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Abstract

This paper presents a robust adaptive impedance control for robot manipulators.
The robust adaptive impedance control is designed to obtain fast and eccurate
force tracking. The proposed controller does not require special knowledge of robot
dynamics end environment models. Lyapunov-based Model Reference Adaptive
Control is used to establish a global stability of the tracking errors. Ezperimental
results on an industriel robot are presented to verify the force tracking performance.
of the proposed controller.

Ringkasan

Tulisan ini menyagfikan kendali impedansi adaptif tangguh untuk manipulator robot.
Kendoli impedansi adaptif tangguh dirgncang untuk mendapatkan penjejakan gaya
dengan cepat dan akurat. Kendali yang divsulkan tidak memerlukan pengetahuan
khusus tentang model dinamika robot dan lingkungan. Model Reference Adaptive
Control berdasarkan Lyapunov digunakan untuk menyatokan kestabilan kesalohan
penjejakan. Hasil-hasil percobaan pada robot industri ditampilkan untuk memeriksa
unjuk kerja penjejaken gaya yang dihasilkan oleh pengendali yang diusulkan.

Keywords: Control design, Model reference adaptive control, Decentralized
adaptive conirol, Force control, Saturation control.

1. INTRODUCTION Control of a constrained manipulator, in which the

' manipulator is in contact with environment, has been
approached using two general strategies. The first
strategy is called hybrid position/force control [18]
that divides the robot workspace into orthogonal
directions. that are constrained either in force or
position, and then builds a force or position controller
for each direction. The second strategy is termed as

« impedance control |8] that is based on controlling the
relationship between the force applied to the robot
manipulator and the position of the manipulator.

When a robot has to perform tasks such as displacing
an object, paintihg or gluing objects, only a position
controller is required to perform those tasks becaunse
in those tasks the robot is only required to follow
desired trajectories. However, if the robot is required .
to perform tasks such as grinding or assembling,
the robot comes in contact with the environment,
therefore interaction forces are developed between
the robot and the manipulator. As a consequence, Taking into account how the force measurement is
these interaction forces must be controlled as well as . included in the forward control path, hybrid posi-
the position of the end effector.
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tion/force control can be classified into two groups:
1) force-based methods in which force signals are used
to generate the torque inputs for the actuators in the
manipulator’s joints [18,23,25,20]; and 2} position-
based in which force signals are converted into an
appropriate desired position in the force-controlled
directions and then apply that position into the po-
sition controller [1,16,5,21].

Impedance control methods can be classified into the
following groups [15,22]: 1) position-mode control,
in which a target impedance relating the force ex-
erted on the end-effector and its relative position is
augmented in an outer control loop for the position
controlled manipulator [16,14); and 2) force-mode
control, in which positions are measured and force
commands are computed to satisfy the objective of
the target impedance {15,22].

As can be seen in literature, force controllers were

" mainly developed under the assumption of slowly

tracking motion [13,2] or for tracking of a flat sur-
face [19]. For fast tracking of a contour consisting of
some "sharp" curves, these controllers are severely
inadequate. To improve the force tracking perfor-
mance (tracking velocity), some force controllers,
that utilize geometry data of the environment or
vision have been proposed by some researchers [17,7].
Demey et. al. [7] use a class of repetitive control
to generate an auxiliary signal to improve tracking
quality. This controller [7] can improve the tracking
performance significantly. However, it requires one
cycle of operation to gather data requiring for gen-
erating feedforward signals for the next cycle

To improve productivity, fast force tracking control
is very demanding. In this paper a new adaptive force
controller for fast tracking is proposed. This paper is
organized as follow. Section 2 shows the derivation
of dynamics of constrained manipulators. Section 3
explains the basic concept of impedance control. Sec-
tion 4 shows the environment uncertainties. Section 5
shows the main result of this paper. Sec 6 shows
the test set-up used to verify the performance of the
proposed controller. Section 7 shows the experiment
results, and finally Section shows the conclusion of
this paper. _
2. DYNAMICS OF CONSTRAINED
MANIPULATORS

When a robot end-effector is in contact with the
environment, force control is typically exerted in the

- direction normal to the surface of the environment,

and position control is applied in the orthogonal di-

- rections. The environmental constraints are assumed

to be holonomic and frictionless. Suppose that there
exists a kinematic constraint function ¢¥{q) (an; x 1
vector function, ny; > 0}, in joint-space coordma.tes
which satisfies.
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(q) = 0. o (1)

Eq. 1 means that the environmental ¢onstraints are
holonomic. The function %(q) is found from the
robot kinematic and the environmental configuration
for a certain application. Let the dimension of the
constraint be less than the number of joint variables,
i.e.,, ny < n, and these ny constraints are assumed to
be linearly independent [11].

Now, the constrained manipulator dynamics can be
derived by examining Lagrange’s equation
d [OL JL
— o= 5 =7 (2)
a4 dq
where the extended Lagrangian for a constrained
manipulator is given by

L=K—P—/\T¢(q)r (3)

with K and P denote kinetic and potential energies
respectively, and A is a ny x 1 vector which repre-
sents the generahzed multipliers associated with the
constraints which usually represents normal contact
force components. The force variable A is assumed
to be independent of q and §. Since ATy(q) = 0,
the Lagrangian given by Eq. 3 is exactly equal fo the
Lagrangian for unconstrained manipulator.

Substituting Eq. 3 into Eq. 2 ylelds the mampula.for
dynamics in constrained motion '
M(q)4 + Cra(q, @4 + F(4) + G(q) + I3 (a)A
— T ) - -
(4)
~where JT isan f ® n constraint Jacobian matrix
which is defined by

Jo(a) - 24D, (5

The desired contact forces are typically defined in
‘the Cartesian space. If the Jacobian matrix of the
manipulator J{q) is square, i.e. n = 6, and non sin-
gular, then, the relation between the contact forces
in the Cartesian space f and the associate torques in
the joint space can be obtained by

M(q)4 + C(q.q) + F(a) + G(a)
+3%(@) (3T (@I (@A) =7
or Eq. 6 can be written as '

M(q)§+ C(q,4) + F(@) + G(q) + I (q)f =7 (7)

where

(6)

=358 (8
with Jy, = Iy, I *{q).
’i‘he ideal Cartesian forces exerted to the environ-

ment f is of dimension ny. Therefore, the velocity

controlled subspace has dimension n; = n—n;. Note

" that in the formulation of the constraint function
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¥(q), it is assumed that the constraint surface is fric-
tionless. In practice, surface friction exists in almost
all robot force control applications and is very often
treated as a disturbance.

Tt can be observed that since 19(q) = 0 by definition,
then the time derivative of Eg. 1 is ‘

dy(q) .
—_— = ={.
o Jy. 4 9)
As a consequence
fT% = I} A3q)a
=T d QA I@a - (10)
=0
Eq. 10 means that the normal force and velocity

at the contact point are orthogonal to each other.
The position and velocity constraints given by Eq.1

and Eq. 9 lead that the motion of the end-effector is

limited-to the manifold defined as follow:
Q= {(q,q) : ¥(q) =0,Jy,q4 =0} (11)
3. IMPEDANCE CONTROL

The basic concept of impedance conirol [8,12} is that
the manipulator controller should be designed to reg-
ulate the dynamic behavior between the robot ma-

nipulator motion and the force exerted on the envi- -

ronment rather than controlling the motion and force
contro} separately. In other words, impedance control
does not attempt to track position or force trajec-
tories but rather attempts to regulate the relation-
ship between the position and force which is called
mechanical impedance. The mechanical impedance is
represented in Laplace domain by '

F(s)
X(s)
where F(s), X (s), and Z(s) are force, position, and

impedance respectively. The impedance Z(s) may
have the following forms:

= Z(s) (12)

(1) The simplest impedance is a zero-th order
impedance. In this case Z(s) is a constant and
the relation between force and position is given
by :

' F(s) = KX(s) (13)
The impedance parameter K is the desired stiff-
ness of the manipulator and is typically deter-
mined by the.sum of the stiffness of actuator
and controller.

(2) A typical form of an impedance controller is a
first-order impedance which has the form

F(s) = (Bs + K)X(s)- (14)

The parameter B is the desired damping of the
manipulator and is equal to the sum of active
and natural damping. The desired damping B
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can be achieved by modifying the active damp-
ing.

(3) Finally, a more complete form of impedance is
given by the second order impedance which has
the form

. F(s):(Dsz—l—Bs-FK)X(s) (15)

The parameter I is the desired inertia of the
manipulator. The desired inertia D can be
achieved by modifying the intrinsic inertia of
the manipulator. The intrinsic inertia can be
modified by using acceleration feedback. As a
consequent, this requires estimated acceleration
signals. However, an acceleration estimate typ-
ically requires a second order derivative of a
position measurement which is very noisy. Alter-
natively, force measurement and desired acceler-
ation signal can be used instead of acceleration
feedback.

Note that typically in impedance control, the desired
impedance Z(s) is linear and of second order at most.
This is due to two reasons. First, the dynamics of

a second order system are well understood. Second,

for higher order systems, it is difficult to obtain
measurements used for control loop corresponding to
the higher state variables.

According to Hogan [8], the impedance control strat-
egy implemented based resolve acceleration has the
form

7 =M(q)J " (q)(a — I(q)§) + Clq,q)

+F(@) + G(a) + TT(a)f (1)

“ with the tracking controller a is given by

a=3#q+D(BAx+KAx 1), (17a)

Ax =xq — X, (17b)

AX =%g — X%, {(17¢c)
where D, B and K are the desired impedance and

are typically specified with scalar values D, B and K
along diagonal.

1t is important to note that in the impedance con-
troller defined in Eq. 16, there is no prescribed de-
sired force and there is no partition of position and
force controlled directions. The user has only to spec-
ify the desired trajectories (xq,%q,%4) and the de-
sired impedance. The magnitude of the contact force
depends on the end-effector reference trajectory, the
location and the stiffness of the environment as well.

For some applications, however, accurate contact
forces may be required. For these kind of applications
it is difficult to achieve this aim using impedance

' control. Only in the ideal case where the environ-

ment parameters (i.e., location and stiffness) are
exactly known, it is possible to generate trajecto-
ries to achieve accurate contact forces. In practice,
however, the environment parameters are very often
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Fig. 1. The general scheme of hybrid impedance
control [1]

" not known. The inability to track desired contact

forces is considered to be the main disa.dvantage of
the impedance control over the hybrid position/force
control.

This disadvantage can be removed by combining
the advantages of hybrid position/force control into
impedance control. This can be achieved by intro-
ducing the tagk formalism into impedance control to
provide force tracking capability. Then, the desired
target impedance for each subspace can be chosen
depending on type of the environment [1]. Hence, the
hybrid impedance controller ig given by

7 = M(q)I "} a)a - J(@)a) + C(q,4)
+F(q) + G(a) + I (q)f

with the tracking control for the position-controlled
subspace ap given by

(18)

o =%4+ D 1 (BAX + KAx —f)  (19a)
CAx=xg4-X (19b) .
A% =%q — % (18¢) .

“and the tracking control for the force-controlled

subspace ay given by
f (fa—1) (20)

where £ is the desired force in the force controlled
subspace. Figure 1 shows the genera,l structure of the

" hybiid 1mpeda.n<.e control.

Remark 1. The standard hybrid force control and
impedance control approaches assume that the ma-
nipulator dynamics and environmental dynamics are
exactly known. However, in practice, the dynamical
parameters of the manipulator and environment may

‘not be known and/or difficult to obtain. In [9], a
. new adaptive controller is proposed to remove the

requirement of knowledge of manipulator and. envi-,

ronment dynamics, and to i improve the force tracking -
performance. - -
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2.1: 2.2:

Fig. 2. &, input in real applications

Remark 2. In both force control approaches the task
frame is assumed to be accurately known and/or
time invariant. In real applications, however, the task
frame may not be accurately known or may vary
‘during the constrained motion.-Therefore, in many
cases, the task frame is required to be adjusted on -
line to meet the actual environment frame.

4. ENVIRONMENT UNCERTAINTIES .

In a real application, the location and the geometry
of the environment may not be accurately known.
Uncertainty on the environment location and geom-
etry will introduce dynamical inputs to the force con-
trol dynamics. Figure 2 shows the practical situation
where #.(t) is considered as an unknown dynamical
input to the force control system [3]: '

(1)} one dimensional case: the environment moves-
with velocity, &.(£),

(2) two~(or multl) dimensional case: the robot
moves along a contour with a velocity #,{¢); the
contour may be defined by z, = d}(rb,,)-

From figure 2, it can be assumed that the force
developed at the contact point in-each axis d1rect10n
can be modelled as - :

fi= kei (33_(__ - wci)
where subscript ¢ denotes each axis direction.

ey

In the proposed adaptive force control given in Sec. 5
below, this unknown environment velocity is treated

as a disturbance and is compensated using an auxil-" -

iary signal, which is generated on the basis of adap-
tive saturation control.
bf ‘

"\

5. POSITION-BASED ADAPTIVE FORCE
CONTROL

* This section’ presents the main result of this paper

- In practice, most industrial robots have position con-
trollers and do not allow direct access to the actuator
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Fig. 3. Position-based adaptive force controller

torques/forces. The position-based force controllers
convert the force control error into an appropriate
desired position in the force-controlled directions and
then apply that position into the position controller.
A new position-based adaptive force controller for
fast force tracking is proposed in this paper.The
proposed adaptive controller is developed on the
basis of impedance control to compute the desired

-velocity trajectory in the-force-controlled direction. . .

%qr required to produce the desired contact force
f4. Fig. 3 shows the block diagram of the proposed
controller which consists of internal position control
- loops and external adaptive impedance control loops.

As explained in Sec. 3, the objective of impedance
control is 1o establish a desired dynamical relation-
ship, referred to as the target impedance, between the
end-effector position x and the contact force f. In the
proposed controller, the force tracking is achieved by
setting the target impedance be driven by the contact
force error eg = f; — f, instead of the contact force
f.

Suppose that the target impedance is chosen as a
linear second-order system with zero stiffness so that
the dynamical relationship between the force error
er and the end-effector position x in each force-
controlled direction is

my g 4 by (g, — Zap) = e (22)
The choice of the desired target impedance Eq. 22
is motivated by De Schutter’s results which indicate
that in order to get zero steady state error for
a desired constant force the outer force controller
providing reference position must have at least one
free integration [4]. Using the environment model
defined in Eq. 21, z;, can be expressed in terms of
er, as

1 1

Ty = T fi + Ze, :"_(fdi '_efz')+mci‘ (23)

k., ke,
Substituting Eq. 23 into Eq. 22 yields the force-error
dynamics _

nl’fiéfi—i_bfiéfi +ke,-€ft- :nlf‘,fdi ‘|‘bf,-fd,- (24)
1 kei bfi (3.36:' - idfi)'

Since the desired force set point fy, is typically spec-

ified as a constant, hence, the force-error dynamics
Eq. 24 can be written as

myéy, + bfiéfi + ke,ey, = kﬂibfi(:j:ﬂi - idf{)‘ (25)
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It can be observed from Eq. 25 that if the velocity of
the environment, is either zero or accurately known,
then the force tracking error will asymptotically go
to zero. In practice, the environment may move with
unknown velocity, so that accurate force tracking
may not be achieved.

5.1 Estimation on the Environment Uncertainty
Bound

Suppose that during the constrained motion, the
manipulator has to track a surface while exerting a
desired force normal to the surface. The environment
geometry, as shown in Fig. 2, is defined by

e, = P(zp,) | (26}

with ¢(:) denotes a scalar function which give the re-
lation between the position in the position controlled
direction and the position of the environment z,
in the force controlled direction. If the manipulator
moves along the environment surface at a constant
velocity 4,,, then the velocity of the environment
seen in the force-controlled direction is

Ee; = Ep; ¢’ (373?5 )- (27)

If the geometry function ¢(-) is accurately known,
then it is possible to generate desired trajectory
to achieve accurate force tracking. In practice, the
function ¢(-) may not be accurately known, and .,
represents the uncertainty on the environment veloc-

-ity. It is assumed, however, that ¢'(zp,) is bounded

. by a positive scalar constant o, that is

' (zpo)ll < 5. (28)

Therefdi;e, the uncertainty on the environment veloc-
ity can bounded by a scalar function L, such that

|2e. [ < L, (29)

where the bound on the environment velocity is given
by:

. (30)

This bound is used in the design of the position-
based adaptive force controller to compensate the
environmental uncertainties.

5.2 The Proposed Controller

Ly, = o,

The basic-concept of the proposed position-based
adaptive force control scheme is to generate the
desired velocity in the force-controlled direction zqy,
on-line as a function of force-tracking error ey, that
is,

Ear,(2) = Bi(t)er, +1g(t) (31)

where #; = [kpg, (£), Kvr, (6)] with &y, (t) and k7, (8)
denote the adaptive proportional and the adaptive
derivative feedback gains, respectively, and Iy, (t) is
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the adaptive auxiliary signal to -improve the gystem
performance. The auxiliary signal iy, () is defined as

Li bmlPiefi

lfi = (32)

L,

bl Pieg|l + 6.
where

Ly, = éuldp,| (33)
with &; is the estimate of o} defined in Eq. 30 for ith
force-controlled direction.

Now, substituting the control law of Eq. 31 into the
error dynamics of Eq. 25 yields

my. €y, + (bfi + j;:'ufi)éfi + (k&' + j{'.pfi)efi

34
= ke'ibfi(d:ei - lf;')' ( )

The force error dynamics given by Eq. 34 can be
written in state space form as
_ 0 1
[:f] = _kﬁi + ié?’fi. _bf:' + ’;:'fo' {Z?] :
’ ey, ) my; ' (35)

0 .
+ [mle] kcx‘bfs (mei - lfs)'

Let the desired behavior of the force-tracking error
for each force controlled subspace e, is specified as

[Z] - [—?v;-" “”222'“-’1'} [Z:} " m RET |

émg = Amiemi + bm|0

where & and w; are the desired damping ratio and
undamped natural frequency of the error dynamics,
respectively. -

Define the tracking error state as

E; = [?m* - eﬂ} (37)

€m; — €f;

The proposed adaptation law to update the con-

troller gaing are given by

9;(0) > 0, (38a)
8;(0) > 0.

ﬁi : _F'ibEIPi_Eiefi - C"iri',@i%
&; = Ty libm, PiE %p,| — o Tidy,
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(38b)

“ Fig. 5. Tracking of 2-Dcontour~ -~

Theorem 1. Consider the target impedance described

by Eq. 22. If the control law Eq. 31 with adaptation

law Eq. 38 is used, then the closed loop system is
globally ultimately bounded.

Proof. See appendix

Note that the position-based force controller does not

specify the type of the position controller. The choice
of the position controller depends on the performance

. required. Quite often that using simple conventional
“controllers, e.g., independent joint PD controllers,
results in an acceptable performance. However, if
these simple controllers can not satisfy the desired

performance, more advanced controllers such as the
proposed decentralized adaptive controller presented
in [10] can be applied.

6. TEST SETUP

Industrial robot. The experiments to verify the

proposed controller are performed on a KUKA IR- -

361 industrial robot. The KUKA IR-361 robot has
six degrees of freedom and is equipped with a

. force/torque sensor. Each of the robot axes is driven
. by a DC motor equipped with a digital encoder and

a tachometer. The DC motor is controlled using a PI

- controller based on velocity (tachomenter) feedback

(velocity mode). The input to these servo controllers

* gre the desired velocities. -

Force Sensor. The force sensor used in the exper-
iments is & 6 DOF commercial force/torque sensor
from Schunk which uses strain gauges measurements.
The measurement range of the force/torque sensor
200 N for forces and 20 Nm for torques. Since the
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Fig. 6. Workpiece for 2-D contour tracking (radius in
mmy)

the contour. In this experiment, the performance of
the existing position-based force controller, which
consists of a fixed-gain proportional feedback, and
the proposed position-based adaptive force controller
given in Sec. 5 are compared.

Task specification

x; : force controlled : fzy, = 25 N
1 - velocity controlied :
Y4, = 25,35, 45,55 mim/s
., : track (on velocities)
task frame : rotate

.. Vel Transf. | % . ,.
Task Frame to . s J-t
End Eff, Frame

Task Interprefcr

1000y

Tracking errar
identification ﬁ

Force signal processing, f
incl. transf. sensor frame to ﬂ
task frame

Fig. 7. Overall control scheme

force/torque measurements are noisy, digital low-
pass filters with a cut-off frequency 5 Hz are applied.

Software. The proposed control schemes are im-
plemented in the COMRADE (COmpliant Motion
Research And Development Environment) which is
a software package developed at PMA Div., Mech.
Eng. Dept., KU-Leuven to facilitate the development
and tuning of compliant motion robot tasks [24]. The
software runs at a sampling rate of 120 Hz. The
COMRADE environment is executed on a transputer
system in a VME bus which runs under the UNIX
operating system.

7. 2-D CONTOUR TRACKING -

Many robot applications such as deburring, polish-
ing, require contour following motions. In these ap-
‘plications the manipulator is required to apply a
desired force normal to the contour while moving
along the contour. In these experiments, the ma-
nipulator is required to track a 2-D contour whose
geometry and location are not known as shown in
Fig. 5. Figure 6 shows the geometry of the contour.
The task requires the manipulator to move along the
contour at constant speed while applying a constant
force normal to the contour. To achieve this task
the controller is required to keep the orientation of
the theoretical task-frame constant with respect to
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In this task, the orientation error Ac,, is estimated
‘on the basis of velocity measurement described in
[6], and the task frame is set rotate (relative) with
respect to the end-effector frame. Therefore, during
the tracking motion, the orientation of the end-
effector does not change with respect to the base
frame. '

Force control. Figure 7 shows the detailed control
scheme used in the experiments. The existing force
and tracking controllers are fixed P (proportional)
controllers. In this experiment, the position-based
adaptive force controller is applied for both force and
tracking control. The existing PD controller is used
for the inner controller (position controller).

The existing fixed gains of the force controller for z, y
and z-directions are:

kpr = [8 8 8] mrn /Ns,
and the ﬁxeg\i tracking ga.fns about z,y and z-axes
. are .
ke = [3.25 3.25 3.25] rad.
These controller gains are tuned experimentally.

The proposed adaptive controller to generate the
desired velocity applied in this experiment is given
by Eq. 31 which can be written as

MESIN Vol. XV No. 2




j:dfz = ‘E:T-"fiefi + ’}‘”fiéfi
f;i bmlPief[ (39)

+ =
Ly 6L Pieg| + &

where I;p i and k&, 7, are the adaptive proportional

gain and the adaptive derivative gain respectively.
The last term of Eq. 39 is auxiliary signal to com-
pensate the environment uncertainty. The reference
model for each force-controlled direction is given by
Eq. 40 below.

w8 =]

The aﬂaptation gaing of the adaptive update law

Eq. 38 are:

for the force controller

T = [0.075 0.075 0.075] ,
= [0.85 0.85 0.85]
e=[555],

for the tracking controller

I = [0.075 0.075 0.075]
= [0.075 0.075 0.075]
= [0.4 0.4 04].

All of these adaptation pa,ra,meters are tuned exper-
imentally.

Tracking results. Figure 8 - 15 show the contour
following experimental results. '

o For low tracking velocity, the fixed P controller
behaves quite well, although, it is shown that
at £t = 40s and ¢ = 60s the measured contact
force is decreasing along the sharp corner of the
contour (see Fig. 8). At these times the tool held
by the end-effector is at the corners C and D
of the contour respectively (see Fig. 6). From
Fig. 9, it is shown that the average contact force
is around the desired set point. :

o Asthe tracking velocity increase {35 mm/s}, the
contact force using the fixed controller is further

decreasing along the corners (see Fig. 10). Along

the corners, the average contact force at this
velocity using the proposed controlier is still at
the desired set point.
¢ As the tracking velocity reaches 45 mm/s the
manipulator looses contact with the contour
along the corners (see Fig. 12). At this tracking
velocity, the proposed controller was still able to
. keep contact between the manipulator and the
- contour (see Fig. 13).
- ¢ As the desired tracking velocity further in-
creased (55 mm/s), the loss of contact is get-
ting worse. It can be seen in Fig. 14, when
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_the manipulator got back in contact it resulted .
impact contact forces. As shown in Fig. 15, the

Measured force

Time (s)
Fig. 8. Force tracking using fized gain coniroller at
25 mm /s. At tracking speed 25 mm/s, the fixed
P force controller is able to maintain the contact
force. The contact force is decreasing along the
" corners C and D (t=40 s and t=608}. -

proposed adaptive controller is stlll able to keep
contact at the corners. -

o It can be observed that the trackmg force using
the proposed position-based adaptive force con-
troller is oscillatory. This is due to the derivative
force signal, which is very noisy, apphed to the
force controller.

From the experiment results, it can be concluded
that the proposed controller can improve the force
tracking remarkably. The maximum tracking velocity
is increased from 45 mm/s to 55 mm/s. The problem

_ left for the proposed controller is the oscillation due

to force derivation. In the controller implementation,
the derivative force signal is obtained by filtering
the measured force signal using a simple derivative
filter, which is clearly not adequate. To improve the

- controller performance, therefore, it is required to

implement an estimator in order to estimate the
derivative force signal [20].

8. CONCLUSION

This paper presents robust adaptive force control for

- constrained manipulators. The proposed controller

is developed using impedance conirol scheme that
achieves the desired contact force by manipulating
the desired position of the end-effector. The stabil-
ity of the proposed controller is established using
Lyapunov-based model reference adaptive ‘control.
The experiment results show that the proposed con-
troller can improve the tracking performance remark-

ably.
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Fig. 9. Force tracking using adaptive controller at 25
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10. Force tracking fized gain controller at 35
min /s, At this tracking speed, the controller is
able to maintain the contact between the end-
effector and the contour along the corners C
and D (t=33 s and t = 47 s). However, the
contact force along these corners is decreasing
remarkably. '
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Appendix A. STABILITY PROOF OF
THEOREM 1

Consider the tracking error dynamics for each force
controlled subspace given by Eq. 35 '

. . 0 1
éy, - - ey,
[éf’.] = | ket btk [ef]
: my, my, ! (A.1)

0 .
+ Lﬂ';i]] ke, by, ("‘Uem - lfi)

Without loss of generality, m , and by, may be chosen
to be 1 and 1/k,, respectively. Hence, Eq. A.1 can be
written as

0 1 €

AR TSI |

+ m (de, — L5}

Note that the choice of by, be equal to 1/ke, is not
critical since by, will be absorbed by the time varying

gain ky, .

Let the desired tracking error dynamics for each force
controlled subspace are defined by

ém,| | O 1 €m, 0 0
im| T |—w? 2t lem) T 11T, a3)

ém,— = Amem, + b, 0
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where e, (0) is chosen as [0, 0] We define the error
tracking state as

E; = [eml - efi] . (A4:)
Subtracting Eq. A.3 from Eq. A.2 yields
: 0o 1 o
Bi=[ L7 o] |
N 0 1
ke, + kpy, — “"? by, + ko, — 28sws ok
0 .
+ |:1:| (lf:‘ - xei)
= Am[Ei + bm; ({gl ey, + (}f; - iel))
(A.5a)

with
3 = — o, Tsds — Li(by, PiE;)es, — oilid;  (A.5b)
“d == olia = Talbl, PiEilllkp, | + oiTa; (A.5¢)

where
95 = 9 9},

~ % ~
oy == 0y — Q.

(A.6a) .
(A.6b)

Choosing the Lyapunov function candidate as

nr
V(E,3,8) =) [E;I'PiE; T
pa (A7)

+ &3"1‘;1&1-] .

Differentiating Eq. A.7 along the tracking error dy-
< . -
namics Eq. A.5 yields

nf
V(E,é,&) = Z [— E?QiEg . 20}('51 + ‘19;‘)’1“5;
i=1

—20;(a; ~ a:)Ta’i
2

— 2| b, PiEsl|& > Ikp, [
) k=1

+2bT, PiEi(ly, — %, )] |
(A.8)

Replacing ., in Eq. A.8 with its upper bound o; |#p,|
yields

n
V(E,3,8) < ij [ — ETQiE; — 203(F; + 95)TH;
t;ai(ai —a) &
— 2|| b, PiE;|| & [%p, |
+ 2by, PiEsl,
+ 26T, PiEiflof |

(A.9)
Substituting Eq. 32 into Eq. A.9 yields

MESIN Vol. XVII No. 2




n,a .
V(B3.5) <> | - BT QE; - 20:(8: + 0)T;
i=1

—20:{a; — )iy
- 2|EbmlP E:Elatlxpsl

. 12 b Pie;
+2b'§uPE,, LT
Lli ”bm| P; ief “ + €

oy 2||bm‘P;EiE|a;‘ lxp,l]

(A.10)

Using the relation & = a* — & defined in Eg. A.Gb,
Eq. A.10 can be rewritten as

Ty
V(B,3,8) < | - BT QuE;: — 20,(F; + 8})7 5,
- 20'{(52,; - af)T&i
+ 2[bm, PiE; ||5¥1f5<p;|
I + QbT P E LlimeP ey ]
"L, |[bT, Pieg | + &
(A.11)

Substituting [1, = &y, | into Eq. A.11 yields
i
V(E &) <Y [ — ETQE; — 203(d; + 95)TF;

= 203{8 — o) _
+ 2||bm, P Eil| &il%p,|
(&|xp.])*bm, Piex
+ ng PiEi _ 5 1 1 ]
™ alxpll ”b£|Piefi |+ e
(A.12)

From Eq. A.3 and Eq. A4, it can be shown that if
em, (0) is chosen as [0,0]” then ey, is equal to —-E;.
Therefore, Eq. A.12 can be written as

V(E,d &) < Z [ — ETQ:E; — 204(8; + 97)T9;

- 203(d; — af) éu
+ 2||bm, PiE; | & %p, |
(bon, PiEs) T (& %p, ')2(b£.PiEi)]
Ibf, PiEslld[%p, | -+ &
(A.13)

Obtaining a common denominator for the last two
terms in Eq. A.13 yields

-2

V(E,5,8) < | - ETQiE: — 20:(Fi + 9™ 5;

- 204(& — of )&
Ga”bT P;E; &ii%p, | ]
Il o, PiE;[| & [%p, | + &

(A.14)

. Using the relation 297d; < ||9%;]|2+[[9¢]|2, the upper
bound of Eq. A.14 can be set as
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Ty
V(B #,8) <> [ ~ Ef QiE: ~ |95 + asl|97 12

— 0@ + oyt

wﬁPwmmw

4 2 e
Ib%P Bl Gl + e
: ~ (A.15)
nf
< [_E?QiE; = oillds)|® + o]0 || 2
_izl
— 03|65 )* + oslef P + 2€i]
‘ (A.16)

< g: [ — Vi (B, 93, 85) + "Ti] (A.17)

<—pV(E,3,8) + 7 (A.18)

where

g = min{ AL (P Amin (Qs), Amin(Ti)ai}, = minfp},

ng
i = o5 {95 1% + [of P} + 265, 7= _m

f==1
From Eq. A.18, it can be concluded that the state
of the error system Eq. A.5 are globally ultimately
bounded by 7/ . Since e,, is always zero, therefore,

it implies that e; is globally ultimately bounded W
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