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Abstract:  In this paper, we propose a method of controlling a deburring flexible manipulators. All of the 
analysis in the paper are under the curved coordinates. The goal of the automated deburring is to remove 
the burrs at a constant tangential cutting force. Therefore, maintaining a constant contact normal force 
and constant tangential cutting force is required. The dynamics of both the deburring process and the 
flexible manipulator will be investigated in detail, and the latter will be derived using Lagragian method 
with assume-mode approach. To facilitate the controller design, a singular perturbation technique is then 
utilized to separate the system into a slow subsystem and a fast subsystem. For solving the deburring 
problem, a new hybrid force/position controller is proposed for the slow subsystem, it is implemented by 
adaptive control strategy, whereas a dynamic feedback controller is developed for the fast subsystem. It 
is shown that both the position tracking error and the force error will converge to zero as time approach 
infinity. Finally, the computer simulations and expcrimcnts of a two-link flexible manipulator confirm 
the effectiveness of the proposed adaptive controller. 

1.INTRODUCTION 

For a variety of reasons, such as to assemble parts 
properly, prevent injury to workers, the burrs on the 
part's edge must be removed. However, the manual 
deburring process is a costly and time-consumming op- 
eration, for some machined parts, the cost of the de- 
burring process can even be as high as 35 percent of 
the total part's cost, result in applying automated de- 
burring system to replace manual operation to bccomc 
more and more important. Therefore, the system will 
be investigated thoroughly in the paper. 

To reduce structural vibration to ease the controller 
design, a robot manipulator is often made rigid and 
with heavy structure, but several disadvantages may, 
however, arise such as high-power consumption, low 
motion speed and low ratio of the payload capacity to 
the robot weight. Besides, the uncertainties in the ma- 
nipulator system, the positional accuracy of the end- 
effector is generally poor, if both the robot manipula- 
tor and the part are mostly rigid, the impact from the 
manipulator to the part will frequently cause damage 
to each other. Due to these shortcomings of apply- 
ing conventional rigid robot manipulators, the research 
on controlling the flexible manipulators has attracted 
more and more attention nowadays. 

There are more and more advance control schemes 

had been applied for automated deburring, such as 
impedance control, hybrid force control, teaching 
and learning control and adaptive control [5][6][7] 
[10][23][24]. In [a], a precision deburring model has 
been proposed, it has shown that the relationship be- 
tween the material removal rate and the cutting force, 
and point out the tangential cutting force is more sensi- 
tive to the variation of burrs than normal cutting force, 
the control strategy guarantee burr removal while com- 
pensating for robot oscillations and small uncertainties 
in the location of the part relative to the robot and 
maintain constant normal force and tangential force by 
the impedance control. An alternative approach is to 
control the chamfer depth with the minimal depth sur- 
face by minimizing the normal cutting force ,the control 
laws are designed based on models combining a deter- 
ministic plant with a stochastic disturbance which are 
identified from experimental data[6]. Since to construct 
a precise model is very difficult, this fact results in 
that a deburring scheme based on a human-skill model 
was proposed [ 5 ] .  Furthermore, a neural network con- 
troller which is equipped with the ability of refining the 
deburring behavior by learning from the skillful engi- 
neers was also developed [7].  Due to the parameters 
of a robot system may be very difficult to obtain or 
to measure, and the load grasped by the robot manip- 
ulator is usually subject to uncertainty, adaptive con- 
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trol schemes have been adopted for solving this kind 
of uncertainty problem. An adaptive inertia-related 
controller for tracking problems to improve the earlier 
adaptive computed-torque controller 1191. A hybrid 
position/force controller can be used for tracking the 
desired position and force trajectories simultaneously 
[17] [lo]. The basic concept of the controller is that 
the task space can be defined with respect to the con- 
straint coordinate and be further decomposed into a 
position subspace and a force subspace. An alternative 
approach of the above is to achieve position/force con- 
trol after applying some state reduction process [14]. 

In the area of flexible manipulator, there also have 
been many studies about how to develop satisfactory 
controllers for flexible manipulators. The closed-form 
dynamic model of multilink flexible manipulators are 
completely derived by Luca and Siciliano [12] and, a 
singular perturbation approach to devise a control for 
flexible manipulators is proposed by Siciliano and Book 
[15]. So far, many nonlinear control schemes have been 
developed for multilink flexible manipulators in the free 
space [21]. In constraint case, Matsuno et al. [22] have 
proposed a hybrid pasition/force controller based on 
the quasi-static equqtions. Lian et al. [l] proposed 
an adaptive hybrid position/force controller based on 
singular perturbation theory for flexible manipulators 
in Cartesian space. 

In this paper , a deburring process model is presented, 
and a reduced model in curved coordinates is derived 
due to the constraints imposed on the end effector. 
Base on sigular perturbation theory, an adaptive hy- 
brid force/position controller is designed for the slow 
subsystem, and a dynamic feedback controller is de- 
signed for the fast subsystem. In our Advanced Con- 
trol Laboratory (ACL) at National Taiwan University 
(NTU), a 2-link planar flexible manipulator equipped 
with a grinding tool has been built to demonstrate the 
performance of the proposed controller. 

This paper is organized as follows : Section 2 present 
the model of the deburring process and the dynamic 
model in curved coordinates of a constrained flexible 
manipulator. Further by applying the singular pertur- 
bation technique, the original system is decomposed 
into a slow subsystem and a fast subsystem. In Sec- 
tion 3, an adaptive hybrid force/position controller and 
a dynamic feedback controller are developed based on 
the formulation of the two subsystems derived previ- 
ously. In Section 4, the simulation result and the ex- 
perimental result will demonstrate the real controlled 
performance. Finally, some conclusions will be given in 
Section 5. 

2.PROBLEM FORMULATION 

Deburring Model 

The objective of deburring is to remove the burrs on 
the part's edge to get the smoother surface. Hence, the 
specifications of the part's deburring, in general, are 
that the force of tangential direction must keep con- 

Figure 1: The burr cross-section 

Normal 

Figure 2: The 3D geometric model of the cutting sur- 
face 

chamfer depth along the edge should be kept within a 
given set of tolerences. 

According [2], we will introduce the model of the 
deburring process in the following. Fig. 1 shows the 
cross-section of a burr, from which burr height, burr 
thickness, and the chamfer depth are clearly illustrated. 
We assume that the average burr height is much greater 
than the average burr thickness and the chamfer depth 
is usually chosen to be greater than the maximum of 
the possible burr thickness[2]. 

According to the above assumption and Fig.2, a 
three-dimentional geometric model of a cutting surface. 
Let the cutting area be projected into the plane tangen- 
tial to the constraint surface and another plane with a 
normal tangent to the same surface, respectively. The 
normal projected area of the burr relative to the normal 
projection of the contact area can be very insignificant, 
but the tangential projected area of the burr relative to 
the tangential projection of the contact area becomes 
much more substantial. Hence, the variation of the tar- 
gential projected area with the burr size is much greater 
than that of the normal projected area with burr size. 
Because the cutting force is proportional to the contact 
area, it is sure that the tangential force varies much 
more significantly with the burr size, but the normal 
force maintains almost constant magnitude regardless 
of the burr size. Therefore, a consistent chamfer depth 
can be obtained by controlling only the normal force. 

So far as we know about the tangential cutting force 
is that it depends on the burr size. In the following, 
we will derive the tangential cutting force in detail. 
According to [2], when the grinding tool moves along 

stant t o  avoid damaging the part and tool, and the the edge for deburring, the material removal rate M R R  
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can be expressed as: 

M R R  = (A ,  +Ab)  X U t  (1) 

where A,  and Ab denote the cross sectional area of the 
chamfer and of the burr, respectively, and Ut is the 
velocity of the grinding tool along the part's edge. In 
[5], the following model based on a metal cutting theory 
is introduced. 

f t  = bllttl + hl+nl + b3 (2) 

where Tt is the velocity tangential to the part, +, is the 
velocity normal to the part. For this process model, the 
vector of process parameters can be written as bT = 
[blb2b3], where bl = Xf(h)/wR,  b2 = -Xg(h)/wR, 
and b3 = Pth/wR, f (h )  and g(h) are functions of burr 
height h, Pth is the threshold power, w ,  and R are the 
spindle speed of the grinding tool, and the radius of the 
grinding wheel, respectively. 

In [25], it indicated that bl is proprotional to the 
cross-sectional area of a burr along the tool's travel 
direction, b2 is negligibally small, and b3 is almost con- 
stant for the same workpiece material. For the same 
workpiece material, burr size parameter bl is the main 
factor for a human worker to determine tool's feedrate 
for deburring. As a result, we can rewrite the tangen- 
tial cutting force as follows: 

By simplifying the model of the tangential cutting 
force, a disired positional profile command rtc during 
the sample-period T can be made, expressed as follows 

(4) 
where ftd is the desired constant tangential cutting 
force, rt is the cutting tool position, k = 1,2,. . ., UO is 
the default feedrate, set to prevent z from changing too 
fast to damage the part as ( f t  - b3) becomes too small, 
and U ,  > 0 is its offset. When f t  -+ ric(kT)-rtc((k-l)T) T , 
we can get a result that ft closely approximates f t d .  A 
continuous desired position trajectory Ttd(i!)  can then 
be obtained by passing rt,(lcT) through a modified 
first-order hold filter with an initial value rtd(0) = 
rtc(0) as follows : 

Finally, the desired feedrate in the tangential direc- 
tion has been determined. It should be realized that 
one can use position control in the direction tangential 
to the constraint surface and force control in the direc- 
tion normal to the same surface in order to accomplish 
the above-mentioned control task in the deburring pro- 
cess. 

Dynamic Model of a Deburring Flexible 
Manipulator in Curved Coordinates 
After having the basic knowledge discussed in the pre- 
vious section, the dynamic model of the deburring flex- 

820 

ible manipulator in curved coordinates will be derived 
in the next. 

The dynamic model of a flexible manipulator which 
moves along the part's edge for deburring can be ex- 
pressed as 

M(q)q  + C(q, Q)Q + Kq + G(q) = 7 + ATX + 7t ( 6 )  
where rt E RN denotes the tangential cutting force 
in joint-space coordinates, and X E R" is the vector of 
Lagrange multipliers [14] associated with the geometric 
constraints +'(q) = 0 ,  A = q, CP : RN --f R". 
For convenience, we partition the above dynamic model 
into the following form: 

where qr E R", ( n  5 6 )  and qf E Rnf , n+nf  = N, and 
A1 = e, A2 = e. The subscript r and f denote the 
rigid mode part and flexible mode part, respectively. 

In order to transform the equations of motion with 
respect to joint coordinates q into those with respect 
to curved coordinates r ,  we need the relations between 
positions, velocities, and accelerations in curved coor- 
dinates and in joint space. We let the position of the 
end-effector be described as follows: 

r E  R", 
T T T  = [r,,rt I 

Tn [$I (x), . . . > $m(z)IT E E Rm 
rt = [&(z), . . . ,$n-m(z)]T = Q(z) E R"-" 

and 

where r ,  and rt denote the normal part and the tan- 
gential part of the coordinate, respectively. Then, 

T -  T T T  
4 - [qr , q f I  

+ = Jrq,Qr + JrqJ4f 

i: = JrgTGr + J r q f i f  + Jrg,4r + J r q f 4 f  

(8) 

(9) 

and 

ar where JrqT = - aqT , JrqJ = e, and f t  E R"-" is the 
tangential cutting force in curved coordinates. Assume 
that the flexible manipulator is non-redundant with re- 
spect to the rigid part so that Jrq- is insured to be in- 
vertible. As a result, we can obtain the dynamic equa- 
tions in the curved coordinates as follows: 

i: = Nl(qr,qf,(ir?if)+ + N 2 ( q r , q f r Q r > 4 f ) Q f  
+N3(qr,qf) + Nq(qriqf)Kqf + N5(qr,qf)~ 
+N6 (qr , qf ) (11) 

And the flexible part can be expressed in a more com- 
pact form as follows: 

iif = Bl(qr,qf,4r,4f)+ + B2(qr,qf,4r,4f)4f 
+B3(qr,qf) + B4(qrrqf)Kqf + B5(4r,qf)7 
+B6(4r,qf) (12) 



For solving the vibration problem, we will apply the 
singular perturbation theory here and decompose the 
flexible manipulator system into a slow subsystem and 
a fast subsystem. To that aim, we make the some def- 
initions as follows: 

U =  Kqf and K = K E ~ ,  

y1 = r and y2 =i ,  

where e2 is a common factor extracted from each entry 
of the matrix K ,  assumed to be small enough. Hence, 
acccording to (11) and (12), the state space form of 
a singularly perturbed model can thus be derived as 
follows: 

Yl = Y2 
y 2  = Nly2 + d2K-'%2 f N3 + N4%1 

t N 5 ~  + (13) 
E i l  = z2 

6& = k(Bly2 f &2k-'z2 + B3 + B4Z1 

fB57 + B6) (14) 

which amounts to the singular perturbation model of 
the flexible manipulator system. It is obvious that if 
the stiffness matrix K is very large or, equivalently, 
E is very small, the flexible manipulator system can 
be treated like a rigid manipulator system. For the 
extreme case where E 4 0, we can obtain the following 
relation via (14) : 

2'). = 0 
zl = + B~ + B,T + ~ ~ 1 ,  (15) 

By substituting it into (13) with E = 0, we can obtain 
the following set of equations: 

g1 = g2 

5, = N1y2 + N3 + N4[-Bql(B1y2 + B 3  + B57 + B6)] 

= [Jr  - JrMr;1Cvr]J;1g2 - JrUr;lG1 + JrMr;+ 
+JrM;l(ATX + J T L )  (16) 

+N57 + N6 

where all the variables and functions with overbar are 
used to denote those in (13), (14) in the situation when 
E = 0. This system will then be referred to as the slow 
subsystem. 

Then, we rewrite the state-space equation (16) into a 
set of differential equations, by premuliplying the equa- 
tions by Jr<TA&rJ&,t. Then the resulting equations 
become: 

J-TM 7-1~  + [J-TC J-1  - J-Ti$ J-1 jTqFJv;:]+ 

(17) 
v, rT vr Tq* rr rq.. 7qr rT rq, 

+ JGYG1 = JG.7 + Jr<TATA + ft 
where f = JFT7. For convenience of analysis, we can 
further rewrite the above equations into the following 
form: 

a11 ?12 ] [ ] + [ Cll C 1 2  ] [ 2 ] + [ Gll ] [ M 2 l  M22 c21 c 2 2  G2:1 

= [  $ ; ] + [ I ; ] x + [  ;] 
where 

and 

K =  [ I ; ]  

Since we assume that the end-effector traverses along 
the constrained curved surface, it should be intuitive 
to say that f m  = TLn = F n  = 0. Thus, from (19) the 
following equations can be obtained. 

M& + Cl,+, + GI1 = fmn + x, 
U22Ft  + C 2 z + t  + GI21 = Jmt + ft. 

(20) 

(21) 

To derive the fast subsystem, we first define the fast 
and then redefine the fast variables time-scale as p = 

as 

771 = %1 - E l  

772 = %2 - E2 

As E -i 0, we can obtain !$ = = 0, which implies 
that y1 and y2 are constants witi  respect to the fast 
time-scale p ,  i.e., within the boundary layer, y1 and y2 

are stationary. Therefore, the fast subsystem can be 
easily derived as 

Similarly, we can also refer the equations (20) and 
(21) as force part and motion part, respectively. Ac- 
cording to these two subsystems, slow subsystem and 
fast subsystem, an adaptive composite controller will 
be proposed in the next chapter. 

3. CONTROLLER DESIGN 

Slow Subsystem Controller 
There are some useful properties of the slow subsystem 
to design the slow subsystem controller. 

Proposition 3.1 : 
A 2 2 2  in (21) is symmetric and positive definite. 

(19) 

a ( F ) F  + C(F, 6)+ + G ( F )  = f + KX + ft (18) Proposition 3.2 : 
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By a proper choice of C(q,q) to define 6 2 2  in (21), 
the matrix - 2 C 2 2  is skew-symmetric. 

Proposition 3.3 : 

0, and & such that 
There exist some constant system parameter vectors 

M 1 2 U  + C l 2 U  - GI, = tip, 
M 2 2 u  + C2,u - G z ,  = 2 0 3 7 2  

(23) 
(24) 

where U is a smooth variable with proper definition and 
w l  and 202 are known function matrices. 

In the following, the design procedure for controller 
We define an for slow subsystem will be described. 

error signal as 

Then, we define an auxiliary signal S as 
( 2 5 )  $t = $t - r t d  

S = St + K,Pt, (26) 

where K, is some positive constant, rtd is the desired 
positional trajectory in tangential direction. According 
to Proposition 3.1, 3.2 and 3.3, the error dynamics of 
equation (21) can be derived as follows : 

and parameter adaptation law as: 

e, = r;k23 (29) 

Theorem 3.1: Consider the slow subsystem (20)- 
(21) with the control law (28) and the adaptation law 
(29). Then,  the tracking errors in position will con- 
verge to  zero. 
Proof: Let the Lyapunov function candidate v11 as: 

v 11 - -I-,- --s M ~ ~ s +  - 6 2  l = T  r2e2 = (30) 2 2 

and then take its time derivative along the trajectories 
of (27) to obtain 

L T  - gvl1 = S T A T ~ ~ ~ L  + i s ~ i ~ ~ ~ S  + S, r2g2 dt 2 

Therefore, we can guarantee that 82 E L,, 3 E 13, n 
Lm and hence E L,. By applying Barbalat's lemma, 
we can obtain that S + 0 when t + CO, and so will 

to ap- 
proach the desired contact normal force, called Ad, we 
derive the error dynamics as follows : 

? t , F t .  

Furthermore, for designing fmn to force 

M 1 2 i  + ClZS = M& + C,& + GI1 

+ M 1 2 ( - 7 t d  + KT(?t - ? t d ) )  

+ClZ(-?td + Kr(Ft - T t d ) )  - Gii 
= Jmn + x + .:e, (32) 

fmn  = - A d  (33) 

Let control law fmn be designed as: 

Thus, the error dynamics become: 

+ C12S = '@:e1 - ( A d  - A) 

(34) - tijTQ - 1 l - e f  
where ef = Ad - 3. Since s' -+ 0 as t + CO, for sufficent 
large t (> N ,  a large positive interger), we can get 

(35) 
@ T i  , , - q = : o  

e, = rT1tij1Ef (36) 

Furthermore, adaptive law 8, is designed as: 

Theorem 3.2: Consider the slow subsystem (20)(21) 
wzth the control law (28)(33) and the adaptation law 
(29)(36). Then,  the force errors will converge t o  zero 
as t+CO.  
Proof: Consider the Lyapunov function VIZ = ;el 01 
and take its time derivative as: 

-T = 

=T r_ 

=T 

f -  
12 - 6, 61 

= e, (-J?;lpii&) 

= 6, (-r; wlwl )e, 
- < O  (37) 

=T 1 -  -T = 

Therefore, if tijl - satisfies the persistent excita- 
tion(P.E.) condition, e, will approach zero as t + CO. 

Hence, the force error E f  will also converge to zero as 
t + m .  

Remarkl: To assure that tijl is a persistently excit- 
ing vector, we modify the original desired trajectory 
f t d  by adding a small persistently exciting term, i.e., 
T id  = T t d  + aWpe, where rid is the new desired tra- 
jectory and tijPe is a small persistently exciting term. 
Thus, wl E P.E., then el -+ 0 as t -+ CO, resulting in 
Ef + 0 as t + CO. 

Remark2: In practice, implementation of the adapta- 
tion law (29)(36) will usually incorporate the so-called 
g-modification term, i.e., 

where ez = - e,, y1 is positive constant. 8, = r;l(wlef - 
822 



in order to robustify the system relative to some non- 
ideal terms. 
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Fast Subsystem Controller 
The fast subsystem (22) is rewritten in a very compact 
form as follows : 

where 

Tf Z T - 7 .  

Our control objective here is clearly to supress the 
vibrations of the flexible links, i.e., to force q -+ 0 and, 
hence, a robust regulator will serve our need. Within 
the boundary layer, the system matrices A and B can 
be replaced by A0 + A& and Bo + A&, respectively, 
where A. and BO are nominal matrices with known ele- 
ments and there are availabe known bounds on llAAoll 
and IlA&II. 

Here, after a careful study, a proper design of the 
aforementioned regulator is apparently a dynamic feed- 
back controller expressed as follows : 

3 = Fv + GTf , 
dP 

(39) 

where the matrices F and G will be determined later. 
By adopting such control, the closed-loop fast subsys- 
tem becomes 

[ '2 "2 1 .  The following theorem summarizes 

a condition under which the above design of the fast 
subsystem controller may provide the desirable result. 
Theorem 3.3: If F and G are chosen such that A is 
Hurwitz and there exist PI Q > 0 satisfying 

ATP + P A  = -& (41) 

and X,i,(Q) > 2allPll, where IlBll 5 cy,  then it is guar- 
anteed that 1 1 < 1 1  + 0 exponentialZy. 
Proof: The proof is omitted here due to limited space. 
One can see [28] for details. 

0 

The control results of such system are detailedly sum-- 
marized in the following theorem. 
Theorem 3.4: Consider the system (11) and (12) with 
the composite control law (28), (33), (39) and the adap- 
tation law (29), (36). Then, both tracking errors i n  PO- 
sition and contact force and link vibration will converge 
to zero as t -+ 03 . 
Proof: The proof is omitted here due to limited space. 
One can see [28] for details. 

Remark3: If the adaptation law has incorporated the 
a-modification as stated in Remark2 ( 8 2  = I?,' ( 2 ~ 2 s  -- 

a02),01 = I ' i 1 ( w l e f  - a&) ), then the error conver- 
gence will have to be modified so that they only con- 
verge to a residual set whose size depends on the a- 
modification parameter. 

c1 

A A  

4.SIMULATION AND EXPERIMENTAL 
RESULTS 

A 2-link planar flexible manipulator deburring sys- 
tem has been set up and experimented in Department 
of Electrical Engineering at National Taiwan Univer- 
sity (NTU). The 2-link flexible manipulator is drived 
by two revolute joints which are perpendicular to the 
motional plane. The first link is driven by a D.C. mo- 
tor with ratio 128:1, and the second link is driven by a 
D.C. Brushless motor with gear ratio 1 O O : l .  The grind- 
ing tool is equipped at the tip of the second link. In 
the experiment, the flexible modes are measured using 
strain gauges. A PC 486-33 is used as the processor to 
implement the computation of the control law and the 
adaptation law, in which the sampling rate is set to be 
300 Hz. The workpiece chosen for deburring is a rec- 
tagulat steer slip, which is held paralel to the z2-axis 
direction int the task space. 

A computer simulation results of a case of a 2-link 
plannar flexible maipulator deburring system will be 
shown to verify the performance of the previous design 
of the composite controller. The constraint surface of 
the workpiece can be mathematically represented as 
the following equations: 

where r ,  = x1 - L and rt = x2, ~ 1 ~ x 2  are the coordi- 
nates of Cartesian space, and in this case, L is chosen 
as 0.85m. 

Assume that the gravitational force and the torsion 
effect of link can be neglected. Here, we use 2 modes to 
describe each link's deformation. The desired contact 
normal force and desired chamfering force are chosen 
as Ad = 2.0 nt and ftd = 0.5 nt. Fig. 3 (a) (b) show the 
normal cutting force and tangential postional tracking 
trajectories , respectively, (c) shows the tangential cut- 
ting force, (d) and (e) show the input torque, and (f) 
shows the joint angles. From these figures of the simu- 
lation results we know that the tracking errors converge 
and all svstem states and control inDuts are bounded 

Composite Controller: 

Here, the proposed composite controller is the combi- 
nation of the slow subsystem controller ? and the fast 
subsystem controller r f ,  i.e., 
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Figure 3: Simulation result 

simutaneously. Therefore, the effectiveness of the com- 
posite controller is verified. 

In the experiment case, the constraint surface of 
the workpiece can be mathematically represented as 
z1 = 0.96. The desired contact normal force and de- 
sired chamfering force are chosen as & = 1.0 nt and 
ftd = 0.2 nt. Fig. 4 (a) (b) show the normal cutting 
force and tangential postional tracking trajectories , 
respectively, (c) shows the tangential cutting force, (d) 
and ( e )  show the input torque, and (f)  shows the joint 
angles. From these figures of the experimental results, 
the preformance of the composite controller is verified. 

Note: In order to robustify the system relative to  
some nonideal terms, the adaptation law in simulation 
and experiment has incorporated the a-modification as 
stated in Remark2. 

6.CONCLUSION 

In this paper, we derived a new dynamic model of a 
deburring flexible manipulator under the curved coor- 
dinates. A new controller was proposed for maintain- 
ing a constant contact normal force and maintaining 
a desired constant tangential cutting force. To sat- 
isfy this two requirements, we adopted adaptive hybrid 
force/position control strategy for flexible deburring 
manipulator. The dynamic model of a n-link deburring 
flexible m a n i d a t o r  was derived using the Lagrangian 
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Figure 4: Experimental result 

method with the assumed-mode approach. The singu- 
lar perturbation method was utilized to  formulate the 
model into a two time-scale system. Hence, we can 
design the controller for slow subsystem and fast sub- 
system, respectively. For our deburring requirements, 
we use the adaptive hybrid force/position controller to  
control the slow subsystem, and the fast subsystem is 
controlled by a dynamic feedback controller. Accord- 
ing to  our controller design, tracking errors of position 
and force as well as the link vibrations can be shown to 
converge to  zero as time approach infinity. For demon- 
strating the effectiveness of the controller, some com- 
puter simulations and experiments were performed. 
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