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Abstract

Adaptive control of robotic surface finishing processes
such as deburring, grinding, chamfering and polishing is
considered in this paper. In the authors prior work, a dy-
namic model that describes the behavior of the robot for a
complete surface finishing task was developed. We also de-
veloped a control scheme that enables stable transition of
the robot from free motion to constrained motion on the
surface. In this paper, emphasis is given to the constrained
motion on the surface that includes motion control along
the surface and force control normal to the surface. The
focus of the paper is on two aspects. First, adaptation of
the grinding coefficient that relates the normal and the tan-
gential force on the surface is studied. Second, two types
of constraint surfaces, straight and curved, are considered
in the study. Experiments were conducted for a complete
robot task for both types of surfaces. Experimental results
show good tracking performance for both the surfaces with
the proposed adaptive control design. Further, convergence
of the grinding coefficient to a constant for both surfaces is
observed.

1 Introduction

Conventional machine tools, such as CNC operated, are
used in general to remove large amount of material to shape
a part to its desired geometry. Finishing of the machined
part is required to remove material in small amounts to bring
the part to the required tolerance. In addition to small mate-
rial removal, localized burr formations have to be removed.
Examples of these surface finishing operations are grind-
ing, deburring, and chamfering. These operations constitute
a significant portion of effort and money in the manufac-
turing industry. Automation of such processes is still in its
rudimentary stages.

It is known that material finishing operations such as de-
burring, grinding, chamfering and other edge finishing op-
erations can be responsible for 10 to 30 percent of all manu-
facturing costs [1, 2]. Automation of surface finishing oper-
ations is an active area of investigation in the manufacturing
industry and also in several national laboratories, including
the National Institute of Standards and Technology and San-
dia National Laboratories. Several important research prob-
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lem areas have been pointed out in [1]. Accurate position
and force control of the robot in the presence of uncertain-
ties and stable transition between free motion and contact
motion were reported to be some of the major factors that

-need to be addressed to create an advanced deburring sys-

tem. In {4] experimental results for robotic deburring of
two-dimensional parts using an impedance control method
have been shown. Deburring using force control and active
end-effector system has been presented in [19].

Considerable research in the theory of constrained me-
chanical systems has been reported in the last decade, see
[3] and its references. Some of the early work on simul-
taneous position and force control of robot manipulators
was done in [5, 6]. The motivation for some of this early
work was to make progress towards automation of manu-
ally performed manufacturing operations. Precise position-
ing of the robot relative to the workpiece is required for ef-
ficiently performing these operations. Force feedback is of-
ten used to compensate for positioning inaccuracies. Con-
trol algorithms that emerged in this area during the 80’s
and 90’s can be broadly classified into three categories: hy-
brid position/force control [7]; impedance control[8]; and
constrained mechanical systems modeled as differential-
algebraic-equations [3, 11].

The authors prior work focused on development of a dy-
namic model and a stable transition controller design for
constrained robots [9]. In this work, we focus on the con-
strained motion phase. At steady feed-rate (velocity tan-
gential to the surface) the normal force magnitude and tan-
gential force magnitude are related by coefficient of grind-
ing friction {17]. It is crucial to have a good estimate of
this coefficient to obtain a better surface finish. In this pa-
per we propose an adaptive control] algorithm for the con-
strained motion phase which involves on-line estimation of
the grinding coefficient. Extensive experiments were con-
ducted with the proposed adaptive control design. Most
prior experimental work in literature has focused on the
straight constraint surface. In this paper, experiments were
conducted for both straight and curved surfaces. In the case
of curved surfaces, the normal direction of the constraint
surface is varying as the robot end-effector moves on the
surface as opposed to the straight surface. This creates
added problems of keeping the robot end-effector on the
curved surface. The proposed adaptive controller achieves
good tracking along the surface and force regulation normal
to the surface. Most prior experimental work in literature



has assumed that the robot is in contact with the surface. In
this paper, all the experiments are for a complete robot task,
that is the robot is in free motion before making contact with
the surface. :

The rest of the paper is organized as follows. In Section
2, we describe the dynamic model of the robot for surface
finishing operations. Control algorithms for each phase of
the complete task are given in Section 3. Section 4 gives
a description of the experimental platform. Experimental
results for both straight and curved surfaces are discussed in
Section 5. Section 6 gives conclusions and future research.

2 Dynamic Model for Surface Finishing Operations

Let the kinetic and potential energy functions of an n-link
robot be given by K(g,4) = £¢" M(q)g and P(q), where
q, g are the generalized position and velocity, respectively,
and M(q) € R™*" is the symmetric positive definite mass
matrix. The dynamics of the robot is given by

M@i+Clgdd+ole =7+ (@f (D

where C(g,q) € R™™" is the matrix composed of Corio-
lis and centripetal terms, g(g) is the gravity vector, 7 is the
vector composed of motor torque applied at each joint of the
robot, f represents the vector of external forces, and J(q)
is the Jacobian of the manipulator. Let the geometric con-
straint on the robot be modeled by the unilateral constraint

#(=(9) <0, @

where z(g) is the Cartesian position. The constraint is as-
sumed to be smooth. Define the following orthogonal pro-
jection matrix, whose image represents the normal direction
of the constraint,

Py(q) = (Véo(@) (Véu(@) T /I (Voe(a) P 3

where || - || denotes the 2-norm. The kernel of Py(q) gives
the tangential direction of the constraint, and is given by
Q4(q) = I — P4(g). The external force f is the contact
force and can be written as

f=n(@(@)fa +t(=z(9) fe @

where n(z(g)) and #(z(q)) represent the unit normal and
tangential directions of the constraint surface, respectively,
in the Cartesian space, and f, and f; represent the normal
force and tangential force magnitude, respectively. A com-
plete task of the robot in the presence of the unilateral con-
straint can be divided into three phases: (a) if ¢(g) < 0,
then the robot is said to be in free motion phase, (b) if
#(g) = 0 and the velocity normal to the surface is zero,
then the robot is said to be in the constrained motion phase,
and (c) if ¢(g) = 0 and the velocity normal to the surface
is non-zero, then the robot end-effector has a tendency to
bounce on the surface, and it is said to be in the transition
phase. The transition phase begins with the first contact of
the robot with the surface and lasts until the velocity normal
to the surface becomes zero.
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During the constrained motion phase, it is known that
when steady contact and feedrate (velocity along the con-
straint surface) is reached, f, and f; are related by the co-
efficient of grinding friction [17], that is,

fe=¢Efn ©)]
where ¢ is the coefficient of grinding friction. The robot
dynamics during surface finishing process becomes

" M(9)§+C(g:9)d + 9(g) = T+ v(g) fa + V' (Qéfn (6)

where v(q) := JT(¢)n(z) and v'(g) := JT (¢)t(z). Notice
that v(q) and v'(g) map the normal force and the tangen-
tial force magnitude, respectively, into corresponding joint
forces. The dynamics for a complete surface finishing task
is summarized below.

¢ Unconstrained motion phase:

M(q)i+C(g, ) +9(q) =7 @)
o Transition phase:
M(g)i+C(q,4)d+9(¢g) =7 and ¢4 =D(q,4-) (8)
e Constrained motion phase:
M(9)i+Clg,9)d+9(q) =7 +v(@)fn +V'(@¢fn )

The second term in (8) gives an impact model for the sur-
face. This impact model relates the post-impact velocity
to the pre-impact velocity. We assume the existence of an
impact model that incorporates Kinetic energy reduction of -
the robot during impact. Detailed discussion of the impact
models and transition phase can be found in [10, 9].

3 Control Design

For surface finishing operations, the control goal is to
move the robot towards the surface, make contact with the
surface, perform the designed operation, i.e., chamfering,
deburring, polishing, etc., and leave the surface to return
to the initial point. The desired motion trajectories are de-
signed based on the location of the surface with respect to
the robot. During the constrained motion phase, the robot
end-effector follows the surface while applying a desired
force normal on the surface. The control goal in the uncon-
strained motion phase is to track the desired motion trajec-
tory considering manipulator model uncertainties. During
the constrained motion phase, the control goal is to simulta-
neously track the desired motion in tangential direction and
regulate the desired force normal to the constraint surface.
Switching directly to simultaneous motion and force control
in the constrained motion could lead to repeated impacts of
the robot end-effector on the surface. A stable transition
controller assures that repeated impacts do not occur. In the
following control law for each phase is given.



3.1 Adaptive control during the unconstrained phase

In this phase, an experimentally well tested model-based
adaptive controller considering robot parameter uncertain-
ties is chosen. The adaptive model-based control law and
parameter adaptation law are

T = Y(g,d,dr, §r)B(t) — Fueu(t) (10)

t
B(e) = fo - /0 I YT (g4, drrdr)en@)d (1)

where g, := gg—Ape, e = 9—qd> €0 = 4—¢r, Fy, T, Apare
positive definite gain matrices, 3(t) and f§; are the estimate
and initial known value of /3, respectively, and

Y (g, 4, dr,d)B(t) = M()ir + C(a,0)dr + 5(q).

Substituting the control law (10) into the free motion robot
dynamics (7) and rearranging terms results in the following
error dynamics

M(q)éy + C(g,4)ew + Foe = Y (a,4,dr,4-)B(8) (12)
where B(t) = B(t) — B is the parameter estimation error.

3.2 Discontinuous control during the transition phase

Transition phase starts when the robot makes its first im-
pact with the surface. Then, we project the desired trajec-
tory into tangential direction of the surface using the tan-
gential projection matrix Qy. The desired motion trajec-
tory of the robot is developed based on apriori knowledge
of the location of the constraint. The first impact gives the
actual location of the constraint surface. After the first im-
pact, the desired trajectory is modified such that the desired
velocity and acceleration in normal direction are zero, i.e.,
Pygq = 0. The control law for the transition phase is chosen
as follows:

Y(q,4, Gr,4r)B — Fyey — AenPy sgn(evn)

(13)
where QT = q‘d - ’\pe = Q¢Qd - Apey €y = q - lir,
eyn = Pyey, and ¢y, A, are positive gains. Substituting
the control law into the. dynamic equations we obtain the
error dynamics

T

M(q)é, + C(g,d)ey + Fyey + Atn Py sgn{eyn) =0 (14)

3.3 Adaptive motion/force control during the con-
strained phase

When the transition phase dies down, i.e., the velocity
normal to the surface becomes zero (Pgg — 0), then the
robot is in stable contact with the surface. At this time we
switch to constrained motion control, i.e., motion control
in the tangential direction and force control in the normal
direction. In this phase it is assumed that the inertial param-
eters of the robot are estimated during the free motion phase
and hence known. We choose the following control law and
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estimation law for the grinding coefficient

T = M(q)Gr + C(q,9)dr — Fuvey — v(q) fra — v (‘I)Efn
(15)
£= =907 (Q)ev fa (16)

where fnq is the desired normal force, efn = fn — fna,
€y = ¢ — ¢r,and

‘jr = Q¢[q'd - Ape] + ﬁfﬁ(Q)evfn
oq) = @/l
eofn = Jpesn(w)dw

Substituting the control law (15) into the dynamic equation
(9) we obtain

M(q)éy + C(g,d)ew + Foey = v(@)esn + v (@)€fn (17)

where £~ = E — £ is the estimation error of the grinding
coefficient.

An event based control switching strategy is developed
for the complete task. The desired motion trajectory is gen-
erated based on apriori knowledge of the location of the
constraint. In the event of impact, this desired trajectory is
projected into the tangential directions of the constraint sur-
face. The actual location of the constraint surface is known
after the first impact. Regulation problem is considered in
the normal direction, i.e., regulation of the tool onto the sur-
face with zero normal velocity. Notice that the reference
velocity error, e,, in each phase is different, even though
we use the same notation for it in each phase. The closed-
loop system is shown to be stable within each phase and the
robot system states are bounded when switching from one
phase to another. Stability of the control algorithm for the
complete task including individual phases can be found in
[10].

4 Experiments

The robotic surface finishing system consists of a two-
link robot system, computer for real-time control, force sen-
sor, surface finishing tool, and a constraint fixture. Figure
1 illustrates the complete hardware platform of the robotic
surface finishing system. The main part of the system is a
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Figure 1: Schematic of the Robotic Surface Finishing System

two-axis direct drive manipulator, which is shown in Figure



1. Each axis is driven by an NSK Megatorque direct drive
servo-motor. Details of the experimental platform and the
dynamic model of the manipulator can be found in [10].
Experiments were conducted with two types of constraint
surfaces, i.e., straight and curved. Fig. 2 shows the desired
trajectories of the robot interacting with straight and curved
surfaces. The straight surface is a thick straight aluminum
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Figure 2: Robot Desired Trajectory

sheet and the curved surface is a cylindrical steel workpiece.
Both constraint surfaces are held firmly by vice as shown
in Fig. 1. In Fig. 2, the dotted lines represent the uncon-
strained motion path of the robot and the solid lines corre-
spond to the constrained motion path. Therefore, the desired
complete task of the robot is to move towards the constraint
surface, make contact with the surface, follow the surfaces
while maintaining a desired normal contact force, and leave
the surfaces to return to the starting point. In Cartesian coor-
dinates, the straight and the circular constraint surfaces and
their gradients are given by

(18)
(19

y-mz=c
(x—a)+(y—b)? =r?

where z,y represent the Cartesian coordinates, and
m,c¢,a,b,r are constant parameters. It should be noted
that the gradient of the straight surface, (18), is the vector
[-m, 1], whereas the gradient of the circular surface is
the vector [z ~ a,y — b]. Therefore, the tracking error
tangential to the surface affects the gradient of the circular
surface, whereas the tangential tracking error has no affect
on the gradient of the straight surface. Since the work parts
generally contain a combination of straight and curved
surfaces on them, it is necessary that the designed control
algorithm perform well for both cases. The proposed
adaptive control algorithm performs equally well for both
types of surfaces, and hence can be used for a wide variety
of work parts.

The desired trajectories shown in Fig. 2 are designed
such that without any uncertainty in the location of the con-
straint, the robot lands on the surfaces smoothly, i.e., there
is no normal velocity at contact. The desired velocity of

the robot end-effector in Cartesian coordinates during con-
strained motion is chosen to be a constant to mimic steady
feed-rate during surface finishing. Also, the desired trajec-
tories are such that the entire task is completed in 12 sec-
onds for the straight surface and 10 seconds for curved sur-
face. The desired normal force during constrained motion
phase is chosen to be 35 N. Control sampling period of 4
milli-seconds and force data sampling period of 0.5 milli-
seconds is used in all the experiments. Higher force sam-

- pling frequency reduces time-delay introduced due to force
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data filtering.

To better illustrate the performance of the controller dur-
ing constrained motion, the tracking errors shown are the
Cartesian position tracking errors projected into the frame
on the constraint surface. Fig. 3 shows the normal and tan-
gential tracking errors for the straight surface. In the figure,
the start and end of the constrained motion phase, respec-
tively, are denoted by small circles at the six second and ten
second time instant. Observe that the friction between the
robot end-effector and the surface causes tangential track-
ing error during the constrained motion phase. Fig. 4 shows
the normal and tangential force on the constraint surface.
Fig. 5 and Fig. 6 represent the position tracking errors and
the force signals for the experiments with the circular sur-
face. Since the constraint surface is circular, the desired
normal force vector is a vector with constant magnitude and
varying direction.

In practical situations, it is difficult to obtain the value of
grinding coefficient because this value depends on a num-
ber of aspects such as material of the surface, feedrate, grain
size of the tool, etc. Typically most of these conditions are
fixed for a particular surface finishing process and the work
part. In a very broad sense it can be assumed that the normal
and tangential forces are related by an unknown constant,
typically known as the grinding friction coefficient [17]. An
adaptation law to estimate the coefficient of grinding fric-
tion on-line was proposed in this paper. Fig. 7 and Fig. 8
are the on-line estimates of the grinding friction coefficient
with straight and circular surfaces, respectively. These fig-
ures show experimental results with various initial values
and adaptation gains. The results show that the estimates of
the grinding coefficient converge to constant values regard-
less of their assumed initial values and adaptation gains. In
Fig. 7, the estimate converges in five cycles of the desired
trajectory with an adaptation gain of vy = 0.1, whereas the
estimate converges in four cycles with a gain of vy = 0.3.
Similarly, in Fig. 8, the estimate converges in six cycles of
the desired trajectory with an adaptation gain of y; = 0.3,
whereas the estimate converges in four cycles with a gain
of v = 0.5. Since the material of the straight surface is
aluminum and the circular surface is steel, it should be ob-
served that the converged value of the grinding friction co-
efficient is different for the straight and circular surface.

Further, to better illustrate the performance of the pro-
posed adaptive control design, Fig. 9 and Fig. 10 show the
Ly norm of the normal and tangential tracking errors for
straight and circular surfaces, respectively, during the con-



strained motion phase. Observe that the Ly norm of tan-
gential position tracking error improves after each cycle as
a result of the improvement in the estimate of the grinding
coefficient.

5 Conclusions

In this paper, we proposed an adaptive control design for
robot manipulators performing surface finishing operations.
Emphasis was given to the constrained motion phase, espe-
cially to the estimation of the grinding coefficient of fric-
tion. Extensive experiments were conducted to show that
the proposed design gives good performance without a good
knowledge of the grinding friction coefficient. The on-line
estimate of the grinding coefficient converges to a constant
value irrespective of the initial values and adaptation gains
for both the surfaces.
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