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Abstract
The major problems of hybrid force/position control arise from uncertainty of the robot

manipulator and unknown parameters of the task environment. This paper proposes a self-
tuning fuzzy hybrid force/ position control scheme, which can force the end-effector lo
tracking a desired force and position trajectories in the Cartesian space. The output of the self-
tuning algorithm adjusted on-line by the Scaling Factor (SF). The selection of SF value
depends on the values of error (¢ ) and change of error (¢é ). The present work is applied to the
control of a two degrees-of-freedom (DOF) planar robot manipulator. The simulation resulls
were carried out by using matlab5.3 program.

1- Intreduction .

In many industrial and manufaciuring applications, a rohot manipulator is required 1o
make contact with the environment, typical exampies of these tasks are assembly of
mechanical parts, deburring, painting, grinding, scribing, following contour, and assembly
related tasks [1][2]). In these applications, contact forces between the robot manipulator end-
effector and the environment are generated; therefore, simultaneous control of the end-
effector position and the interaction force is required to successfully execule these tasks [3].
During the past years, Lhe force control schemes are often referred to as compliant control or
hybrid force/position control in literature [4][5][6][7].

Generally, the compliant control is trying 1o simulianeously solve the force control
problem and the positions control problem in the task frame, and provide reconciliation
between the respective solutions of these problems. Contrarily, the hybrid force/position
control i3 to carefully formulate the task frame so that the associated task space can be easily
decomposed into force control subspace and position control subspace, and then achieves the
desired respective objectives. The control strategy is primarily based on the fact that the total
degrees of freedom (denoted by #) for the force/position problem can be partitioned into m
position objectives and & force control objectives (i.e., n =m + k) [4]. This decoupling is
accomplished by employing the reduced order transformation of [3][4] to develop 7 dynamic
equations, which are used to develop the position and force controller separately.

When the robot manipulators are in contact with their surrounding environment the
uncertainties of the parameters arise and the control system must be able to deal with these
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variations in the parameters. In the presence of such uncertainties, linear feedback controllers
(for example, PD or PID) camnot provide consistent performance. Therefore, in order to
control the robot manipulator, it is necessary a control algorithm having simple computation
and robustness to uncertainties. Fuzzy logic controllers (FLC’s) have been reported to be
successfully used for a number of complex and nonlinear process {8]{9](10][11]. The self-
tuning algorithm can tune their output automatically depending on the scale factor (SF) term,
whicl can be selected on-line depend on the values of the error ¢ and the change of error
€ [12]. The overall control scheme drives the tracking errors to a neighborhood of zero.

2- The Dynamic Model of the Robot Manipulator

s
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Fig. . A block diagram shows the robol manipulator conirel scheme.

Consider an n degree-of-freedom robot manipulator its dynamic model in joint space
defined as
r=M(gNj+V (g.99+Uq)+ @)+, (H
Where
4.4,4 € M": are the position, velocity, and acceleration in the joint space.

M(g) e R™": is the inertia matrix.
¥,(g.4): is the vector representing the centrifugal and coriolis forces satisfying M — 2V_is a

skew-symmetric matrix,
G(q): is the vector of gravilational forces,
F(q) : is the vector of friction forces, and

r,: is an mx1 vector in joint space coordinates which denotes the force exerted onthe
environment.

The robot manipulator equation is usually given by

r=M(@)§+V. 3.9+ AP+ F@+JI (@S 2
Where f e R* isthe output forces and torque in task space. f can be defined as
f=K,(x~x,) (3
Where
K. : is an nxn diagonal, positive semi-definite, constant matrix used to dencte the

environmental stiffness, and
X, € R" . is the static location of the environment at rest, and

X € M" :is the end-efTector position and orientation in Lhe task space.

If x delined by
x = hiq) (4)
Where Afy) is the task space coordinates in terms of the joint space coordinates that can be
found from the manipulator kinematics and the appropriate relationships between the joint
and the task spaces. And # is the number of links of the robot manipulator.

The derivative of x with respect to time is delined as.
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¥ =.J(9)q, )
Where Jfy) is an 6xn task space Jacobian mairix relating joint space velocity and task space
velocity [13].

-Hq)=§ﬂﬁl (6)
&
By difTerentiate (5) with respect Lo time we‘oblain that
¥=J{q)§ +J(9)q, (N
Rewrite (7) to be on the form )
§=J()" (F-J(9)9). £

Where J(¢)"is the pseudo inverse of the Jacobian matrix. When 7=6, it is a square matrix
and J(§)" = J(q)".
Substituting (8) inta (2) yields

r=M(g)(g)" (F- J(@)§)+V, (9.9 +C(@)+ F(§)+ I (@S  (9)
The corresponding feedback linearization control for the dynamics given by (9) is given by

r=M(@)(g) (@a-J(@q)+V.(g.9)i +G@+ F@+ I (@)f.  (10)
Where a4 is an nxl vector used io represent the linear position and force control strategies.
From (9) and (10) we have

¥=a (11)

Let xr represent the mxl vector of oulput positions and orientation in the tangent direction
(“T"y and xy represent the (n-mjxi vector of output positions and ortentation in the normal

direction (“N), i.e., x =[x, .x;].

.
L

Fig. 2. Two link planar manipulator

Let ar and ay represent the acceleration input vector correspondingly, i.e., a =[ay,a; ]; then

¥r=a,, ¥, =a, (12)
Therefore, the motion of the manipulator can be controlled independently for each direction.
Obviously, the control in the tangent directions will not have an effect on dynamics in the
normal directions and vice versa. Fig. 2 shows the geometric of the robot and its environment.
For the purpose of feedback control, deline the tracking error to be

e=x,—x, é=k,—x (13)
Where x4 represent the desired input trajectory in the task space. So, the corresponding linear
controller is then given as

a=ik,+Ké+K e 120 (14)

Where X, and K, are positive control gains.
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In the free motion period only the position control is used in the tangent and normal directions
and the controller in the tangent direction will be
a, =¥, +K é +K e, t<i, (15}
Where K7 and K7, are positive conlrol gains and 1, represents the time of the detection of the
compact and ¢ = x,, — x;
In the normal direction, the position control is used before Lhe detection of the impact: that is,
a, =¥, +K,é,+K,e. t<t, (16)
Where e, = x,, —x,.
On the detection of the impact, Ihe controller will switch froin position controf to force
control in the norinal directions. Therefore, 7 <1, is the time period of {fee motion mode and
tz 1, is period that the desired force trajectory needs to be tracked in the normal directions.

Assume that the environment can be modeled as a spring. Specifically, the normal force
/v exerted on the environment is given by
Su =k (xy-1,) (17)
where k. is the environmental stiffness, and x. is used to represent the static location of the
environment iu the of the normal space xy. To formulate the force dynamics taking the second
derivative of (17) with respect to time gives the expression

. 1 -
Xy = ;:fy ‘ (18)
where the normal lask space acceleration is wrillen in terms of the second derivative of the
normal force. Substituting (14) into (12) yields the force dynamics
iy
— fy=ay. {19)

L)

For the purpose of feedback control, define the force tracking error to be

ey = JSya = Sus (20)
where fya represents the component of the desired force exerted normal to the environment.
The corresponding linear controller is then given by

I
a, =;‘—-(fw+K~'éN+K~,e~) 2, (21)
with Ky, and Ky, are positive control gains.

3- The Proposed Self-Tuning Fuzzy Controller
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Fig. 3. Robot control with fuzzy system.

Let the controller given in (10) to be _
r = M{g)(@) (ast —J (W) + V(9.9 + G(9) + F(@) +/ (@) (22)
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where asf is au nx | vector used to represent the linear position and force control strategies

where
ast = [“" ] (23)

Trz
where axy 1s the mx1 veclor represent the linear space controiler in the normal direction. And
urz 18 the {#-m)xl component that represent the linear space controller in the tangent space
direction.
Let

-
yz = —K—U‘" + iy, ) tty, =G, au,. (24)

Where uyz is the [uzzy component that represent the PD lerm in az. This term will be
computed by using the self-tuning fuzzy control system.
And

ag =(§ g +17) ny =G, aun,. (25)
Where wyz is the fuzzy component that represent the PD term in arz. This term also will be
selected by using the self-tuning fuzzy conlrol system.
The gain (output SF o) of the fuzzy controllers are adjusted on-line according to the current
states of the controlled processes, thereby making them self-tuning FLC’s. The objective here
is to adapt the output SF for given input to achieve better control performance.
The block diagram of the proposed self~tuning FLC is shown in Fig. 4.
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Fig. 4. a)Block diagrem of the proposed scif-tuning FLC b) Structure of the FLC,
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Tab. i. Fuzzy rules (or computation ol u,. lab. 2. Fuzzy rules for computation of & .
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Fig 5. Membcrship functions of a) €,€ , anduand b) gain updating Exctor o
4. The simulation result
The control algorithm was implemented on a two-link planar robot manipulator. The
model is showing in appendix A. The results of the conventional PD hybrid force/position
control are carried out with proportional constant of k, = diag {100,100} and derivative
constant of k, = diag {20,20}. The environment is modeling as a spring with environment

stiffness £=1000 N/m.
In all cases the trajectory of the position is a 5™ order polynomial represented as follows

v =a,+as+a, +a,’ +a,1' +a,n, =12 (26)
Where y;f1) is the position of the robot manipulator in the Cartesian space with
ag= ¥,(0) ai = 3,(0) az=0 a,, = (10*(y,(/)— »,(0))/ ;) ~ (6% j{0)/17)

a, = (15 (3 () =y (ON/13) + (B8 {0)/13) @y = (6*(3,())~ y,(O)/1}) =(3* 3(0)/1})

where

¥ (0) : is the initial position

¥r (@) : 1s the fina) position

¥.(0) : is tneinitial velocity, and the final velocity is considered to be zero.

If we use an exponential trajectory for the force the results shows in Fig (6) and Fig (7). Fig
(6) and shows the results represented by the conventional PD hybrid force/position control
and Fig. (7) shows the responses of the proposed self-tuning FLC with the FL.C parameters
are given as G,,=100, G, =5, G, =10, G, =0.05, G,, =200, and G, =500.
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Fig. 6 The conventional PD controller response Fig. 7 The s:ir—tmﬁqg fuzzy controller response
a) the tracking position crror (continuecd) a) the tracking position error (continued)
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If we use step trajectory for the force the results shows in Fig (8) and Fig (9). Fig (8) and
shows the results represented by the conventional PD hybrid force/position control and Fig.
(%) shows the responses of the proposed self-tuning FLC with the FLC parameters are given
as G, =100, G, =5, G, =10, G, =0.05, G,, =200, and G, =500,
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Fig. 8 The conventional PD controller response
a) the tracking posilion error b) the desired and
actual tanpent position trajectory c) The tracking
force error (continued)

Fig 9 The self-luning fizzzy controller response
a) the tracking position error b) the desired and
actual tangent position trajeciory c) The tracking
force emror (continued)
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Fig B The comvemional PD controfler response Fig. 9 The sclf-tuning furzy controller response
d) the desired and actual force trajectory d) the desired and actual force trajectory

5. Conclusion

In this paper we have proposed a self-tuning fuzzy logic controller for robot manipulator
under constrained motion. The simuiation is carried out on a simple two-link plaonner robot
manipulator. It is shown that the gain output SF () of the proposed fuzzy controller is
adjusted on-line according to the current states of the controfled process, thereby making them
seif-tuning fuzzy logic controller. When the simulation is carried out using the conventional
PD comtroller, the position and force trajectories is tracking with error and the values of the
error is so high. But when the proposed self-tuning fuzzy logic controlier is applied, the
system pives good performance and the values of the output errors are reduced.

Appendix A

The robot modeling

mI=10 m2=5 Li=i L2=1
Ie1=0.5 1c2=0.5 11=10/12 12=5/12

The inertia matrix

M, =mlh+2m 01 C+m (IF +15)+1, + 1,

My =mll,Coemil +1,

M, =M, My =ml}, +1,
The coriolis/centripetal matrix

Vo =m0 1,8,q,

Ve =—md 15,04, +4;)

Voa =mdi.5.4, Vop =0

The gravity matrix

Gy =glml, +mi)C, +gm,l,C,
G, =gm,l,C,

F 3

.
{=

Fig- A-1. Two-link planar robot manipulator.
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