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Abstract

A control approach for the execution of robot itasks in contact
with the environment is worked out. The input to the con-
trofler consists of the iask specification described in part L.
The control approach is based on external force and tracking
loops, which are closed around the robot positioning system.
The position conirol loops tend to decouple and linearize the
complex robot dynamics, and therefore they present io the
external controllers a system which is easy to model and easy
to control. Design and properties of external control loops are
discussed in great deiail. In particular, the role of a passive
compliance with respect to task execution speed and distur-
bance rejection is analyzed both qualitatively and guaniito-
tively. The resulting compliant motion controller has been
tested experimentally, and proved to be very robust and io
vield the theoretically expecied performance.

1. Introduction

The term “compliant motion” refers to manipulation
tasks which involve contact between manipulator and
environment, and during the execution of which the
end-effector trajectory is modified by the occurring
contact forces. Examples are peg-into-hole assembly,
following a contour or a surface, opening a door, plac-

The International Journal of Robotics Research,
Vol. 7, No. 4, August 1988,
© 1988 Massachusetts Institute of Technology.

I8

@

e

Compliant Rol
lotion

II. A Control

Approach Based

ing a workpiece against another one, etc. Two kinds of
compliance are distinguished. The control system may
be programmed to react to force sensor inputs (aciive
compliance), or the contact forces themselves generaie
the trajectory modifications due to a passive compli-
ance present in the manipulator structure or in the
servo. The properties of both active and passive com-
pliance have been discussed thoroughly (Mascn 1983;
Simons 1980). Many implementations combine the
advantages of passive and active gempﬁamce (Goto
1980; Simons 1980). This paper is primarily related to
active compliance. However, the role of a passive
compliance in active compliant motion control is
analyzed in depth.

Active force feedback has three important aspects:
sensor design, task specification or programming, and
task execution or control. Force sensor design does
not belong to the subjects treated here (see Van Brussel
1985). The other two aspects deal with integration of
the sensor into the robot programming and control
system. In this respect, a task specification formalism
has been worked out for the programming level in
part [ of this paper (see pp. 3-17). This formalism
produces a task description which contains all the
information required in order 1o allow an eniirely au-
tomatic execution of the task. In this second part a
control strategy is developed which accepts this task
description as its input: it allows us to control forces i
some directions and velocities in other directions of an
operational task frame; it accepis the specification of
tracking directions, end-effector and task-frame mo-
tion coustrainis, feedforward velocity information,
and task termination conditions. The proposed ap-
proach is based on external loops closed around the
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robot positicning system. However, a large part of the
procedure, as well as many control properties, can be

seneralized 1o other control approaches {De Schuiter

1987).

Control of active compliant motion is g complex
problem, since the task frame directions do not corre-
spond one-to-one 1o the joint-space degrees of free-
dom. As a resuli, every joint contributes in general
both to the execution of motions in the positicn-con-
trolled and in the force-conirolied directions of the
task frame, while in the end, whatever the particular
control implementation, only a single torgue is applied
at every joint. Whitney (1987) gives a hisioric perspec-
tive and state of the art in robot force control,

Explicit feedback is the first control technigue dis-
cussed below. Up to the present it is also the most
frequenily applied one. Explicit feedback is based on
the idea of generalized stiffness or generalized damgp-
ing: a linear function (represenied by a constant ma-
{rix) relates the measured force component 1o desired
position increments or desired velocities. These posi-
tion increments or velocities add to the prepro-
grammed end-effector position or velocity trajectory.
So, in fact, the force-control loops are exiernal loops
closed arcund the joint position or velocity-control
locps.

A well-known application of explicit feedback is 2
peg-into-hole assembly, Define the task frame near the
tip of the peg as in Fig. 1. This frame is to follow 2
trajectory along the z axis while complying with forces
along the x and y axes, and to torques around those
axes. The stiffness matrix required o perform this task is

ke O 0 0 0 0
0 keyw O 0 0 O
0 0 kya 0 0 O
Ke 0 0 0 ke 0O 0 )
6 6 0 0 kg O
L0 0 0 0 0 e

In explicit feedback all task frame directions are
involved in any part of the control loop; K is a six-
by-six matrix. There is no formal distinction between
force- and position-controlled directions, 2s with the
control methods discussed below. Yet it is clear that
the stiffness matrix (1) hides the functional specifica-

g 1. Peg-into-hole assem-
biy.

tion for the peg-into-hole problem mentioned in part [,
and implicitly specifies force (k) and position (kyuq)
directions.

However, apart {from specifying the relative magni-
tude of the mairix coefficients, the programmer is also
responsible for their absoluie magnitude, which has to
be interpreted as a servo gain. This coupling between
functional specification of the compliant motion
mechanism and control implementation constitutes
an important drawback of explicit feedback.

Most papers deal with the functional specification
aspects of the feedback matrix, but few consider the
control aspects. Whitney (1977} focuses on control
aspects by investigating a one-dimensional explicit
feedback scheme. It is not obvious, however, how 1o
extend this stability analysis to the multidirnensional
case. Whitney finds that the allowable force feedback
gain is inversely proportional to the contact stiffness. A
corollary of this statement is that a certain degree of
structural or end-effector compliance is always re-
guired in order to stabilize the force loop. This is gen-
erally indicated as another disadvantage of this type of
force control: compliant manipulators or end-effectors
handling heavy payloads at high speeds and accelera-
tions (during transfer motions, for example) are subject
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to considerable position inaccuracies due to siatic
deflections and dynamic deformations at low fre-
guency. However, as we will point out, the need for a
passive compliance in the control loop is & general
property shared by all compliant motion control ap-
proaches (De Schutter 1987).

The free-joint method (Paul 1972} is one of the
initial attempts to generate the control torgues directly
from the sensor readings, thereby avoiding the need
for an internal position or velocity loop. For each
force-controlled direction, the conirol system selects a
single actuator and a single force component of a sens-
ing wrist. Each associated pair of actuator-force com-
ponent forms a force servo, which has to approximate
the desired compliance in the force-controlled direc-
tion of the task frame as nearly as possible. The re-
maining actuators are position-controiled.

Obvicusly, since in general the task-frame directions
do not coincide with the joini-space degrees of free-
dom or the wrist sensor directions,

The obtained compliance in the force directions
only approzimates the desired compliance.

The force-servoed joints also cause a compliance in
the position directions of the task frame.

Evidently, deviations from the desired positicn in
these directions have {0 be avoided. Therefore, in order
to eiminate accumulated position errors introduced
by force-servoed joints, Paul and Shimano (1976) feed
appropriate corrections back to the position-servoed
joints in a slower loop.

Wu (1980) and Paul (1983) discuss design and sta-
bility analysis of a one-dimensional-joint torgue-con-
irol loop. It 1s not obvious, however, how to extend
this analysis to the multidimensional case. Wu (1980)
also presents experimental results from a single-de-
gree-of-freedom manipulator: steady-state loading ex-
periments show good results, but collisions with the
environment show large overshoots of the desired
force, followed by oscillatory, though quick, recovery.

Raibert and Craig (1981) present a hybrid force/po-
sition control scheme for manipulators. However,
since Mason (1983) defines a hybrid controller in more
general terms as any controller based on the division
into force and position directions, we will refer to
Raibert and Craig’s method as the parallel force/posi-
tion control scheme. '

20

Two complementary and parallel sets of feedback
loops (position and force) control a common plany,
being the manipulator in contact with the environ-
ment. Each task-frame direction is controlied by only
one loop, whereas both sets of loops cooperate to con-
irol each manipulator joint. Sensing, control, and
actuation take place in three different coordinate sys-
tems. Although control takes place in the iask frame,
in general every sensor force component and every
actuator participates in each separaie control loop.
Hence, the parallel force/position scheme is an exten-
sion of, and an improvement over, the free-joint
method.

The general paralle] force/position control method
certainly is a very valuable, useful, and consistent
concept. However, the two-dimensional implementa-
tion presentied by Raibert and Craig does not exploit
the hybrid idea to its full extent. The difficulties they
encounter in obtaining the control parameters and in
extending the experiments to multidimensional ma-
nipulator and task configurations arise from the fact
that the control laws are implemented in joint space
instead of in the task frame. The joint-space nature of
the control laws resulis in coupling between position-
and force-control loops. This coupling complicates the
design and the stability analysis of the loops. In fact,
the control parameters have to be obtained by trial
and error, and the determination of satisfactory con-
trol matrices may therefore be very difficult, if not
impossible, in the six-dimensional case.

Khatib (1987) recognizes this problem and solves it
by adding parailel force loops 1o his operational space
dynamic position-control scheme (Khatib 1985).
Based on a dynamic model of the robot arm, expressed
in task-oriented (i.e., operational) coordinates, dynam-
ically decoupled behavior is achieved for all opera-
tional directions, L.e., for all position- and force-con-
trolled task-frame directions.

Only Khatib’s approach allows the design and sta-
bility analysis of the force loops in the multidimen-
sional case. In addition, in all methods discussed
above, little aitention is paid to the handling of the
approach phase, i.e., the transition phase in which
contact with the environment is established starting
from motion in free space.

This paper presents a method for compliant motion
control which has in common with the free-joint
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method and with the parallel force/position method
that it zceepts its input from a functional specification
method based on Mason’s theory. However, the final
control implementation resembles most the explicit
feedback method, because it also closes force-control
loops around position-control loops.

In this paper:

The force conirol loops are optimized, allowing
general control laws instead of only proportional
feedback.

Stability is analyzed in the muliidimensional case.

The control method vields good resulis for the ap-
proach phase.

Hirzinger's method (1983; 1985) is based on the same
approach.

2. Design of 2 One-Dimensional External
Force-Control Loop

Figure 2 shows the general one-dimensional external
force-control scheme. The error between desired force
F, and actual force F is fed into the force controller,
which generates position commands x,. The difference
between actual robot position x and the position of
the environment x, causes a contact force via stiffness
ko. This contact force acts as a disturbance on the
position-control loop. The sensor dynamics may be
neglected if the structural resonance frequency intro-
duced by the force sensor lies well enough above the
position-loop bandwidth. We suppose here that this
condition is satisfied.

The effect of the contact force on the position loop
may also be neglected in many modern industrial
circumstances because

1. The stiffness k, is usually small compared to
the servo stiffiness.

2. The irreversibility of most joint drive systems
prevents the passing of end-effector force back
to previous links in the kinematic chain.,

However, the evolution of industrial manipulators
shows a trend toward lightweight constructions, which

o. 2. One-dimensional
external force control: gen-
eral scheme.

position N I
controller] ]

force
7 controlier

force
sensor

will be apt to exert controlled forces that make use of
full actuator capability. Evidently, in such a case the
contact force is no longer negligible. Therefore, we
assuine that the contact force can either be neglected
or is compensated for by direct feedback of the aciunal
measured force to the actuator drive torque.

Both assumptions reduce the general scheme of Fig,
2 to Fig. 3. The design problem consists in finding a
suitable force-control law g.(s), given the closed posi-
tion-loop transfer function A(s) (with de gain equal io
1y and the contact stiffness kg. The response of this
control system to an F; or X, input is given by

kog AS)h(s)
[+ kog ()h(S)
ke

[T Fog i)

F{s) = F£s)

2)

For step inputs this results in a sieady-state force error
if there is no integration in the forward path. There-
fore, g.{s) has to contain a factor 1/s. On the other
hand, g.(s) also has to contain a factor &35! in order io
compensate for the stiffness k.

The presence of integration in the forward path
allows us to define static velocity error coefficients with
respect to each of the independent inpuis F, and x,.
For a ramp input xq(f) = vyt, the steady-state force
error equals

1

AF =
5 Emg sg(Yh(s) %>

(3

and the static velocity error coefficient K, is defined by

Ko = lisa 5()AS), @
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AF, = K7l .

- (5)
The value of K, is 2n important property of a force-
control law, as we show later. With g.{s) proportional
to k5!, one concludes from (4) that X, is alsc propor-
tional to the contact compliance kg!.

If the transfer function of the internal position-con-
irol systemn is known, the external force-control law
can be designed with standard technigues. In the se-
quel, several approaches are worked out, assuming
#(s) is linear and second order:

wz

D
2+ 20w, + w2

h(s) = 6

where w, and [, are the position-conirol bandwidth
and damping ratio, respectively. Typically

0.7<,<1. N
2.1. Integral Control
Purely integral control, i.e.,
—1 1
g9 =Kz ks | < ). (®)

1s the simplest method and yields good accuracy (no
stazdy-state error). This method resembles the explicit
feedback method (generalized damper concept).
Therefore, the resulis presented below give an idea
about the (maximum}) capabilities of explicit feedback.

The optimal gain kj is determined by standard con-
trol design techniques, yielding

kg gesige = 0.50,,. 9}

22

The resulting bandwidth of the closed force loop is
about half the position-loop bandwidth,

Following eguation (4), the velocity error
becomes

coetficient

K= kg ey = 0.5k5 .

2.2. Proportional-Plus-Integral Control

The bandwidth of the closed force loop doubles by
adding a proportional control term:

=

[y
g

2.(s) = k3! <kﬂ, + %—‘i\}

I

Maximum bandwidth results by choosing the break
frequency of the control law equal to w,:

3
i

- (12

Again, the conirol gains are determined by standard
control design technigues, yielding

kfb,design = 1, kﬁsdesgn = wp. (33\)
The velocity error coefficient K, becomes
I{vx:‘kﬁkai Zkglwp° (1!‘1)

2.3. State Feedback

The state-space approach requires a state-space model
of the open-loop system. The physical system has
transfer function A{s)k,, but it is very convenicni io
include the reguired integrating control factor 1/s inte
the theoretical model. The state-space model for the
system then becomes third order.

Theoretically, the closed-loop poles may be chosen
arbitrarily, and therefore, the bandwidth of the closed
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known) disturbance input to the force-control system.
Tracking errors (in terms of force) result. For a ramp
input (xg = vpf), steady-state is obtained with force
Error:

AF, = K o,. (16}
A large velocity error coefficient K, vields small
tracking errors, or, as a corollary, large velocities v, are
allowed before contact between robot and environ-
ment is lost (given a desired force). As a matier of fact,
contact is lost if

UO>Kvde° (l7)

3.3. Disturbance Rejection

Two types of external disturbances are considered
(Fig. 4).

3.3.1. Position Disturbance, x(t)

The previous section analyzed the steady-state force
error resulting from an x, ramp input. As for the dy-
namics, the force error has the same dynamics for
both a desired force input F,; and for an X, input:

i

A = T R

(Fals) + keoxols)y.  (18)

This leads to the following conclusions:

[. A well-designed force-control law automati-
cally possesses a satisfactory position-distur-
bance rejection (stable and fast recovery, no
steady-state error).

2. The maximum force error is determined by
the contact stiffness k. The more compliance
is provided, the stronger the disturbance is
rejected.

3.3.2. Force Disturbance in the Aciuation System,
F dist, act

Force disturbances acting on the position loop (e.g.,
static friction in the actuation) are suppressed by the

24

Fig. 4. External force cont
in the presence of distur-
bances. A. Position distur-
bance. B. Force disturbance
in the actuation sysiem.

Fdis%,act
&
X
[
F = -
force | X osition | X | — F
g controller | 9 c%ntrollier—-—%—-——— ke,
—] g, () h(s) | +

position controlier before affecting the force loop.
Assuming a PD-position conirol scheme, the resulting
contact force error is given by

1 <h(§)

PSR P EYYEY I . sl ;*@\
1+ kogds)h(s) °\ K,y > Faisea(s), (19}

AF(s) =
where k,, represents the position feedback gain.
This leads to the following conclusions:

1. The force disturbance is filiered by the posi-
tion-loop transfer function f(s), and is reduced
by the relative stiffness k¢/k,,. Again, the more
compliance is provided, the stronger the dis-
turbance is rejected.

2. No steady-state error results for a step distur-
bance.

3.4, Using Force Control in a Velocity Direction

Instead of specifying a constant desired velocity x4, a
constant force,

Fdz K;}lﬁid {2@\}
can be specified in a velocity direction. Using force

control in a velocity direction has advantages in some
cases:

1. If an unexpected collision oceurs, the collision
force will be limited to F, {(apart from some
limited overshoot).

2. Since the motion ends automatically after
reaching a force F;, this control method can
be applied for a velocity task with a force ter-
minal condition.
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3.5. Adding Feedforward Velocity Information

If x; is a known function of time, this information can
be introduced into the coniroller as feedforward posi-
tion or velocity information (Fig. 5) in order to reduce
the tracking error. In a more advanced conirol
scheme, the motion of the workpiece can be estimated
from the force readings, based on a model of A(s), and
a motion model for the workpiece.

3.6. Influence of the Position Resclution

Practical systems have limited position measurement
accuracy. This results in force Emit cycles when a
constant-contact force is desired in a static situation
(i.e., no robot motion is involved). Their peak-to-peak
amplitude depends on five factors:

AF, = (yoe)lcy Ax 25

where

AXx, is the resolution of the position measurement,

y is a factor determined by the relative Iocation
within one position increment of the desired robot
position which corresponds 10 the desired force
y<i.

J, € are atienuation factors determined by the char-
acteristics of the position-control loop and the
force-control loop, respectively (§ < 1, e < 1).

As a general rule, ky Ax,, therefore represents an
upper bound for the amplitude of the limit cycles. The
limit cycles do not occur in dynamic situations (cf.
Fig. 12).

3.7. Role of Stiffness kg

The stiffness kg influences the behavior of a force-con-
irol loop in many ways.

. The influence of the contact force on the posi-
tion loop is determined by the relative stiffness
(ko compared with the stiffness of the position
servo loop).

;0(3) %

F force 2 X it X
d 4 A + d position { * | — W
v . controller Al con&(ro)l!er - g

- QQ‘C (s) Xy his -

i

o |-

2. kg directly affects the force resolution and ac-
curacy in the presence of finite position resclu-
tion (21).

3. kg indirectly affects the obtainable bandwidih
of the force-control loop. Indeed, the controller
output is proportional to kg'. Therefore, the
larger k3!, the more likely the actuators get
saturated, and a decrease of bandwidth be-
COmMEs RECessary.

4, The static velocity error coeflicient K, is pro-
portional to k3, and therefore the execution
speed of a compliant motion task is propor-
tional to the degree of passive compliance.

. The disturbance rejection is proportional to k7!

6. The larger k3!, the more deviation exists from
the ideal world with infinitely stiff objects.

This has consequences in the multidimensional
case, particularly when controlling tracking
directions.

U

In conclusion, high structural flexibility is disadvanta-
geous with respect to motions in free space. However,
it offers several advantages for compliant motion con-
trol, such as 2 high speed of execution, a high distur-
bance rejection, and a high force resolution. The first
two properties can be generalized to other force-con-
trol methods (De Schutter 1987). On the other hand,
oo much flexibility causes a reduction of bandwidth
due to actuator saturations, and disturbs conirol of
tracking directions due to a deviation from the rigid
environment hypothesis.

3.8. Applying External Conirol to Other Types of
Feedback

Similar external control schemes apply to any type of
sensor feedback where Ax = x — x; is deducible from
the measurement. Examples include vision tracking,
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Fig. 6. Concepiual organi
tion of multidimensional
external force control.
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proximity sensing, and tracking directions in multidi-
mensional compliant motion. Clearly, in case of non-
contact sensors there is no external force which dis-
turbs the position loop.

4, Control of Multidimensional Compliant
Motion Tasks

4.1, Muklidimensional Force Control

Figure 6 shows the conceptual organization of multi-
dimensional external force control in case

1. The position control law is implemented in
joint space {(with coordinates g).

2. The forces are measured at the robot wrist,

3. The stiffness at the contact point is described
by matrix K.

26

In order to reduce the complexity, we make the fol-
lowing assumptions:

1. The influence of contact forces on the position
loops is supposed to be negligible or compen-
sated for, as in the one-dimensional case.

2. The sensor dynamics are neglected.

. The position loops are supposed to be dynami-

cally decoupled in the task space; i.e.,

2

hs) © 6 0 o 0 |
0 hd) O 0 0 0
0 0 4 0 0 0 e
xo=| 5 9 "9, 0 0 o e @2
o
0 0 0 0 ) O
0 O O 0 0 hmz{(‘g)

This third assumption is perfectly satisfied if the posi-
tion-control law is based on nonlinear decoupling in
the task space {Khatib 1985). On the other hand, the
assumption is approximately valid (after linearization)
if the position control is designed using nonlinear )
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decoupling in joint space and if the dynamics of all
decoupled joint motions are chosen to be identical.

Finally, this assumption offers an acceptable work-
ing model for many industrial manipulators provided
with decentralized controllers as long as the band-
width and damping ratio of all independent joint-con-
trol systems are selected to be glmost identical. In-
deed, for many industrial rnanipulators the variation
of dynarnics and the coupling between the joini-con-
trol systems remains sufficiently imited.

Hence, (22) is approximately satisfed with

(8) = hy(sy = oo = hrg,(s). (23}

These three assumptions reduce the multidimensional
force-control scheme to the scheme of Fig, 7. In this
figure the remaining coupling between the force-con-
trol loops stems from the stiffiness matrix ¥ ,. Intro-
ducing its inverse in the multidimensional force con-
trol law eliminates this coupling. The transfer matrix
of the open-loop system then becomes

h(s)

=} Exals), (24)
~where I represents a six-dimensional unity matrix. Six

decoupled and identical systems result, which are con-
trolled using independent one-dimensional force con-

irollers.

Fys) = <

4.2. Control of General Compliant Motion Tasks

Similar one-dimensional external conirollers are also
provided for the tracking directions in order to elimi-
nate the orientation errors. These orientation errors
are estimated based on contact forces measured in
velocity directions, or actual velocities measured in
force directions (see part [). In the velocity directions,
the desired velocity is already specified, and no exter-
nal control is needed.

Finally, variable task frames, end-effector (EE) and
task-frame (TF) motion constrainis, feedforward ve-
locity (fl-vel), and task termination conditions can be
mtroduced as explained in part I, yielding the flow-
chart of Fig. 8. In this flowchart, after applying the

Fig. 7. Simplified multigi-
mensional force-conirol
scheme using exiernal loops.

ot
~t
= =ot [
FI ]
—t

—dt mutiidien. | Zdt

— force [ h(s) |
[' control =

UIX.
[Z3

—

PN

one-dimensional external conirol laws, the resulting
desired velocities in force (¥), tracking (tr), and velocity
{v) directions are assembiled to constituie the desired
velocity vector of both the end-effector and the task
frame. Then, when applicable, the optional motion
constraints are performed on the end-effecior velocity
vector and the task-frame velocity vector; the optional
feedforward velocity is added to both end-effector and
task-frame velocities, and, if required, the relation
between the task frame and its reference frame is up-
dated. Finally, the end-effector velocity is transformed
10 joint space, integrated, and output to the joint posi-
tion controllers.

5. Applications

The task specification formalism described in part [
and the control strategy presented above have success-
fully been applied to an experimental test setup con-
sisting of

Axn electrohydraulic Cincinnati-T3 robot (six d.o.f,
payload of 45 kg, accuracy of 1.2 mm).

A six-dimensional force/torgue senscr based on
strain gauge measurements and described in Van
Brusse] (1985).

A siz-dimensional compliant structure, with known
stiffness matrix, which is mounted between sensor
and end-effector in order to provide a sufficient
degree of passive compliance.

An HP1000-A700 minicomputer in which the con-
trol flowchart of Fig. 8 is implemented at a sam-
pling rate of 50 Hz.

In order to design the external control loops, we iden-
tify the position-loop dynamics A(s). Using step re-
sponses in each of the operational directions, we find

De Schutier and Van Brussel 27



¢ s
i BeGh

H inttialisation H

I F—

:/?e@d forces /

i interpret force readings ﬂ
L I

i eliminate grovity forces ﬂ
]

tronsform tg; task frame

i

emergency test SToP
: force ‘ velocity
diractions O.K. directions
tracking § directions
Gcking based ™~ N
} __ on velocities 7 _—" |
force error calculate i i colculate
AF. . =F . —F orientation orientation
—tf T =dtf  —mif error A% ,, . error Ax ,, .
—ttr —tir
[ .t
“EE—motion
~ < constraints in N
; tracking dir. 7_~~
Gpplty force coswtfrgr! law centgg; law appl d§§§red
con r;oi low ! 1/s—system h(s)/s—system vg ocities
=
evaluate
K otf
I
calculote
° N g‘] ;(
£ gt = Ko Us . Ldgre
‘ I —dtf —dtv
| composition of
‘ EE—vel=TF—vel
EE—-motion
_constraints
Y
s W@ﬂsfm’m EE—vel to MC—frame |
!
multiply EE—vel with MC;EE.
j
‘ {tmnsform EE—vel to task frame l

® ) ®




Fig. 8. Flowchar jor the
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Fig. 9. Position siep response Fig. 1§, PI conirol, A Force

used for the ideniificarion of step response. B. Approach
the open-loop system. response.
T %
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A Time (s)
that h{s) is linear and second order (Eq. (6)) with [, =
0.75, w,= 11 rad/s, and with negligible dead time _F/F
(Fig. 9) In addition, 2 sufficiently strong decoupling ] d

exists between the operational space directions.

5.1. Evaluation of the External Force-Control Designs

The control designs of Section 2 are evaluated by ap-
plying a constant desired force in one direction of the
operational space. Figure 10 shows step responses (i.e., R
starting from zero contact force) and approach re-
sponses (i.¢., collisions at steady-state approach speed) 0.0 : : : ; : : :
for three PI controllers. The fastest one is designed
according to Eq. (9). In the other two the control £ains
are reduced to 71% and 50%, respectively. The desired
contact force is 15 N, and the contact stiffness kg 18
about 3 N/mm.

The fastest PI controller has the same response speed  integral and state feedback controliers. As found theo-
as the inner position loop. Indeed, the 90% rise time retically, the maximum response speed of integral
equals 0.24 s for both a force step (Fig. 10A) and a controllers is about half of the position-loop response
position step (Fig. 9). A second important result is that speed. As for state feedback, it was impossible to irn-
this controller results in less than 20% force overshoot  plement stable-state feedback controllers which pes-

B " Time (s)

after collision with the environment (Fig. 10B). The formed faster than PI control: again, the maximuom re-

steady-state approach velocity, given by (15}, equals sponse speed equals the response speed of the inner

56 mm/s for the fastest controller and for the gwen position loop. Figure 10 also shows the presence of

stiffness and desired force. limit cycles due to the finite position resolution, which
Similar experiments have been performed using is typical for a static sitvation.
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5.2. Two-Dimensional Contour Tracking

Two-dimensional contour tracking involves one force
direction (normal to the contour), one velocity direc-
tion (tangential to the contour), and one tracking di-
rection {rotation in the plane of the contour). A com-
plete formal description for this task is given in
Section 7.4 of part I. The contour (Fig. 11) contains
three half circles (radius 80 mm) and two linear parts.

Theoretically, the force tracking error in the circular
paris is calculated as

AFg= (Ko7 (K" <2;> (25

where (K,,); is the velocity coefficient of the force
coniroller, (K,,),, is the velocity coeflicient of the
tracking controller, v is the tangential velocity, and 7 is
the radius.

A PI controlier is selected for the force direction,
with k; = 8.3 s7! and k;, = 0.75, and the contact com-
pliance kg is chosen equal to 0.32 mm/N. This yields
a velocity coefficient (K, )¢= 2.65 mm/(s - N). On the
other hand, a slower, pure I controlier suffices for the
tracking direction, with k,, ; = (K,),; = 1 57", Equa-
tion (25) results in force tracking errors of 0.47 N and
1.93 N for a radius of 80 mm and a tangential velocity
v of 10 and 20 mm/s, respectively. Figure 12 confirms
these theoretical results. Figure 12 also confirms that
no force limit cycles exist in a dynamic situation.

Fig 12, Two-dimensional
contour tracking: force frack-
ing ervors. A. V=10 mmy/s.
B V=20 mm/s.
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5.3. Other Applications

The control strategy presented in this paper has suc-
cessfully been applied o a number of compliant mo-
tion tasks, such as tracking a three-dimensional weld-
ing seam, palletizing of blocks or boxes starting from a
‘partially ordered set, opening a door without knowl-
edge of hinge location or orientation, etc. A very de-
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manding task for the Cincinnati robot consists of 2
peg-into-hole assembly with diameters of only 30 mm
and clearances of 0.1 mm. Successful insertions are
guaranteed for orientation errors up to 3°.

6. Conclusion

A control strategy is designed which offers an entirely
automatic control solution for every compliant task
specifiable, using the formalism presented in part L.
This strategy is based on external loops closed around
the robot positioning system. ’

Design and properties of one-dimensional external
force loops have been studied in great detail. In partic-
ular, external loops

Offer a simple solution to the approach problem

Show a high rejection for disturbances in the actua-
tion system

Regquire a passive compliance in order to overcome
the limited position resolution and to obtain an
acceptable execution speed and disturbance rejec-
tion

Have a bandwidth that, in a good design, approaches
the position-loop bandwidth

Multidimensional force control and control of general
compliant motion is performed by using a set of inde-
pendent one-dimensional control laws, provided the
position loops achieve a sufficient decoupling of the
robot dynamics., The general applicability of the task
specification formalism as well as the external control
strategy has been demonstrated in an experimental
test setup built around a Cincinnati-T3 robot.

Favorable conditions are present for implementing
compliant motion in a robot programiming ianguage
(Van Aken 1987):

The separation between programming and control

The variety of the potential applications

The simplicity and the robustness of the control
sirategy
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