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in our earlier work [14], there is reason to believe that the algorithm
can be used with any mobile manipulator system.

A potential problem associated with using simulated annealing is
that it may require an excessive amount of computer time. The data
for Figs. 3, 5, and 6 were obtained on a Micro Vax II. We required
an average of only 45 s of CPU time to solve the two-task problem,
while the four-task problem required 140 to 170 s to solve depend-
ing on whether a cyclic solution was desired or not. These solution
times are of the same order of magnitude as those achieved in [14]
and were achieved without optimizing our simulated annealing
algorithm for speed.

VI. SUMMARY

In this work we have formulated a sequential task problem for a
mobile manipulator as a global optimization problem. The mobile
manipulator system redundancies allow a number of tasks to be
performed for some minimum cost. The tasks are defined simply by
desired positions and orientations and desired forces and moments,
and the cost is defined by the length of the trajectory of the mobile
base. This cost is representative of a measure of time or energy
required to position and orient the system for each task. We note
that these definitions produce a nonlinear cost function with nonlin-
ear and nonconvex constraints and unconnected regions, and demon-
strate that satisfactory solutions can be obtained through the use of
simulated annealing. While the computational time required for this
optimization increases with the complexity of the system and the
number of tasks to be performed, it is not excessive, and the
optimization, performed offline, could result in tremendous savings
if a series of tasks is to be repeated many times.
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Impedance Control with Adaptation for Robetic
Manipulations

W.-S. Lu and Q.-H. Meng

Abstract—Motivated by the algorithms of Craig et al. and of Slotine
and Li for unconstrained motion control, two adaptive versions of
impedance control are presented in this work. In our treatment, it has
been assumed that some parameters in manipulator dynamics may be
uncertain, and the measurements from the wrist force sensor utilized are
imprecise. By introducing the concept of target-impedance reference
trajectory (TIRT), which characterizes a desired dynamic relation of the
end-point with the environment and a refined Lyapunov approach, it is
shown that the adaptation mechanisms suggested by Craig er al. and
Slotine and Li can be injected into Hogan’s conventional impedance
control. The two resulting algorithms are compared in terms of imple-
mentation feasibility as well as computation efficiency. Simulation re-
sults are presented to illustrate the proposed algorithms.

1. INTRODUCTION

Stable execution of contact tasks by mechanical manipulators has
been identified as one of the major challenges in robotics [1]-[3],
and a great deal of researchers’ attention has been attracted to the
problem during the past decade. Among several proposed control
schemes, it appears that the impedance control of Hogan [4], [5]
provides an unified approach to unconstrained motion control, ob-
stacle avoidance, and constrained manipulation. In addition, it has
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theoretically been shown that the approach may also preserve mo-
tion stability during the contact between the end-effector and the
environment [3]. This is a property especially attractive to the field
of contact-force control [1].

As in the computed-torque servo for unconstrained motion control
[6], {7], implementation of impedance control requires the use of
accurate manipulator dynamics in its operational space as well as
perfect measurements of the external force [5, eq. (23)]. On the
other hand, some parameters in the manipulator’s model such as
moments of inertia or position of the center of mass in the end-ef-
fector may be uncertain due, e.g., to unpredictable payload changes
[8]. In addition, measurements from a wrist force sensor are often
found noisy. Model uncertainties of this type and imperfection of
the force measurements could severely degrade the performance of
a model/sensor-based robot controller such as impedance control
[5, pp. 1051-1052] and, therefore, feasible compensation methods
must be sought so as to maintain performance quality as well as
motion stability in the presence of parameter uncertainties and
measurement noise.

Motivated by the algorithm of Craig et al. [9] and of Slotine and
Li [8] for unconstrained motion control, two adaptive versions of
impedance control are presented in this work. As mentioned in [9],
the method proposed there ‘‘might also be extended to include an
active force control servo,’’ but such an extension has not been as
yet available to date. Slotine and Li [10] extended the method of [8]
to include constrained manipulations but only the hybrid control
[11] was considered. In addition, adaptive impedance control was
identified as one of the aspects of adaptive control of constrained
tasks that are worthy of further investigation, as stated in the
concluding remarks of [10].

The difference of an adaptive impedance control from an adaptive
unconstrained motion control is twofold. First, unlike unconstrained
motion control, effort must be made to prevent performance degra-
dation due to imperfection of the force sensor used. Second, here
one deals with the dynamic interaction between the robot end-point
and its environment that could be very rigid in many applications,
and, as a reflection of this fact, regulation error must be redefined in
order to accommodate the interactions that do not exist in the
free-motion case. By introducing the concept of target-impedance
reference trajectory (TIRT), which characterizes the desired dy-
namic relations of the end-point with the environment, it will be
shown that the adaptation mechanisms of Craig et al. and Slotine
and Li can be injected into Hogan’s conventional impedance con-
trol. It will also be shown that the Lyapunov approach utilized in [8]
and [9] can be refined to properly compensate the measurement
noise as long as the magnitude of the noise is assumed to have a
known bound.

This short paper is organized as follows. In Section II, the
manipulator dynamics to be used throughout the work is given,
followed by two comments on the conventional impedance control
that appear to be useful in understanding the algorithm. The main
results are presented in Sections III and IV. Section I begins with a
brief presentation of the impedance control with estimated dynamic
parameters. The concept of TIRT is then introduced, based on
which a parameter adaptation law similar to [9] is derived where
properties of strict positive real (SPR) functions are employed. In
addition, an extra control torque is introduced and determined
through a Lyapunov-type analysis to suppress the measurement
noise from the force sensor. In Section IV, the TIRT is again
utilized to inject the adaptation mechanism of [8] into impedance
control. The resulting control algorithm and parameter adaptation
law are first described, followed by a comparison of the two
proposed adaptive schemes in terms of implementation feasibility as
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well as computation efficiency. Simulation results of the proposed
algorithms as applied to a two degree-of-freedom (d.o.f.) planar
arm are described and compared in Section V. An appendix is
attached to include a brief discussion on SPR functions.

II. THE MANIPULATOR MODEL AND CONVENTIONAL
IMPEDANCE CONTROL

A. The Manipulator Model

The dynamics of an 7 d.o.f. manipulator can be described by

H(a)d+C(q.4)q+g(q) +f(4) =7-JTFy (1)

where 7 is the n X 1 vector of the joint torque supplied by the
actuators; ¢ is the joint displacement vector, H(q) is the n X n
symmetric, positive definite mass matrix; C(q, q), g(q), and f(§)
represent torques due to centrifugal, gravity, and friction forces,
respectively; J is the n X 6 configuration-dependent Jacobian that
relates the joint velocity to the linear and angular velocities of the
end-effector; and F,, denotes the force exerted by the end-effector
on the environment and measured by a wrist force sensor.

When controlling the dynamic behavior of the end-effector /en-
vironment interaction comes to be a main concern, it is often
desirable to describe the manipulator dynamics in its operational
space. Assuming n = 6, the Cartesian space robot dynamics is
given by [12]

H (x)% + C(x, ) % + g,(x) + £:(%) =T T -, (2)

where x is a six-dimensional vector representing the position and
orientation of the manipulator gripper, and

H,=J THJ!
Cux,x)=7"7(C-HIJ)J!
g.=J"Tg
f(%) =77
B. Two Remarks on the Conventional Impedance Control

In the impedance control, target impedance is usually specified by
a higher level supervisory system as a second-order dynamics [5]

M(%-%)+B(x-%x)+K(x-x)=-F, (3)

where x, is the virtual trajectory that often coincides with the
desired trajectory when no contact occurs. However, it would most
likely correspond to positions beyond the robot’s workspace during
the contact in order to maintain a proper amount of contact force.
We will return to this point when discussing simulation results of
the proposed control strategy in Section V.

Remarks

1) Given manipulator dynamics (2) and target impedance (3), it is
quite natural to use a constrained motion control counterpart of the
well-known resolved acceleration algorithm [13] to assign a control
torque 7 such that the overall system dynamics coincides with that
given in (3). Obviously, such a torque is given by 7 = J7F with

F=F,+Cux+g,+/f,+H{% -M'[B(x-x)
+K(x-x,) +Fy]} @)
i.e., in the notation of [5],
r=JN{w ' [M Y (K(x, - L(8)) + B(x, — J§))
+%, + JH-'(CO + g + 1) — Jb]
+[1- WM R} )
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where L(6) represents the forward kinematics operator that maps a
set of joint displacements into the corresponding end-point
position/orientation, and W = JH~'J7 is the mobility tensor whose
inverse is the actual inertia of the robot end-effector in operational
space [4]. The control law (5) has been known as impedance control
for constrained motion of robots where the major control task is to
regulate the dynamic relation of the end-effector with the environ-
ment to be contacted. It follows from the above observation that
impedance control is indeed a duality of the resolved acceleration
control in the domain of constrained motion control.

2) Control law (5) can also be used for redundant manipulators
where the Jacobian J is full row-rank rectangular matrix over its
workspace. Indeed, the introduction of mobility tensor W in this
case avoids performing an inverse operation for the rectangular
Jacobian. On the other hand, the control torque given by (5) is not
computationally efficient when the manipulator involved has six
d.o.f. and its Jacobian is nonsingular over the workspace. As a
matter of fact, it can readily be shown that the joint torque 7 needed
can be computed using the formula

T=H*+Cé+g+f+JF, (6)

where §* is given by

6* = (MJ)"'[K(x, - L(6)) + B(%, — Jb)

+Mx, - J6 - F,]. (7)
One can therefore use the measurements from joint position/
velocity sensors as well as wrist force sensor to compute 6* and
then adopt the recursive Newton-Euler (NE) computation scheme
[14] to calculate the sum of the first four terms on the right-hand
side of (6).

III. ADAPTIVE IMPEDANCE CONTROL: ALGORITHM 1

In the adaptive impedance control algorithm proposed below,
unknown model parameters are estimated at each control instant in a
manner similar to that of [9]. This is made possible by redefining
the regulation error as x — x, where x, reflects the desired target
impedance.

A. Impedance Control with Estimated Dynamics

Let p and peR"™! denote the vector of all unknown parameters
in the robot dynamic equation (2) and its estimate from an adapta-
tion law to be specified later [see (19)], respectively. The impedance
control can be implemented if the estimated parameter values are
used in (4) or (6). For the sake of simplicity, it is assumed that the
Jacobian is a square and nonsingular matrix over the workspace.
The control torque can then be written as

T=H*+Cé+ g+ 7+ JTE + JTF, (8)

where A, ¢, &, and f are evaluated using estimated parameters,
F, is the measurement of F,,, and F, is a control force to be
determined later [see (22)] to handle the measurement noise from
the wrist force sensor

6* = (MJ)'[K(x, - L(8)) + B(x, - J6)
+M3, ~ Jb - F,

exl] ° (9)

Similar to the discussion in Section II-B, the recursive NE
computation scheme [14] applies to (8) and (9), making it a numeri-
cally attractive formulation in implementing the proposed algorithm.
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In order to perform an error analysis, however, it is more
appropriate to write the control torque as 7 = JTF with

F=F,+Cux+g. +f +HAf% -M'[B(x-x,)

+K(x - x,) + B ]} +E. (10)
B. The Target-Impedance Reference Trajectory

Given the desired end-point/environriient relation (3), a target-
impedance reference trajectory (TIRT) is a differentiable vector
function x,(¢) of time, which solves the second-order differential
equation (3) with a proper set of initial conditions, e.g., x,0) =
x,(0) and x,(0) = %,(0), and with F, replaced by F.,. Clearly,
the TIRT as a function of time coincides with the desired tracking
trajectory over the unconstrained motion duration simply because of
FA;X' = 0. However, it may differ considerably from the preassigned
virtual trajectory during the contact. This is particularly true when
either the environment involved has a very high stiffness or the
target impedance is assigned such that its dynamics has a pole
sufficiently close to the jw axis. To be specific, the TIRT x,(¢) in
the rest of the paper is defined as the unique solution of the
initial-value problem

M3, + Bk, + Kx, = —E, + (M%, + Bx, + Kx,)
x,(0) = x,(0)
*,(0) = £,(0). (11)
An example will be given in Section V to show the difference
between the TIRT and virtual trajectory of a robot arm.

A couple of remarks on the introduced concept are now in order.
First, with measurements from the wrist force sensor and the given
virtual trajectory, the TIRT can be found very quickly in each
sampling duration by numerically integrating (11). Further notice
that such numerical integration is necessary only during the contact
since one may otherwise simply take x,(f) = x,(¢). Second, the
importance of this concept is due to the fact that the essence of
impedance control is to reform the dynamic relation for the end-
point/environment interaction such that the end-point could move
along the TIRT. The importance of (11) will become more apparent

when an attempt is made to derive an error equation for end-effec-
tor’s position in the next subsection.

C. The Parameter Adaptation and Determination of F,
Applying control law (10) to dynamic equation (2), simple alge-
bra leads to
M(%-%)+B(x—x)+K(x-x)+FE,
= MH'[(H,%+ C,x + §,+f,) + F. + AF))
where ﬁx = I:Ix_ﬂx3 CN‘Jr = éx - Cx* g~x: gx — 8x ixz-ix
- fy» and AF, = F, — F_, . As mentioned before, it is not the
virtual trajectory but the TIRT that the end-point tries to follow.
Consequently, the regulation error for the constrained motion is
defined as e = x — x,, and the error dynamics is obtained by
combining the above equation with (11) as
é+B,é+K,e=H; (W,¢+F.+AF)2u
where B, = M~ 'B, K, = M~ 'K, and

(12)
Wo=Hx+C x+§g +f (13)
with

¢=h-p
and W, a 6 X r matrix depending on ¥, X, x, and the known
manipulator parameters. On comparing (12) with the error equation



IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 7, NO. 3, JUNE 1991

(11) of [9], the following distinctions may be observed: 1) Equation
(12) is established in the operational space rather than the joint
space. 2) The left-hand side of (12) is a reflection of the desired
target impedance rather than desired unconstrained motion. 3) A
friction term has been included in (13) with the assumption that only
viscous friction and dynamic Coulomb friction effects are modeled.
4) Sensor noise AF, is present and the control force F, is included
in the right-hand side to suppress AF, using a Lyapunov approach
as will now be demonstrated.

It follows from [9] and the Appendix that an augmented error
vector may be formed as

e*=¢é+ ¥Ye

(14)
with ¥, = diag (¥, . . ., ¥,), ¥, €(0, b, ), and b, the ith diagonal
element in B, so that the input/output map u ~ e* admits a
state-space description given by
X=oX+ Bu
e* = ¢X (15)
where X = e, é, ... LAY, B=
diag (b,, .

e, ¢,)7, o= diag(A4,,..
.., b,), and ¢ = diag(c,,...,c,) with

0 1

bi=[(1)],
¢i=[v; 1].

Note that transfer function matrix of system (15) is diagonal with all
diagonal elements SPR. Consequently, there exist & =
diag (P, ..., P,) > 0and 2 = diag(Q,, ..., Q,) > 0 such that
ATP+ Pod= -2
PB=¢T. (16)

A Lyapunov-type error analysis begins by defining
V(X.,9)=XT2X+¢'T ' (17)

with T, positive definite. While the above Lyapunov function has
been used in [9] for the unconstrained motion control problem, a
careful treatment for the imprecise force measurements, which was
not the issue in [9], is now needed. By (15)-(17)

V.= —XTOX +26T(WTH; 'e* + T, 'p)
+2¢*"H;'(F, + AF,). (18)
Thus, the parameter adaptation law
b= -TWIH;'e* (19)
leads (18) to
V.= —X70x + 2¢*"H;'(F. + AF,).

If the measurement noise AF has a known bound, i.e.,

(20)

laF| <3 (21)
then by choosing
F=- % Hye* (22)

where y = 0 is the gain factor to be determined later, we obtain
V.< —a— B2 +2ps (23)
where
a=XT0x

B = el
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and
p= | Hyle*|l.

Consequently, the time derivative of V,, will be strictly negative if

(@ X#0and e*=0
or

() X+0,e*+0,and

o >2pud

or

(© X#0,e*#0, a<2ud, and
2ud —
T (4)

If condition (a) or (b) is satisfied, (20)-(23) indicate that F, is not
needed, i.e., one may assume F, = 0. Otherwise, the term F_ given
by (22) with « satisfying (24) must be included in the control torque
specified by (8) to guarantee a negative Vc In other words, the term
F, in (8) can be specified by (22) with vy satisfying

v > max (0, (2p — a)/B%). (25)
Furthermore, since in case (c) p.Asatisﬁcs p=a/26 and p <

|HZ'| 8, we have B = «/(28) H;'|) which implies that the
right-hand side of (24) has an upper bound

48%| A7 12 (288 H; Y| - @
o _APIAPEBIA o) g
Y @
Obviously, y* defined in (26) gives an indication of how large the
gain factor v satisfying (24) [and hence (25)] might be for a given

vy >

2u6 — o

‘noise bound 6.

In summary, (8), (14), (19), (22), and (25) have provided an
adaptive version of Hogan’s impedance control for a robot manipu-
lator with uncertain parameters and an imperfect force sensor.

Remarks

1) In (2), (8), and (10), etc., it has been implicitly assumed that
no singularities will occur along the planned motion trajectory.
Effective approaches to avoiding singular configurations can be
found in the literature; see, e.g., [17, ch. 7] and the references
therein.

2) As in the unconstrained motion case [9], it follows from (13)
and (19) that implementation of the proposed algorithm requires the
invertibility of H, and the use of joint acceleration. Moreover, (19)
does not guarantee a priori that ﬂ;l remains bounded [18]. A
remedy for this difficulty is to replace (19) by a modified adaptive
law suggested in [18, Sec. III-C] in which only a single H;' with
fixed parameters is needed.

D. A Robustness Property of the Algorithm

There are a number of cases in which some or all components of
the control torque 7 calculated from (8) exceed the maximum
torques that the actuators can provide, and, consequently, saturation
occurs. In what follows we consider one such case where saturation
is due to an unusually large force measurement I:“cxl. Assume that
H;' is uniformly bounded, i.e.

| Az = A

(27)
for some constant #* > 0, and that the measurement noise from the
force sensor is controlled by a known bound & as in (21). Denoting
by 7, the saturated controller output and F, = J~ Tr s the
end-point force during the saturation can be written as

Fy =F+ AF,
where AF; is defined as
AF,=F, - F
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with F obtained from (10). Obviously, with this F, . as the control
force, the error dynamics equation (12) should be modlﬁed as

é€+B.é+K,e=H;' (W +F. + AF, + AF,)) & u,

which leads to the following modification of 23)
V< —a— 8 +2u(5 + | AF)|).
By (27) we have

Vo< —a— v+ 2K*(5 + | AF,|)8 (28)

It follows that the saturation may lead to a positive Vc and hence an
increasing error signal X (which is equivalent to e and €). On the
other hand, since both « and 82 are proportional to square of
llell + [léll, 28) indicates that ¥, will become negative again
before the error gets too large. In other words, as may be expected,
saturation of this type certainly causes a relatively large error as
compared to that in an unsaturated control, but robust stability of the
error dynamics is preserved for tasks in which the contact force may
occasionally go up to a level causing controller saturation.

IV. ADAPTIVE IMPEDANCE CONTROL: ALGORITHM 2

A. The Control Algorithm and Parameter Adaptation
Again the TIRT is employed to form the regulation error

e=x-x,.

(29)
The augmented error vector is defined as

s=é+ Ve

(30)
where ¥ > 0, but other constraints that were imposed on ¥, its

counterpart in algorithm 1 [see (14)], are now not needed. Further,
let x,(t) be such that

X, =Xx-—s.

(1)

The second proposed adaptive impedance control is then given by

(32)
where K, > 0, and H_, €., &, and £ are obtained by substitut-

ing the estimated parameters p into H,, C,, g,, f,, respectively.
Defining

F=Hi +Cx,+ 8. +f +E,—K,s

1
Vi(s.¢) = 5 (sTH,s + 67T, '9)

which is an operational space counterpart of the Lyapunov funcnon
utilized in [10], (2), (31), (32), and the fact that H - 2C,
skew-symmetric lead to

V, = ¢T(WTs + T;'¢) — sTK 45 + sTAF,.
Consequently, if the adaptive law
p=-TWs
is used where W, is determined by
W =Hx +Cox + 8. +F.

(33)

(34)

then
V= —sTKs + sTAF, < —k,||s||* + 8| s]|

(35)
where k, denotes the smallest eigenvalue of K, and (21) has been
assumed. Unlike the unconstraint motion case [10], (35) indicates
that an arbitrarily chosen K ;> 0 could yield a positive V when
| sl is sufficiently small, |AF,| is large, and the inner product
sTAF, is positive. Nevertheless, the following analysis shows that
the error signal s (hence e and ¢é) due to the sensor noise is
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bounded, and the bound can be reduced if more powerful actuators
are available.

The boundedness of |s|| is an immediate consequence of (35):
For a fixed k,, V, < O whenever ||s| > 8/k4, and a negative V,
means a reducing V (versus time f) and hence s. The above
argument also indicates that a larger k, implies a smaller bound for
[sll. By (32), it is observed that a large k, (therefore a *‘large”
K,) may saturate the controller unless the actuators used are
sufficiently powerful. Furthermore, (30) can be written in an inte-
gral form as

¢
e(t) = emHU-te(y) + / e~ ¥ =N5(y) dy
to

which implies that

le()l s lle=*<=e(ag) | + sl [ “fe=¥= ) av
o

=<[le(to) || + Isll/ ¥

where Y, is the smallest eigenvalue of ¥,. Therefore, the bounded-
ness of || s|| implies the boundedness of | e|. Finally, (30) gives
el =lsl+ 1%l fel
e., the boundedness of | é].

In summary, (29)-(33) provide a natural combination of Hogan’s
impedance control with the Slotine-Li parameter adaptation. As is
seen from the above argument, the robust stability of the error
dynamics has been preserved, and the error s (as well as e and ¢é)
may be further reduced by increasing gain K, as long as the
actuators are sufficiently powerful. Finally, a Lyapunov-type analy-
sis similar to that used in Section III-D may be applied to conclude
that when the controller is saturated due to a large external force/

torque, or a sensor failure, the control error will likely increase but
remain bounded.

B. Comparison of the Two Algorithms

As implementation feasibility of the algorithms is concerned, note
that by (29)-(31)

%= %, - Ve

Namely, algorithm 2 does not require the acceleration of end-effec-
tor X for computing F in (32) and W, in (34). Moreover, algorithm
2 does not need the inversion of H in updating parameter vector p
as is seen from (33). On the contrary, X and H are required in
implementing algorithm 1 as was mentioned in remark 2 in Section
II-C. For those cases where the parameters to be identified are time
invariant or slowly time varying, however, the rate for updating p
may be chosen much lower than the control rate so that the
1mplementat10n complexity of algorithm 2 due to the evaluation of ¥
and H ! may be substantially reduced.

To compare computation efficiency of the algorithms, we first
note that unlike algorithm 1, the recursive NE computation scheme
does not directly apply to (32) of algorithm 2. By (31), it is,
however, possible to reform (32) as

F=H3%+Cx+g.+f +Cs+E, Ky

where sum of the first four terms can be calculated using NE
recursion, and the fifth term (f‘xs may be ignored when s is small
and the robot motion is slow (which is very likely the case in a
contact task). Another approach to reducing the computation burden
of algorithm 2 is to express control torque F as

F= u/sﬁ+ﬁext_ de
where W, has been determined by (34).

(36)
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Fig. 2. Conventional impedance control with true value of m, (m, =1
kg). (a) Ideal and actual trajectories. (b) Control torques. (c) Tracking error
in meters. (d) Contact force.

V. SIMULATION RESULTS

A 2 d.o.f. planar robot was used in the simulation to verify the
proposed algorithms. As shown in Fig. 1, the robot motion begins at
point (1.5, 0) moving along an elliptic trajectory until the end-point
of the robot hits a wall at point a. The end-point is then required to
be in proper contact with the wall while sliding down to point b
along the surface of the wall. The end-point then leaves the wall
moving back to point (1.5,0) along the elliptic trajectory. It is
assumed that the mass of each link is a point mass located at the
distal end of the link. The true mass values are m, = 2 kg, m, = 1
kg, where m, represents 0.5-kg link mass plus a 0.5-kg payload,
and the link lengths are /, = I, = 1m. The major portion of the
virtual trajectory x,(f) = [x,,(¢) X,,(DIT is an ellipse described
by

x,,(1) = 1.5cos w¢
x,,(t) = sinwt

for 0 < t < 2 s, but as is shown in Fig. 1, there is a small straight
segment replacing the elliptic arc in order to maintain proper contact
force.

Assuming that all parameters of the robot manipulator are pre-
cisely known and a perfect force sensor is used, Fig. 2 shows the
simulation results when the conventional impedance control (5) is
employed, where the parameters in target impedance characteriza-
tion (3) are chosen as B = 2V MK with M =2, K = 4000, and
the environment is assumed to have a high stiffness K, = 10°. Fig.
3 shows the TIRT, i.e., x,(t) (dash line) and virtual trajectory (real

15 s " "
-1.5 -1 05 0 05 1 15

Fig. 3. The TIRT versus virtual trajectory of the robot.
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Fig. 4. Conventional impedance control with m, = 2.5 kg. (a) Ideal and
actual trajectories. (b) Control torques. (c) Tracking error in meters. (d)
Contact force.

line) of the robot. It is seen that x,(¢) and x,(¢) are nearly identical
until a large external force applies to the gripper when it hits the
wall. Next the simulation considers using the conventional impedance
control algorithm (5) with parameter m, replaced by the incorrect
value 2.5 kg. As is shown in Fig. 4, the robot motion then exhibits
an unacceptable performance degradation.

The target impedance in the adaptive control case is set as
B = 340, M = 2, and K = 4000. For the comparison purpose, m,
is treated as the only unknown parameter in the manipulator’s model
and an initial guess of m, = 2.5 kg is made for the two proposed
algorithms. In addition, F,,, in the simulation is assumed to be F,,
plus a normally distributed random noise whose maximum magni-
tude is about 15% of the peak value of the contact force. By
applying Algorithm 1 and assuming no controller saturation, the
actual (real line) and the pre-assigned virtual trajectory (dash line),
the estimated values of m,, the tracking error, and the contact force
are shown in Fig. 5. Next it is assumed that the actuators can only
provide 75% of the maximum torque required in the preceding
simulation. As shown in Fig. 6, in such a case the same algorithm
leads to larger tracking errors and larger contact force errors, but
the overall performance remains acceptable. Finally, algorithm 2 is
applied and the results are shown in Fig. 7. It is found that the
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Fig. 5. Adaptive impedance control using algorithm 1 without saturation. Fig. 7. Adaptive impedance control using algorithm 2. (a) Ideal and actual

(a) Ideal and actual trajectories. (b) Estimated m;. (c) Tracking error in
meters. (d) Contact force.
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Fig. 6. Adaptive impedance control using algorithm 1 with saturation. (a)
Ideal and actual trajectories. (b) Estimated m,. (c) Tracking error in meters.
(d) Contact force.

control torques required by algorithm 2 to perform the same task is
considerably less than that needed in algorithm 1. Consequently, the
controller will not be saturated even if only 75% of the maximum
torques required by algorithm 1 is available. It is noted that the
tracking errors remain very small during the free-motion period, but
both tracking errors and contact force errors are slightly larger than
that achieved by algorithm 1 in the nonsaturation case. Also note
that the estimated value of m, in all cases quickly approaches to its
true value 1 kg during the first free-motion duration. It is then
followed by some fluctuation with a less than 20% maximum
deviation during the contact and a recovery as soon as the end-ef-
fector leaves from the wall at point b.

As discussed in Section IV, algorithm 2 proposed there appears to
be computationally more efficient as compared with algorithm 1. In
addition, from a number of computer simulations carried out so far,
it is found that parameters ¥, and T, in algorithm 2 are less
sensitive than their counterparts ¥, and T', in algorithm 1 in order to
complete a stable execution of a contact task.

trajectories. (b) Estimated m,. (c) Tracking error in meters. (d) Contact
force.

VI. CONCLUSIONS

The adaptive laws of Craig et a/. and of Slotine and Li have been
extended to establish two adaptive versions of Hogan’s impedance
control for stable execution of contact tasks. In our development,
the wrist force sensor has been assumed to be imperfect. The
extensions are made possible by introducing the concept of TIRT in
conjunction with the refined Lyapunov approach, which are similar
to those employed in [9] and [8].

Simulation results reported in this paper indicate that severe
performance degradation due to parameter uncertainties in an
impedance-controlled robotic system can be prevented by utilizing
one of the two adaptive impedance control algorithms proposed in
this paper.

APPENDIX
STRICTLY POSITIVE REAL FUNCTIONS

The concept of strictly positive real functions (SPR) has been
extensively studied for more than two decades [15], [16] and has
found numerous applications in network analysis, robustness analy-
sis, nonlinear control, and adaptive control. A proper rational
function f(s) is said to be SPR if the real part of f(jw) is strictly
greater than zero for all we R. As an example, consider second-
order stable transfer function

s+ Y
s>+ k,s+k,

f(s) = (A1)

where k, > 0, k, > 0 are given, and V¥ is a system parameter. It is
easy to verify that f(s) is SPR if 0 < y < k,. When a stable SPR
rational function is realized in a state space, the passive nature of
such a transfer function provides a system-theoretic property that is
more valuable than a single Lyapunov equation does. Indeed, if
function f(s) given by (A1) with y € (0, k,) is realized as & =

(A, b, ¢) where
0 1
A=
R

o[
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and
c=[v 1]

it can then be shown that there exist two positive definite matrices P
and Q such that

ATP+ PA= -Q

Pb = cT. (A2)

The combination of the two equations in (A2) plays a crucial role in
deriving an adaptive control law for unconstrained motion control
[9]. Notice that one solution to (A2) is given by

po[*ot ¥k ¥
v 1

20k, 0
QZ:[ 0 2(k, - ¢)]

both of which are positive definite with ¥ € (0, k,). A thorough
discussion on time domain and frequent domain conditions for strict
positive realness can be found in [16].
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