 
cooperative control in Cartesian coordinate. 

3 Experimental Result and Discussion 

In order to verify the availability of the proposed 
cooperative control, some contacting tasks are carried 
out for uneven and partially elastic surface using a 
two-degrees of freedom Cartesian robot. The control 
gains of the posit ion and force control ler  are  
determined to obtain the proper control performances 
for my = 0 and my = 1, respectively. The desired 
contact force f d y  is fixed to 2 N. Each gain is set as 
follows: kpy = 34 V/mm , kfy = 0.02 V/mm. In the X 
direction, only the position control is executed for 
the desired value x d x  from the human operator. Then 
mx = 0, kpx = 34 V/mm, and kfx = 0. Only sy is adjusted 
by the above-mentioned neura network. 

3.1 Fundamental Tasks 

The first experiment aims at investigating the 
fundamental properties of the proposed cooperating 
process. The force is automatically controlled in the 
Y direction and position control is not executed in 
the X d i r ec t ion .  T h e  ope ra to r  execu te s  the  
cooperative control, in order to examine how the 
contact force is decreasing in the Y direction. Using 
the reference cooperative model indicates as follows: 

f.y = fdy -k k m y  . Vdy (2) 
where fny is a new desired contact force. kmy is a 
coefficient to determin the degree of participation of 
human operator into the force control. The model 
expressed by the eq.(2) aims at to decrease the contact 
force by the joystick operation. Fig.5 shows a 
measured conact forcefy. The operator maintains v d y  

at positive value or zero for t < 5s and continuously 
tilts the joystick to generat v d y =  1 .Omm/s at constant 
speed to backward in order to decrease the contact 

force for t > 5s. Symbol A denotes a switching point 
of control mode to cooperative control from 'force 
control. Consequently, the operator can decrease the 
contact force equivalent to the value of kmy from the 
desired value, because v d y =  1 .Omm/s. This means that 
the degree of cooperation between human and robot 
properly determined by neural network based on the 
reference cooperative model. 

3.2 Contacting Tasks 

The second experiment aims at confirming the 
availability of the proposed cooperating process. The 
contacting tasks are executed for uneven and partially 
elastic surface. The force is automatically controlled 
to realize the desired contact force of 2 N in the Y 
direction. After the end effector make contact with 
the object wall, the goals of the operator are to 
maintain contacting situation against the accidents 
and to perform the moving velocity of 5mm/s by the 
joystick operation in the X direction. The external 
situation detected by the sensor is the only human 
visual sensation in this system. The following two 
cases are considered in the experiment: 
1)  Case 1 : the surface of object wall is uneven. 
2) Case 2 : the object wall has a elastic part in the 

surface. 
Case 1 : The role of the human operator to protect 

the robot from the large reaction force and to improve 
the force control performance. The experimental 
results show in Fig.6, where (a) shows the contact 
force obtained from the autonomous force control 
with my = 1. The autonomous force control can not 
satisfy the force control performance. On the other 
hand, the cooperative control can per€orm suitable 
control performance. By the way, this control system 
is only possible to decrease the contact force by the 
joystick operation. Therefore, the desired contact 
force changes to 2.1 N in order to obtain the contact 
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surface is measured. To utilize the distortion quantity 
is one of the efficent way against this task, because 
it can measure by the rotary-encoders. 

Here consider to introduce recognizing ability of 
the human operator and sensing functions of the robot 
to the reference cooperative model and defined a 
reference cooperative model as follows: 

(3) 
where xoy is a position which the end effector made 
contact with the Po point of the object wall. kxy is a 
coefficient to determin the relation between distortion 
quantity and decreasing force quantity. This model 
combine the recognizing ability with the sensing 
functions to  complement the judging ability of the 
human operator.  Therefore,  i t  can ensure the 
participation motion into the force control to the both 
human and robot. 

In order to confirm the effects of above defined 
model, the operator tilts the joystick to  generat 
vdy=l.Ommls to  backward in order to execute the 
cooperative control. The result illustrates in Fig.8(c). 
The distortion of the object surface in Fig.8(c) is 
smaller than that in Fig.8(b). 

Fig.8(d)  i l lustrates  the effects  of proposed 
cooperative control approach. This experiment used 
the model of eq.(3) and executed by free joystick 
operation. Therefore, the supposing motion of 
distortion is performed to utilize the both recognizing 
ability of the human operator and sensing function of 
the robot. The distortion of the object surface in 
Fig.8(d) is the smallest in Fig.8 so that it can be seem 
the reference cooperative model contr ibute  to  
lightening the durden on the participation motion of 
human operator into the autonomous robot control. 
Simultaneously, the improvement of work efficiency 
and the derating of the human operator have been 
achived. 

f.y = fdy + kmy ’ Vdy + k.y (XOy-xy) 

4 Conclusion 

A new concept of the cooperative control of human 
and robot has been proposed in this paper. The 
cooperative control approach can reflect various 
abilities of the human operator and sensing functions 
of the robot to the cooperating processs. The lowering 
of performance of the control system with the lack of 
knowledge of human operator is  complemented to 

fuse the human and robot. Furthermore, the operator 
can actively select one out of three modes: direct 
control, cooperative control and autonomous control. 
If cooperative control is selected then the degree of 
cooperation between direct  human control and 
autonomous robot control is automatically determined 
by neural network based on the cooperative forme of 
human and robot. More importantly, the proposed 
cooperat ing method provides the flexibity and 
adaptability to the cooperative control system. 

Experiments are  conducted to investigate the 
availability of the proposed cooperative control 
approach with the two-degrees of freedom Cartesian 
robot. Experimental results indicate the availability 
of the cooperative control approach for the contacting 
tasks. 
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