Proceedings of the 2000 IEEE’
International Conference on Robotics & Automation
San Francisco, CA e April 2000

Design and Experimental Evaluation of a Stable Transition
Controller for Geometrically Constrained Robots!

Prabhakar R. Pagilla? and Biao Yu

School of Mechanical and Aerospace Engineering
Oklahoma State University, Stillwater, OK 74075-5016

Abstract. This paper addresses the problem of con-
tact: transition from free motion to constrained mo-
tion for geometrically constrained robots. Constraint
uncertainty can cause the robot to impact the sur-
face with a non-zero velocity. To deal with contact

transition, a new stable discontinuous transition con-

troller is proposed. Control algorithm for a complete
robot task that involves both free motion and con-
strained motion is also developed. Extensive exper-
iments with the proposed control strategy were con-
ducted- with different levels of constraint uncertainty.
Experimental results show much improved. transition
performance. and force regulation. Details of the ex-
perimental platform and typical experimental results
are given.

1. Introduction

This work considers the contact transition con-
trol problem from free motion to constrained motion
for geometrically constrained robots. Many industrial
applications of robots involve interaction between the
robot and the environment. Robotic surface finish-
ing is one such application where the robot makes
and breaks contact with the workpiece in the process
of surface finishing. A robot typically moves freely in
its workspace before making contact with the surface.
Switching from free motion to constrained motion of
the robot on the surface leads to stability problems
if the robot makes contact with the surface with a
non-zero normal velocity.

Extensive research has been done in free motion
control of robots and constrained motion/force con-
trol assuming that the robot is on the surface. A
large body of research in free motion control and
constrained motion/force control has been reported
in [1, 2]. Most of the research in constrained mo-
tion/force control has been based on the assumption
that the robot is already in contact with the con-
straint surface. The external environment is treated
as a mechanical impedance and impedance control is
used in contact transition experiments in [3, 4]. Sta-
bility and control of task transition for robots for a
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compliant environment is considered in [5]. Force reg-
ulation and contact transition control using positive
acceleration feedback together with a switching con-
trol strategy was developed in {6]. A new contact
transition control algorithm for nonlinear mechanical
systems subject to a unilateral constraint was devel-
oped in [7]. A dimensionless representation of impact
behavior was developed in [8]. Recent results in non-
smooth impact mechanics can be found in {9}.

Most of the contact transition algorithms that
have been proposed assume either the environment is
compliant and/or an impact model exists for the sur-
face that can be used in the control algorithm. Fur-
ther, most of the control algorithms that have been
proposed have not been experimentally verified for a
complete task. In this work, we design a new stable
contact transition controller based on the orthogo-
nalization principle proposed in [1]. We show that
the proposed transition controller is asymptotically
stable. Extensive experiments were conducted for a
robot: following a surface using the proposed method.
Uncertainty in the location of the constraint is con-
sidered as the main cause for impact of the robot
with the constraint. Experiments were conducted
with different levels of constraint uncertainty. It is
shown that the performance of the proposed control
methodology is much improved when compared with
directly switching from free motion to constrained
motion/force control.

This paper is organized as follows. Section 2
develops the dynamic model for constrained robots
that is used in control design. Control design for a
complete task that includes free motion, transition
phase, and constrained motion are given in Section
3. The main focus in this section has been on the
design of the transition controller and its stability.
Experimental platform and experimental results are
given in Section 4. Conclusions and future research
are given in Section 5.

2 Dynamic Model for Geometrically Con-
strained Robots

Let the kinetic and potential energy functions
of the n-link robot be given by K(g,4) = 24" M(q)g
and P(q), where (q,q) are the generalized position
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and velocity, respectively, and M(q) € R"*" is the
symmetric positive definite mass matrix. Let the ge-
ometric constraint on the robot be modeled by the
following unilateral constraint,

¢(z(g)) <0, 1)

where z(q) is the Cartesian position. The geomet-
ric constraint is assumed to be smooth. Define the
following orthogonal projection matrix whose image
represents the normal direction of the constraint,

Py(q) = [Vo(z(@)[V(z(@)] T /NI VS(z (@)

and the kernel of P4(q) gives the tangential direction
of the constraint, and is given by

Q4(q) =1 — Py(q)

The dynamics of the geometrically constrained robot
is

)

where C(q, ¢) is the matrix composed of Coriolis and
centripetal terms, g(g) is the gravity vector, 7 is
the generalized force applied by the motors at each
joint of the robot, f, represents the magnitude of
the normal contact force, and v(q) = J%(g)n(z)v
maps the normal force magnitude into corresponding
joint forces, where n(z) = V¢(z)/|[Vé(z)|| is the unit
surface normal vector in Cartesian coordinates, and
JT(q) is the Jacobian of the manipulator. Further,
notice that we have neglected the tangential compo-
nent of the contact force. The tangential component
arises mainly due to friction between the surface and
robot end-effector and we assume this to be small
compared to the normal force.
A complete task of the robot where the robot in
the presence of the unilateral constraint can be di-
vided into three phases: (a) when ¢(q) < 0, then
fn = 0, and the robot is said to be in free mo-
“tion phase, (b) when ¢(g) = 0 and f, > 0, then
the robot is said to be in the constrained motion
phase, and (c) transition from free motion phase to
constrained motion phase is termed as the transition
phase. The presence of the unilateral constraint in
the robot workspace divides the workspace into the
following sets:

M(g)§+C(g,9)g+ 9(g) =T +v(q) fa

X. ={g€R":¢(q) =0} (3)
Xy ={g€R":¢(q) <0} )
X; ={g€R":4(q) >0} (5)

where X represents the robot configurations wherein
the robot lies on the constraint surface, X, repre-
sents configurations that the robot can freely move,
and X represents the configurations that violate the

constraint. The space X, can be sub-divided into the
sets X and Xeq, i.e. X = Xt U X¢q, where-

Xot ={q,d€R":¢(q) =0,P4(q)g #0} (6)
Xca = {lbd €R": ¢(Q) = 0P¢(q)q = 0} (7)

where Pyq indicates the velocity normal to constraint
surface. The transition of the robot between X; and
X is precisely the transition phase. With the di-
vision of the robot workspace, the dynamics in each
phase can be w ritten as follows: '
If ¢ € X, then the dynamic equations are

M(q)Gg+Clg,4)g+g(q) =T. (8)

If ¢ € X, then the jump condition for equation (8) is
given by

(9)

If ¢ € X,q, the robot end-effector is on the contraint
surface and the dynamic equations are

q.+ = D(qz q—)'

M(9)i+C(q,9)¢+9(q) =7+v(@)fa-  (10)

When the robot configuration lies in X then the
jump discontinuity for the differential equation (8) is
given by (9). In equation (9), ¢+ and ¢_ represent the
pre-impact velocity and the post-impact velocities,
respectively, and D(-) represents an operator which
maps the pre-impact velocity to post-impact veloc-
ity. This operator can take several forms depending
on the choice of the impact model for the constraint
surface. For example, Newton’s impact model gives
D(g.4-) = —€ g-, where ¢ is called the coefficient of
restitution.

In this paper, all we require from an impact
model is that the magnitude of the rebound veloc-
ity be smaller than the magnitude of impact velocity
in some metric, i.e. |lg¢|l = [[D(g.4-)ll < llg-I|. For
example, we require that the coefficient of restitution
be smaller than 1.0 for Newton’s impact model. We
do not use the impact model in the control algorithm.
We also assume that in the transition phase when the
bounces become very small, i.e. when the impact ve-
locity becomes very small, we characterize this by say
Pyq < 4, then there is enough normal friction such
that the system sticks to the surface, For example,
Newton’s impact model states that the rebound ve-
locity decreases geometrically. Since the geometric
ratio is coefficient of restitution, and is less than 1.0,
which means that the bounces die down in finite time
but the number of bounces are infinite. But this is
seldom true for a practical case, as has been observed
from contact transition control experiments in {7] for
a robot interacting with a rigid surface.

When the robot lies on the constraint surface, i.e.
#(g) = 0, the following relation is true: Py(q)q = 0.
This relation means that on the constraint surface the



generalized velocity of the robot projected normal to
the constraint surface must be zero for the robot to
stay on the surface.

The left-hand-side of the robot dynamics (8) is
linear in terms of coupled manipulator intertial pa-
rameters, and can be written as

M(q)i+C(g.9)a+g(q) =Y (q.4,.4)B

where 8 is the coupled manipulator parameter vector,
and Y(q.4q,§) is a matrix.

3 Control Design

The control goal in free motion phase is to track
the desired motion trajectory considering manipula-
tor model uncertainties. During constrained motion
phase, the control goal is to simultaneously track the
desired motion in tangential direction, regulate the
desired force normal to the constraint surface. Con-
trol of transition from free motion to constrained mo-
tion is the main focus of this section. The main goal
is to design a stable transition controller. Switching
directly to simultaneous motion and force control in
the constrained motion could lead to severe repeated
impact of the robot on the surface. A stable transi-
tion controller assures that repeated impacts do not
occur. In the following control laws for each phase
is proposed. Focus will be on the transition control
design.

3.1 Model-based adaptive control for free mo-
tion

During this phase the robot is in free motion.
An experimentally well tested model based adaptive
controller considering robot parameter uncertainties
is chosen. The adaptive model-based control law and
parameter adapatation law are

7(8) = Y(,4: 4rs §-)B(8) — Fuew (11)
~ 1
Bt) = o — / TTYT(g, 4, drrir)endt  (12)

where F,.T' are the positive definite gain matrices,
B and By are the estimate and initial known value
of B, respectively, e = g — g4, ¢» = ga — Ape, G» =
da — Apé — Aje, e, = ¢ — g, Ap and A; are positive
definite gain matrices, and

Y (4,4, G 4r)B(t) = M(q)dr + Clg,d)-

Substituting the control law (11) into the free robot
dynamics (8) and rearranging terms results in the
following error dynamics

M(g)éy + C(g,d)ey + Foe, =Y ()8  (13)
where ﬁ = E — BB is the parameter estimation error.

Stability of the closed-loop system can be shown using
Lyapunov’s second method.

3.2 Impact control during transition phase

Transition phase starts when the robot makes its
first impact with the surface. Then, we project the
desired trajectory into tangential direction of the sur-
face using the tangential projection matrix Q4. The
desired motion trajectory of the robot is developed
based on apriori knowledge of the location of the con-
straint. The first impact gives the actual location of
the constraint surface. After the first impact, the de-
sired trajectory, (qd, dd.da), is modified such that the
desired velocity and acceleration in normal direction
are zero, i.e. Pygy = 0. Control laws are designed in
tangential and normal subspace using the projection
matrix and then combined. In the tangential sub-
space, a model-based control law similar to one given
in the free motion phase is chosen.

Tt = Y(q: q.:qrt: qrt)ﬁ — Foey (14)

where grt = Q4(9)4r; Grt = Qpdr +Qpdr; €vt = Qpeu-
In the normal subspace, the control goal is conver-
gence of the normal velocity to zero as quickly as
possible. The control law for the transition phase in
normal direction is chosen as follows:

T = Y(q,q; ‘jrn;érn)ﬁ — Fyepn — ’\tnP¢ sgn(eyn)

where ¢, = P¢(‘1)‘jr: Grn = P¢§r + Péq'r: €yt = P¢eu-
The transition controller for both normal and tangen-
tial directions is:

T=T4+Tn (15)
= Y(q: d: ér: Qr)a_ F,e, — AtﬂI)qS Sgn(eu,.)

Substituting the control law into the dynamic equa-
tions we obtain the error dynamics

M(Q)év + C(q; d)eu + Fuey .

=Y (-)B — AnPysgn(evn) (16)

Stability of Transition Phase: Consider the fol-
lowing Lyapunov function candidate,

ViewB) = 3eIM@e, + 257TF (1)

Taking the derivative of the Lyapunov function can-
didate along the trajectories of (16) and simplifying
we obtain

V(e,) = —elF,e, — Atnel Py sgn(eyn). (18)
Since eyn = Pje,, the derivative can be bounded by
V(ev) .<_. —Uulleullz - A,tn”Pcﬁev"l‘ (19)

Therefore, (17) and (19) means that V(e,, ) is in-
deed a Lyapunov function, i.e. V is positive definite
and its time-derivative along the trajectories of (16)
is negative definite. Using Lyapunov theorem e, and
B are bounded. Further since e, appears explicitly in
V. ey converges to zero asymptotically.
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3.3 Motion and Force Control

When the transition phase dies down, i.e. the
velocity normal to the surface becomes zero, 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. During this phase,
manipulator dynamics is

M(g)i+C(g.9)g=7+v(9)fa (20)

It is assumed that the manipulator inertia parameters
are known, the control law during this phase is chosen
to be

7= M(9)g + C(q.9)4r — Fves —0(q)frna  (21)

where fpg4 is the desired normal force, e, = ¢ — ¢y,
(g) = v(g)/llv(DII; egn = fn — fna, and

ir = Qulia = 4)+ 875(0) [ el
dr = Q4(da — Apé)Qgp(da — Aye)
+8y5@esn + 8730 [ epm(wld
The error dynamics under this control is

M(q)éu + C(q: ‘j)ev + Fuey = U(Q)efn (22)

Stability for this phase can be shown using an ap-
proach given in [1]. Stability of the entire control al-
gorithm that includes the three phases can be shown
along similar lines as that in [7]. .

4 Experiments
4.1 Experimental Platform

The experimental platform for surface following
consists of a two-link robot system, a computer for
real-time control, and a constraint fixture as shown
in Fig. 1. The main part of the robot system is a
two-axis direct drive manipulator as shown in Fig.
1. Each axis is driven by an NSK-Megatorque direct
drive servo-motor which is capable of up to 3 rev-
olutions per second maximum velocity and position
feedback resolution of up to 156,400 counts per rev-
olution. The base motor delivers up to 245 N-m of
torque output, and the elbow motor delivers up to 40
N-m torque output.

The dynamics of the two-link manipulator is
given by

M(q)j+C(g:9)g=u (23)

where the mass matrix, M(g), and Coriolis matrix,
C(q.q). are linear in terms of unknown coupled ma-
nipulator inertial parameters. Hence the left hand

motor 2

EBlectronic Interface of Rabot

[ T -
| Ia——

Driver

T

C ]
Data bus or communication ports

Controller

Controller

Figure 1: Schematic of Robotic Surface Following Sys-
tem

side of (23) can be written as
M(q)i+C(g:9)d =Y (3.4.9)B

where 8 = [p1, p2, ps]" is the manipulator parameter
vector, and Y (g, 4. §) is the regresser matrix

Y= ["1'1 G2 2241+ G2) — 824224 +éz)]
0 G1+q diez + ¢f sz

where ¢z = cos(gz) and s; = sin(gz).

A six-axis Force/Torque sensor is mounted on
the end of the second-link of the robot manipulator.
The force sensor has an on-board DSP which can pro-
vide force sensor data up to 3 KHz. Provision is also
available for tool weight offset, filtering, temperature
compensation, and coordinate frame rotation. The
Computer system consists of a workstation, the di-
rect drive manipulator controller and I/O cards asso-
ciated with the sensors. The direct drive manipulator
controller is used for real-time control and data ac-
quisition. The controller is a three-processor system
consisting of a host Pentium processor, a servo DSP
and a force/torque sensor DSP. _

The constraint surface ¢(z(g)) is chosen as a
rigid straight wall, which is a thick aluminum sheet
firmly held by a vice, see Fig. 1. Fig. 2 illustrates
the two-link robot (top view) and the constraint sur-
face in Cartesian space, where d is the location of the
constraint on the x-axis and « is the angle between
the constraint and the y-axis. The uncertainty in the
constraint location is represented by (.

Fig. 3 shows the desired trajectory of the robot
and also the constraint uncertainty that can lead to
impact. In Fig. 3, the desired trajectory of the robot
is CDABC (bold line). Notice that at A the robot
may impact the constraint due to constraint uncer-
tainty. Desired trajectory is designed such that with- -
out any uncertainty in the location of the constraint
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Figure 2: Robot and Constraint

the robot lands on the constraint surface smoothly,
i.e. there is no normal velocity at contact.

Figure 3: Desired Trajectory and Constraint Uncer-
tainty

4.2 Experimental Results

Extensive experiments were conducted with the
proposed control methodology with different levels of
constraint uncertainty and different velocities of im-
pact. We present typical experimental results in this
paper. The experimental procedure is to follow the
desired trajectory CDABC as shown in Fig. 3. Free
motion control is applied in the trajectory sections
CD, DA, and BC. Constrained motion and force
control is applied along the surface AB. Transition
control is activated at the first impact when switch-
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ing from free motion to constrained motion. Figs. 4,
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Figure 4: Normal Position

5, 6 give the normal position error, normal force, and
Cartesian trajectory, respectively, for three cases: (i)
smooth landing, ¢ = 0.0 mm; (ii) direct switch from
free motion to constrained motion control (i.e., no
transition control), { = 5.0 mm; and (iii) with tran-
sition control at impact, { = 5.0 mm. Figs. 4 and
5 is for three cycles of the desired trajectory, and
Fig. 6 is for one cycle. The desired normal force
is 45 N. We use the same control gains used in all
the experimental results shown. Notice that if we do
not apply any transition control at impact the robot
bounces severely on the constraint surface (see the
middle graph of each figure). When we apply the
transition controller the robot settles on the surface
after the first bounce. For the direct switch case, it
should be noticed that the end-effector tip seems to
go into the surface, this is due to the compliance of
the end-effector assembly.

Fig. 7 gives the L, norm of the normal force
error for direct switch and with transition control.
With no constraint uncertainty, { = 0.0 mm, both
direct switch and transition control give similar per-
formance. With constraint uncertainties 2.5 mm and
5.0 mm, the performance is much better if we use the
transition controller. The effectiveness of the transi-
tion controller and the entire control strategy is con-
firmed by these experimental results.

5 Conclusion

In this paper, we proposed a control algorithm
for geometrically constrained robots. Constraint un-
certainty will cause impact of the robot with the sur-
face. Control of transition from free motion to con-
strained motion is essential to maintain stability of
the system when the constraint location is uncer-
tain. A stable discontinuous controller is proposed



Smooth Landing § = 0.0 mm

100 u — - T T
o M
g
°
_s0 L " N L 4 s
o 5 10 15 20 25 30 35 40
Direction Switch { = 5.0 mm
300 T T T T T v T
200 :
Z 100 B
o 4
_100 L . P S U
0 5 10 15 20 25 0 35 40
Transition Control{ = 5.0 mm
100 T —ye———1 ———r— y -
sof E
: 4
°
_so . n L " . . f
(3 s 10 15 20 25 30 35 40
time (sec)
.
Figure 5: Normal Force
Smooth Landing { = 0.0 mm
T v v r = - T
~
o2} E
= 0.1F
g’ ]
~ Of E
-0 E
~
-o2¢ 4. L ' A T A L |
045 048 047 048 049 05 051 052 053 054 055

Dirsct Switch { = 5 mm

y(m)
]
=

045 048 047 0.48 0.49 05 051 052 053 0.54 055
Transtion control{ = 5 mm
T ~ v

o2}

_E_, o1

= OF

=0.1
e

. . P S L N "
045 046 0.47 0.48 0.49 0s 051 052 053 054 0.55
x(m)

PR T B

Figure 6: Cartesian Trajectory

for the transition phase. Extensive experiments were
conducted with different levels of constraint uncer-
tainty and also with different levels of impact velocity.
Experimental results validate the effectiveness of the
proposed control strategy. Future research will focus
on actual robotic surface finishing experiments using
the proposed control strategy. In future, we also plan
to investigate the effects of surface compliance.
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