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Abstract. This paper presents the current state of the art in the adaptive control of single rigid
robotic manipulators in the constrained motion tasks. A complete mathematical modlel of a single
rigid robotic manipulator in contact with dynamic environment is presented. The basic approaches
in deriving the environment model are given. The significance of the dynamic environment in the
scope of the stability problem of the whole system robot-dynamic environment is emphasized. A
classification of the adaptive contact control concepts in manipulation robotics is presented. The
main characteristics of the most important adaptive strategies in constrained manipulation are given.
The advantages and the drawbacks of the presented methods are emphasized. The paper covers results
published a few years ago, as well as some recent trends in this field. One important result in the
stability analysis of robotic manipulators in the constrained motion tasks is reported. Finally, some
concluding remarks are given and possible future investigation trends in adaptive control of robotic
manipulators are indicated.
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1. Introduction

The nature of relation between a robot and its environment can be categorized in
two classes [1]. The first one concerns the non-contact, €.g. unconstrained, motion
in a free workspace, without any relevant environmental influence exerted on the
robot. A limited number of most frequently performed simple robotic tasks in
practice, such as pick-and-place, spray painting, gluing or welding, belong to this
group. In contrast to these tasks, many complex advanced robotic applications
such as grinding, cutting, drilling, insertion, fastening, joining, contour following,
debarring, scribing, drawing, sweeping, assembly, require the manipulator to be
mechanically coupled to other objects. These tasks are refereed to as essential
contact tasks, because they include phases where the robot end-effector must come
into a contact with objects in its environment, produce certain forces upon them,
and move along their surfaces. The terms constrained or compliant motion are
usually referred to contact tasks.
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Contact tasks are characterized by dynamic interaction between the robot and
its environment, which often cannot be predicted accurately. In many cases, the
magnitude of mechanical work exchanged between the robot and its environment
during contact may vary drastically. Therefore, for a successful completion of
contact tasks either the interaction forces have to be monitored and controlled,
or control concepts ensuring compliant interaction with the environment must be
applied. Compliance can be considered as a measure of the ability of a manipula-
tor to react on interaction forces. The term refers to a variety of different control
methods in which the end-effector motion is modified by the contact forces [1].

The type of contact tasks may vary for specific requirements, but in all cases,
the robot has to perform three kinds of motion: so-called gross motion, related
to robot movement in free space, compliant or fine motion, related to robot
movement constrained by an environment, and interface or approach motion,
representing all transitions between gross and compliant motion.

The state of the art in the non-adaptive control of robotic manipulators in
constrained motion tasks is presented in [1, 2]. There are also several reviews of
adaptive control of unconstrained (free) motion of robotic manipulators [3-5]. In
this paper we will consider the current state-of-the-art in the adaptive constrained
motion control of single rigid robotic manipulators.

The adaptive control algorithms should be employed only when simple clas-
sical non-adaptive controllers cannot achieve desirable performances. For exam-
ple, when the predicted variation of the robot or environment parameters would
exceed the capability of the robust control to “overcome’ it, the adaptive control,
that is control with variable gains, should be introduced. Adaptive control is often
necessary in the constrained motion tasks because: (i) in the contact tasks the
robot works in the ambient conditions which may not be completely known in
advance; (ii) in defining the environment model it is difficult to take into account
all the existing effects, that is, in deriving the environment model the imprecise
modeling is always unavoidable; (iii) the parameters of the robot or environment
dynamics usually are not known in advance, they cannot be predicted accurately,
and need to be estimated on-line; (iv) the robot or environment parameters may
vary in a wide range, and it is not possible to solve the contact control task with
the non-adaptive robust control with fixed gains.

The adaptive control algorithm allows the manipulator to identify its own
dynamic model, or the environment model, and to adjust to changes in the manip-
ulator or environment dynamics, in order to successfully complete the control
task. Generally adaptive control is composed of two parts: (1) an identification
part, which identifies parameters of the plant itself, or controller parameters, or
environment parameters; (ii) a control law part, which implements a control law
which is the function of the parameters identified. Hence, adaptive control tech-
niques include automated identification scheme and control design scheme. Both
schemes may be determined in different ways.
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The key adaptive techniques are automatic tuning, gain scheduling, and con-
tinuous adaptation. In any case, the main problem in the synthesis of the adaptive
controllers is to prove that the resulting system is stable. The desirable goals in
the design of adaptive robot controllers are: (i) insensitivity to robot and envi-
ronment parameter uncertainties; (ii) decoupled joint response; (iii} low demand
for on-line computations.

The plan of this paper is as follows. In Section 2.1 the robot dynamics model
and the model of actuators driving the robot joints are presented. In Section 2.2
two basic approaches in deriving the environment model are given. In Section 3
a classification of the adaptive contact control concepts in manipulation robotics
is presented. The most important adaptive strategies in constrained manipulation
and one important result in the stability analysis of robotic manipulators in the
constrained motion tasks are presented in Section 4. Finally, in Section 5 some
concluding remarks are given and possible future investigation trends in adaptive
control of robotic manipulators are indicated.

2. Dynamic Model of Robot in Contact Tasks
2.1. THE ROBOT DYNAMICS MODEL

The mathematical model of the robot in the constrained motion tasks consists of
the model of the robot mechanism, model of the actuators driving its joints, and
the environment model (contact force model) [6, 7].

Dynamic model of a robot mechanism having n degrees of freedom and
interacting with its environment can be written as:

H(q,8)i+ Clg,d,)d + g(q,8) =7 — JT(q,§)F, (1)

where ¢ is the n-dimensional vector of the robot joint angles; H(q,£) is the
{n x n) positive definite matrix of the moments of inertia of the manipulation
mechanism of the robot and its actuators system; C{q, ¢, £)¢ is the n-dimensional
nonlinear vector function representing centrifugal and Coriolis moments; 7 is the
n-dimensional vector of driving forces in joint space; J(q,£) is the (m x n) full
rank Jacabian matrix connecting the velocities of the robot end-effector with the
velocities of the robot joint angles; i.e., p = (0f/3q¢)¢ = J(q,£)q, where p is the
(m x 1) vector of external robot coordinates which determines the end-effector
position and orientation, f is the function which defines the relationship between
joint (internal) coordinates g and external coordinates p: p = f(q); £ = £(¢)
is the I-dimensional vector function of the time dependent robot parameters;
F = F(t) is the m-dimensional vector function of the generalized forces and
moments acting on the end-effector from the environment. The dimension of
the vector F' can be adopted in the Cartesian coordinates to be 3 or 6. Three
cases may arise: (i) m = n, in that case it is possible to determine the joint
velocities ¢ corresponding to the given external velocities p; (ii) m > n, in that
case it is not possible to determine the joint velocities § corresponding to the
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given external velocities p (except in some special cases); and (iii) m < n, when
some additional criteria should be introduced in order to determine the unique ¢
corresponding to the given p.

The above dynamic model can be transformed into the equivalent model which
is very suitable for analysis and synthesis of a robot controller in the contact tasks.
This model describes the end-effector motion in the Cartesian (operational) space,
Khatib [8], that is the space where manipulation tasks are naturally specified. The
dimension of this space m is less or equal to the dimension of the joint space
n. The dynamic model of the robot mechanism in the Cartesian space may be
written as:

A)p+ Qp,p)p +O(p) =u— F, (2)

where p is the (m x 1) vector of external robot coordinates which determines the
end-effector position and orientation, A, §}p, ©,u are counterparts of H,Cq, g,,
respectively. If m = n, the relationships between the corresponding matrices and
vectors from the joint space and the Cartesian space are given by:

Alp,&) = J 1 (q,£)H(g,6)I (g, ),

Q) = J T (0.0)C(q.4,£)d — Alp, £)F (9, €4,
Ol7) =J "(g.£)9(a,8),

U= J‘T(q,g)f.

3

In the case of electric DC motors it is sufficiently accurate to adopt their dynamic
models in the form:

= A + BN + ft, i=1,2,...,m, (4)

where z' s the (n; x 1) state vector of the ith actuator model; A is the {n; x n;)
actuator matrix; &' and f* are the (n; x 1) input distribution and load distribution
vectors, respectively; u’ is the scalar input to the ith actuator; N(u;) is the
nonlinearity of the amplitude saturation type; n; is the order of the actuator
state model. The actuator model is usually of third or second order, where z' =
(¢, 4%, i)7 or 2 = (¢',4")T respectively, and ¢}, is the ith rotor current.

2.2. THE ENVIRONMENT MODEL

The environment model describes the complex relation between the reaction
force F' and the end-effector position p, velocity p and acceleration p, e.g. ' =
F(p,p, ). There are two basic approaches in deriving the environment model:

First approach: when the contact between the robot and the environment does not
imply energy transfer or dissipation, i.e. when the environment imposes purely
kinematic constraints on the end-effector motion. (Yoshikawa [9], McClamroch
and Wang [10], Mills and Goldenberg [11]). In this case the dynamics of the
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environment is neglected and only a static balance of forces and torques occurs at
the contact. This environment model is only valid for frictionless contact surfaces,
and since most real contact surfaces do have friction, application of this model
need to be further investigated. According to this approach, the environment is
described by a set of m rigid mutually independent hypersurfaces:

d(p)=0, 2p)=[n(p)---,9m(@), m<n. &)
The normal component of the interaction force F' can be written as:

Fo=D'(p) A D(p)=0%(p)/op, (6)
where:

— A is the m-dimensional vector of generalized Lagrange multipliers associated
with the constraints which represent normal contact force components;

— F, represents the normal contact force in Cartesian space;

- D(p) is the (m x n) matrix.

So, in this approach the normal component of the contact force between the robot
end-effector and the constraint surface can be expressed in the Cartesian space
in terms of the constraint multiplier vector A (it is assumed that the friction force
F, =0).

Second approach: when the contact between the robot and the environment does
imply energy transfer or dissipation, i.e. when the robot end-effector is coupled
with the dynamic environment (De Luca and Manes [12], Yao and Tomizuka [13],
[14]). In this case dynamic interactions between the robot and its environment
are taken into account together with the purely kinematic constraints imposed on
the end-effector. The robot exerts active forces at the tip, i.e. forces which are
not compensated by a constraint reaction and produce work on the environment.
These additional active contact forces are responsible for the energy transfer
between the robot and the environment and have to be introduced when the
dynamics of the environment is included.

In general case of treating the contact tasks, the complete environment dynam-
ic madel must be taken into account because the dynamic environment does not
have to be passive in the consideration of the complete stability problem of the
robot in contact. The environment dynamics has a significant influence on the
robot stability and insufficiently accurately modeled environment dynamics can
significantly influence the contact task performances. Beside that, without know-
ing a sufficiently accurate environment model it is not possible to determine the
nominal contact force FO(¢). So the assumptions as environment passivity and its
stability which have been widely used in the papers up to now, do not guarantee
robot stability when the robot comes into a contact with dynamic environment.
This fact significantly narrows the class of the real contact tasks in which the
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methads which use the assumption that the dynamics of the environment can be
neglected, may be practically implemented.

The overall dynamics of the robot-environment system is derived in a unique
framework in [12]. The general dynamic model of the environment with which
the robot is interacting may be described in the form of a vector nonlinear
differential equation, [12]:

M(q)i + L(g,d) = ST (@) F, )

where M (q) is the nonsingular, positive definite and continuous (n x n) inertia
matrix; L(q, 4) is the continuous nonlinear n-dimensional vector function; S (g)
is the continuous {n x ) matrix with a rank equal to m, i.e., rank(S) = m. The
parametric description of the environment dynamics has been given in [12].

However, in some practical cases, it 13 reasonable to assume that some of the
dynamic effects of the environment may be neglected. In these cases, taking into
account only the dominant effects, it is sufficiently accurate to adopt a simplified
linearized environment model [15-17]:

F = —gg(s)(p - pE), (8)

where s is the Laplace operator, pg is the (m x 1) vector of coordinates of the
point of impact between the end-effector (tool) and the environment, gg(s) is
the (n x m) matrix which establishes a linear mapping between (p — pg) and F.
The environment model may take one of the following forms which are special
cases of the general model (8):

(i) Stiffness model F = —Kg(p — pr), )
(ii) Damping model F = —Dg(p — pE), (10}

(iii) General impedance model

11
F = —Mg(p — pg) — De(p — pg) — Kelp — pE). (n

In the above equations Kg is the (m x m) semi-definite environment stiffness
matrix, Dg is the (m x m) semi-definite environment damping matrix, and Mg
is the (m x m) positive definite inertia matrix.

Supposing that the contact surface is not frictionless, i.e. that the friction force
F; # 0, Yao and Tomizuka [13, 14], modeled the interaction force F between
the robot and its environment in the following way:

F=F,+F=D"(p)A+acfeli,p.N) = [DY (o) + LY (i, p, p)]A,  (12)

where (i) F; = a;fi(j2,p, A) is the vector of the friction force; its directions are
specified by a;, the unit tangent directions of the surfaces opposite to the end-
effector velocity p € E™; the magnitude is linearly proportional to the normal
contact force F,,, i.e. A, and friction coefficient p € K™, with sign determined
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by the end-effector velocity p; (ii) L is the {rn x n) matrix which elements are
linear with respect to the friction coefficient € H™. The other terms have the
same meaning as in (6).

3. Classification of Adaptive Control Methods

In general, adaptive control methods can be classified into direct, indirect and
composite methods of adaptive control.

In the indirect adaptive control the adaptation algorithm is driven by the pre-
diction error associated with the identification algorithm (Li and Slotine [18],
Schwartz, Warshaw and Janabi [19], Middleton and Goodwin [20]). The predic-
tion errors are defined as the difference between the actual torque and the predict-
ed torque applied to the manipulator. The drawbacks of the indirect method of
adaptive control are: (i} the actual tracking errors are not taken into consideration;
(if) the manipulator trajectory must be persistently excited.

In the direct adaptive control the adaptation algorithm is driven by the trajec-
tory tracking errors. (Slotine and Li [21], Craig, Hsu and Sastry [22], Colbaugh,
Glass and Seraji [23]). The drawbacks of the direct method of adaptive control
are: (i) the manipulator trajectory must be persistently excited in order to ensure
convergence of the parameter estimates to the true parameter values; (i1) the error
dynamics is a function of the estimated parameters, 1.e. it cannot be arbitrarily
specified; (iii) computational complexity.

Composite adaptive control, Slotine and Li [24], bases the adaptation algo-
rithm both on the trajectory tracking error and prediction error, and therefore
represents a combination of a direct and indirect approach.

The first attempt to contribute in the field of adaptive control of robotic manip-
ulators was made in 1979 by Dubowski and DesForges [25]. Since then, research
in adaptive robot control has been very active, for both single and multiple robot
manipulators. The literature on the adaptive control of rigid robot manipulators
may be grouped in the following way:

(i) literature on the adaptive control of single rigid robot manipulators in
unconstrained motion tasks (Ortega and Spong {5], Middleton and Goodwin
(201, Slotine and Li [21], Craig, Hsu and Sastry [22], Colbaugh, Glass and Seraji
[23], Koivo and Gue [26], Vukobratovic and Kircanski [27, 28], Vukobratovic,
Stokic and Kircanski [29], Sadegh and Horowirz [30], Reed and Ioannou [31],
Carelli, Kelly and Ortega [32]), etc.;

(ii) literature on the adaptive control of single rigid robot manipulators in
constrained motion tasks (Yao and Tomizuka [13, 14], Fukuda, Kitamura and
Tanie [33], Jean and Fu [34], Lu and Meng [35], Kelly, Carelli, Amestegui
and Ortega [36], Slotine and Li [37], Arimoto, Liu and Naniwa [38], Walker
[39], Vukaobratovic and Ekalo {40, 41], Pourboghrat [42], Mo and Bayoumi [43],
Lozano and Brogliato [44], Liu, Arimoto and Kitagaki [45], Zhen and Goldenberg
[46], Hu et al. [47]), etc.;
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(iti) literature on the adaptive control of multiple rigid robot manipulators
in unconstrained motion tasks (Koivo [48], Pittelkay [49], Seraji [50], Mo and
Bayoumi [51], Walker, Kim and Dionise [52], Bolandi, Carroll and Chen [53],
Zribi and Ahmad [54], Uchivama and Yamashita [55], Hsu [56], Jean and Fu
[57], Damm [58]), etc.;

{iv) literature on the adaptive control of multiple rigid robot manipulators
in constrained motion tasks (Yao et al. [59], Hu and Goldenberg [60], Su and
Stepanenko [61], Yao and Tomizuka [62]), etc. Since the literature on the adaptive
control of rigid robot manipulators is very extensive, it should be noted that in
this paper we consider only the current state-of-the-art in the adaptive control
of single rigid robot manipulators in constrained motion tasks. According to
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the reported contributions in the field of adaptive constrained motion control
methods, they can be classified into:

(i) methods which do not take into account the dynamic environments: adap-
tive hybrid position/force control, adaptive impedance control, adaptive inverse
dynamics method (also called adaptive computed torque method), adaptive hybrid
impedance control.

(i) methods which do take into account the dynamic environments: adaptive
method of Yao and Tomizuka and adaptive method of Ekalo and Vukobratovic.

The classifications reported in this section are summarized in Figure 1 and
Figure 2.

4, The Most Important Adaptive Concepts in Constrained Manipulation

4.1. ADAPTIVE IMPEDANCE CONTROL

The adaptive impedance contro] problem can be formulated in the following way.
Consider the robot manipulator described by (2). The dynamic vector parameter £
of the manipulator and the payload is constant, but unknown. The Jacobian matrix
J{(g) is assumed to be non-singular and, since it does not depend on the dynamic
parameters, is assumed 1o be known. If pyq denotes a desired bounded motion
trajectory, e(f) denotes a motion error and F(t) is interaction force measured
at the end-effector, the impedance control problem can be stated as to design a
controller which computes torque 7 so that the following control aim is satisfied:

e(t) = palt) — p(t) — —[s’Mg +sDg + Kg]'F(t) as t— oo,

where s = d/dt, My, Dg and K, are (mxm) diagonal positive definite matrices
which define a target impedance (see (11)). So, if the impedance error p is defined
as:

p=e+[s°Mg+sDg + Kg) ' F(t), (13)
then the control aim is to provide
p(t) =0 as ¢ — oo.

The most important adaptive impedance controllers are proposed by Lu and
Meng [35], and Kelly et al. [36]. Here we will present the adaptive impedance
controller given in [36]. It requires measurement of only position, velocity and
force. The controller consists of two parts: a control law part and adaptive part
(parameter estimator). The control law part 1s given by

T = -JT[KPT + Qpr + @ — Kpp + FL (14)
B = i+ Tw), 1s)

where A, 2, and © are the estimates of A(p),£2(p, p), and &(p), respectively; ¥
is the (m x m) matrix whose eigenvalues are strictly in the right-half complex
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plane; Kp is the (m x m) positive definite matrix, possibly time-varying; p is
the impedance error (13), p, and ji, can be determined by

pr = pg+ Te+ (sIy + ¥)(* Mg+ sDg+ Kg)~'F,
Br = Pa+ Vé+ 8(shn + O)(s"Mg + sDp + Kg)~'F,

where I, is the (m x m) identity matrix.
The authors used the following well-known fundamental property of the robot
dynamics, [63]:

PROPERTY 1. All the constant parameters (link masses, moments of inertia,
ete.) appear as coefficients of known functions of the generalized coordinates. If
cach coefficient is defined as a separate parameter, a linear relationship results so
it is possible to write the dynamic model of the robot mechanism in the Cartesian
space (2) as:

Alp, )P+ Qp,p, )0+ O(p, ) =Y (P, 5, ) =u - F, (16)

where Y (p, p, #) is the (m x !) matrix of known functions, £ is the I-dimensional
vector of parameters, and the other terms have the same meaning as in (2).
In view of Property 1, the control law (14) can be written as:

r=JTVE- KpB+ F, (17
that is,

Y= Ap, +p. + 6,
where ¥ is the {m x [) matrix whose elements depend on p, p, pg, Pd, Ba, F and
3.

To update the parameter vector EA an integral adaptive law is considered:
£=-Tv7", (18)

where I' = T'T' is the (I x {) positive definite adaptation gain matrix.

The authors [36], have proved that if the control law (17) with the adaptive
law (18) is applied in closed loop with the manipulator (2), then the control aim
p(t) = 0 as t — oo is fulfilled.

The drawbacks of this method are: (i} the effects of uncertainties of the robot
or environment dynamics, as well as the uncontrollable external perturbations
are not studied; (ii) the environment model is adopted in a simplified linearized
form (12), that is, the complete environment dynamic model i1s not taken into
account; (11i) there is no experimental analysis on laboratory equipment.

4.2, ADAPTIVE HYBRID CONTROL

The most important adaptive hybrid controllers are proposed by Jean and Fu
[34], Slotine and Li [37] and Lozano and Brogliato [44]. Here we will present
the controller given in [37].
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The problem in the adaptive hybrid control considered in [37] can be stated
as that of designing a hybrid control law and an adaptation law for a robat with
unknown dynamic parameters so that the tool can accurately follow the desired
trajectory p4 in the unconstrained directions and impose the desired force Fj; in
the constrained directions. The proposed controller only adapts to the unknown
parameters of the tool or the robot, and it is not adaptive to the environment
parameters. The estimation of the environment parameters may be also included
in the proposed law if the deformation measurements or the derivatives of the
contact force are available.

First, a compliance frame R, is set up to describe the compliant motion task
and the vectors py and Fy; representing the desired position trajectory and desired
force are expressed in the compliance frame. The dynamic model of the robot is
transformed into a representation in terms of velocity and acceleration vectors in
the compliance frame. The tool velocity vector p, is related to the generalized
velocity p by a transformation matrix f?

p= Rp.. (19)
Therefore, the accelerations arc related by
B = Rjic + Bpe. (20)

Using (2), (19) and (20), the dynamic model of the robot mechanism in the
compliance frame may be written as:

Ac(P)pe + Qe(p. P)De + Ou(p) = ue — Fo, 21)

where F, = RTF is the contact force in the compliance frame, A, =‘RTAR
is the inertia matrix in the compliance frame, ), = RTQR 4+ RTAR is the
compliance frame matrix which corresponds to matrix (2), 8. = RTO is
the gravity force in the compliance frame, and u, = RTw is the driving force
expressed in the comphance frame.

Using a hybrid control approach, the velocity vector g, can be partitioned
according to the division of constrained and unconstrained directions

ﬁw:(?p)- (22)
pr

If the robaot arm with the tool and the contact surface are assumed to be rigid, then
the motion of the robot end-effector in the constrained dircctions is negligible
compared with motion in the unconstrained directions, and therefore p. can be
writtcn as:

(B
pr—(o). (23)
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The dynamic equations for the unconstrained and constrained directions can be
partitioned as:

Acl(P)ﬁp + Qi (Pyp)f’p + Oc1(p) = uet, (24)
Acl (p)iip + ch(p7 p)pp + 602 (p) =U2 — fc: (25)

where f, is the contact force in the force controlled directions, 4, = {uc: ucz}T
is the driving force expressed in the compliance frame.

In the position controlled directions the following control and adaptation laws
are considered

Uel = Kd(?)ﬁpr + ﬁcl (pap)ppr + @cl (P) - Kp‘l’a (26)
£=-r;'v79, @7

where £ is the [-dimensional vector containing the suitably selected set of unknown
manipulator parameters, & is its estimate, £ = £ — £ is the parameter estimate
error, Iy, is (I x I) positive definite matrix, K, is (m x m) positive definite matrix
which may be chosen to be time-varying, ) = p, — p,, is (m x 1) vector which
is a measure of the tracking accuracy, p,,. = py — Z,p,, Where py is the desired
motion velocity, Z, is the (m x m) positive definite matrix, i, is the position
tracking error, Y, is the (m x [) matrix which has parallel meaning as Y in
Section 4.1, i.e.

Aot (p)Bp + Qe (b, D)oy + O (p) = Yk, i %)

Kcl = Kcl - Acl; ch = ﬁcl - ch: ecl = écl - @ch

where ‘~ " denotes estimates of the corresponding matrices.
In the force controlled directions the following control and adaptation laws
are considered

Ued = Ucd] + Ue22, (29)
Uyl = Kc2ﬁpr + ﬁczﬁpr + 8., (30)
Uz = fg — ki (f — fo) — kupy, (31)
where ‘7 denotes estimates of the corresponding matrices, fy and f are the

desired and measured contact forces in the constrained directions, Ky is the force
feedback gain and k, is the positive definite matrix which can be chosen to be
an appropriate constant matrix or the following time-varying matrix

ky = koA,

where kg is a positive constant, and chz is computed using the estimated param-
eters from (27).
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Finally, using (26), (29)—(31), it is possible to determine u. = {uq ucg}T,
and to compute the driving forces in the joint space

T = JTRVTuC.

This algorithm requires measurements of the joint position, joint velocity and
contact force. The drawbacks of the proposed method are: (i) it is based on
the conventional hybrid control which has significant theoretical shortcomings
[64], [41]; (i1) it is not adaptive to the environment parameters; (iil) it requires
knowledge of the link lengths.

4.3. ADAPTIVE INVERSE DYNAMICS METHOD

The adaptive inverse dynamics method proposed by Carelli et al. [32], addressed
the problem of designing an adaptive force controller which achieves a pure track-
ing force objective under the following assumptions: (1) the dynamic parameters
of the robot are unknown, (ii) object stiffness 1s unknown, (iii) only position,
velocity and interaction force measurements are required. This method includes a
non-linear robot model, identifies both the robot and environment parameters, and
does not use measurement of the acceleration nor the derivative of the interaction
force.

The adaptive controller consists of a control law and a parameter update law.
The control law is given by

F = F, + @(p,p, Fo, Fy, Fg, E)E + YE, (32)

where F is the real force trajectory, Fy is the desired force trajectory, Fy, Iy, and
E,; are bounded functions to be specified in advance, F, is the force measured
by the force sensor, ¢ € R™*! is a matrix function, £ € R is the parameter

vector, E ,E are given by the update law, ° 7’ denotes the estimated value, Y is
the (m x ) matrix defined as

Y = L7 (s)p; s =d/di,

where L~!(s) is a stable realizable filter, L{s) = s + p, p is a positive scalar
which is chosen together with ap,ap, so that (k + p)/(k* + apk + ap) is a
strictly positive real transfer function.

The first two terms in (32) represent the adaptive inverse dynamics part of the
control law and the third term is similar to the one used in the adaptive control
of linear plants with relative degree two [65]. The estimated parameter vector £
is updated with the standard gradient type parameter update law

£= -TYTF, (33)

where T is the (I x I} positive definite adaptation gain matrix, F=F, ~F,.
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The main stability result is given by the following theorem proved in [32].

THEOREM. Consider the control law (32) with the adaptive law (33) in a closed-
loop with the combined robot-environment system (2), (9). Denote the parameter
error by € = £ — £. Assuming that: (a) the contact point pg is constant, and (b)
A~Vis a constant matrix, then the control objective is ensured, that is

(1) £, F are bounded, and  (ii) f‘(t} —0ast— oo

The drawbacks of the proposed method are: (i) the environment model is adopted
i a simplified linearized form (9), that is, the complete environment dynamic
model is not taken into account; (ii) the assumptions that the contact point pg
and the inertia matrix A are constant often cannot be justified. For example,
the assumption that the inertia matrix is constant is justifiable when p is small,
that is, when we deal with small motions of a heavy mechanism in contact with
its environment; (iii) the effects of uncontrollable external perturbations are not
included in the control law synthesis.

4.4. ADAPTIVE METHOD OF YAQ AND TOMIZUKA

Yao and Tomizuka [13, 14], have recently proposed a new method for adaptive
control of single rigid robot manipulators in constrained motion tasks. Starting
from the dynamic model (1), and the environment model (5), (12), the authors
introduced a following transformed constrained dynamic model which is the basic
equation for their adaptive controller design:

M{rp)v + Co(rp, )7 + 9(rp) + B (1, 1, 7o) A = T1 + ﬁf,\, (34)

where 1 is a set of curvilinear coordinates
r=[rf, 31T, rp=I0i). .. om@)],
rp = [1(®), - Yn-m(p)]”

The constraints are simply described by r; = 0, that is, the robot motion is
uniquely determined by the coordinates ry; ¢:(p),¢ = 1,2,...,m, according
to (5), describe the environment by a set of m rigid hypersurfaces; v¥;(p),i =
1,2,...,n —m, are (n — m) twice continuously mutually independent curvilin-
ear coordinates defining which (n — m) position robot coordinates need to be
controlled in the constrained motion; the choice of 1;{p) is flexible and can be
found in [66].

o[ e =["RIT R)

(35)

. 0 C
Calrp Tp) = [CZI CZ] ’
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_ G . . )
Gy = { Df} , Bm(p,7p,p) = Bp, 7,7) + By (rp),

By,(rp) = - {Hzl((;)Kf] ’

A€ R™ is a vector of Lagrange multipliers (12), . € R™ is a friction coefficient
(12), I, is the (mxm) identity matrix, 7 is the number of the rigid hypersurfaces
(5) which describe the environment, K; = diag{ks,kf2,...,kpn} and Gy =
diag{gs1,9s2, ..., gsm} are constant diagonal matrices with k¢; > 0, g5 > 0,1 =
1,2,...,m. Other terms have the following meaning:

( ) |:H1|(7‘) le(?'):|

Hir) = @@ @ = b o

. i o - s Cn Ci2
Cir,7) = Jy TC(‘I:Q)JQ - J, TH(Q)JQ 1‘]9']? = [021 C'zz}

g(r) = =lgi Mg O, To=J7"(e)7=THTh,

a

By, 7, 7) = TLT BT, BT,

or (p) T T Bw(p) n—m)xmn
JP Op ) ']P = [D (p) J;Ds]v JPS = 5}') = R( ) ’
0
sp= T8 )i, g R

J(gq) is the (n x m) Jacobian matrix, L* and D7 (p) are defined by (12).
Similar to the Property 1 from Section 4.1, it 1s possible to state the following:

PROPERTY 2. The matrices M (rp), Ch(rp, 7p), 9(rp), Bin(rp) are linear in terms
of a suitably selected set of robot parameters £ i.e.

M(rp)zy + Cplrp, fp)zr + glrp) + Bn(rp)h = Ye(rp, Tp, 2r, 20, A)§,  (36)

where z,, z, are any reference values. I3(, r,7) is linear in terms of the friction
coefficient

B, v, 7)N =Yy (rp, 7o, A)it, Y, € Ruxm, (37)
Equation (34) is the base for synthesis of the following control law:
1, = M(Tpa )Z‘b + C'h (?”p,Tp,E)ZT + g(?‘,,, f ) +
+( m — Gf)/\ — K 5— erp
= Ye(rp, 7p, 2r, 20, ME + Y (rp, p, AV — GpA = Kpep — Kos (38)
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and the adaptation law:
€p = T Y&(rp 7 20 2, A)s, (39)
ﬁ = —F#YE(T;’J”’:‘TJM\)S’ (40)

where K, = [0 K,)T, K;,T¢, T, are constant strictly positive definite (s.p.d.)
matrices, K (¢) is a uniformly s.p.d. matrix, s is a measure of motion and force
tracking defined as

-[3)-

where D is chosen as D = KP_'R and R is any (n—m) x (n—m) s.p.d. matrix;
ep = Tp(t) — Tpa(t) is the motion tracking error; rpq(t) = ¥(p(qq(t))) € R*~™
is the desired robot motion trajectory (see (35)); ef = A(t) — Mg{t) is the force
tracking error, Ay(t) € ™ is the desired force trajectory; 2. and z, are the
corresponding reference velocity and acceleration defined as:

2y = - . ’ 2y = - .. . ’
Zrp Tpd — Dep Zyp Tpg — DDép

£ = [fg,fg]'r is the consta!nt parafneter set, £ is the unknown parameter set
needed to be estimated on-line, {5 is the known parameter set. Correspondingly
partition ¥; as

t
Kf/ ef(v)dr
0
ép + Dey

»

YE = [YEE’YiR]'

‘7’ denotes the estimate of the corresponding matrix by substituting the estimated
£= [§§, ¢Z]7 and i for the actual £ and y respectively.

Finally, the authors have proved [13], that for the constrained robot manip-
ulator described by Equation (34), and if the control law (38) with update law
(39) and (40) is used, the motion tracking error e, and the force tracking error
ey asymptotically converge to zero, i.e. the robot follows the desired motion and
force trajectories.

The method of Yao and Tomizuka has the following advantages: (i) it is based
on a new transformed constrained dynamic model which is suitable for controller
design and valid for friction surface; (ii) the unknown parameters are updated
by both motion and force tracking errors; (iii) the control law can guarantee
asymptotical motion and force tracking without persistent excitation condition;
(iv) the proposed control is designed in the presence of parametric uncertainties
both in the robot and surface friction coefficient; (v) the suggested control struc-
ture possesses robustness to the bounded measurement noise in the force and
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velocity sensors as well as bounded disturbances. The presented control algo-
rithm have to be further mvestigated in two directions: (i) computer simulations
which illustrate the stability and performance of the proposed adaptive controller
have to be carried out; (ii) experimental analysis on laboratory equipment should
be performed.

4.5. ADAPTIVE METHOD OF EKALO AND VUKOBRATOVIC

The adaptive method of Ekalo and Vukobratovic [40, 413 is presented in four
sections: in 4.5.1 the task of controlling a robot in contact with its environment is
formulated; in 4.5.2 a general scheme of robot adaptive control in contact tasks
is given; in 4.5.3 a theorem which proves the stability of the proposed control
laws is reported; and in 4.5.4 concluding discussion is given.

4.5.1. Contact Task Setting

In order to represent the robot control laws in a convenient way, Ekalo and
Vukobratovic [40, 41] have written Equation (1) in the form

T:U(qTq!d7F7£)1 (41)
where U/ is the following n-dimensional vector function

U(g. 4,4, F,€) = H(g,&)i + C(a,4,€)d + (g, &) + I (g, E)F.

Similarly, the real robot dynamics may be described by the vector differential
equation

q=®(q,q,7,F, &) + r(t), (42)
where
(D(q,cL T, F,E) I(Q:g)[ (q Q5 )q g(q g) +7- JT(q,E)F]

is the n-dimensional vector function, r(¢) represents the inadequacy of the robot
dynamics description by the model (1), and/or the uncontrollable external per-
turbations. Ekalo and Vukobratovic adopted the general dynamic model of the
environment (7), written in the form solved with respect to F

F = f(q,4,4) + p(t), (43)
where

oy @) = (ST(a) ™' [M(9)d + L{g. g),

f{g,q,§) and p(t) are the n-dimensional vector functions (it is assumed that m =
n, (see (1)); p(t) represents the inadequacy of description of the environment
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dynamics by the model (7) and/or the uncontrollable external perturbations of
the environment.

By eliminating the force F' from the real robot dynamics (42), in accordance
with the real environment dynamics (43), the following equation of the dynamic
interaction of the robot with the environment is obtained

qj= ‘:p({b q, T’é.) + Dy (q,f)?‘(f) + D?.(q’ 6))0(]5)7 (44)

where

(g4, 8 =T (90(-Clq,4,6)d — 9(g,6) + 7 — N(g,)L(g, ),
Di(g,&) =H '(@.€)H(q,£),

Dy(q,) = H (0,677 (2.€),
H(g,&) = H(g,€) — T (0, £)(S" (a) " M(g),
Nig) = J (g, )8 ()
The following assumptions are used:
ASSUMPTION 1. The constraints of the robot motion ¢(t), (t), §(t), the control

action 7(¢), the interaction force F'(¢), and the variation of the robotic parameters
£(¢) are set up in the form of the relations:

q(t) e Vg C R", g(t) € V; C R™, gty e vy C R, (45)
() eV, C R*, Vt=t, (46)
F(t) € Ve C R™, Vt>t, @7
) e Ve C R, Vit (48)

where V;, V;, Vj, V., Vp, V4 are the given open, constrained and simply connected
sets in the corresponding spaces, V, is the closure of the set V, in R™, Vg is
the closure of the set V¢ in R

ASSUMPTION 2. The inadequacy levels of the robot and environment model
and/or of the external perturbations are constrained by

lr ()| < Cry ¥t 2o, (49)

o) < Cp, Vi 2 ta. : (50)
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ASSUMPTION 3. The vector function U/ (41) on the set of arguments values
Vi x Vg x Vg = VP % Vg, and the vector function f (43) on the set of arguments
values V; x V; x Vj, satisty the Lipschitz conditions with respect to each variable
with the Lipschitz constants L}Z‘, L}j, Lg, e L? and Lg , Lf; , Lg , for the functions
[V and f respectively. Similarly, the vector function & (42) on the set of arguments
values V; x V3 x V7 x Vi x V¢, and the vector function ¢ (44) on the set of
arguments values V; x V; x V, x Vi, satisfy the Lipschitz conditions with
respect to each variable with the Lipschitz constants LY, LY, LY, L, L and
Lg, L, L¥, LY for the functions © and ¢ respectively.

ASSUMPTION 4. The unknown robot parameters £(¢) belong to the known
closed convex set V¢ of the constraining variation of the robotic parameters (see
(48)). C¢ is defined as

Ce = sup |i€]. (51)
teVy

ASSUMPTION 5. The robot dynamic model (41) has the Property 1 from the
Section 4.1:

7(t) = U{qlt), 4{0), (1), F(),£()) = G{g, 4,4, F)Ei), (52}

G denotes a known continuous (n x {) matrix function.

Under these conditions, Ekalo and Vukobratovic formulated the task of control-
ling a robot in contact with its environment in a following way. For the complete
equations of the robot dynamics (42) and the environment (43), it is necessary
to synthesize the admissible (i.e. satisfying the constraint (46)) control action
7(t),* = 0, which, in solving the contact task, wiil ensure that: (i) the real robot
motion ¢{t), (), 4(t) satisfies the constraints (45); (ii) the real force of inter-
action of the robot and the environment F(t) satisfies the constraint (47); (iii}
starting from a time instant £, > to, the following goal conditions are satisfied:

(Bl < 4, (53)

lz{t)lf < e, (54)
where

() = (0, 4(0)", 1) = qlt) —gu(8),  p(t) = F(t) = Fp(e): (55
¢ and 4 are given numbers which define the stabilization accuracies, || - || denotes

the Euclidean norm, g,(t) is the programmed motion and F,{t) is the pro-
grammed interaction force.
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4.5.2. General Scheme of Robot Adaptive Contral in Contact Tasks

The scheme of the adaptive control system function is based on a recurrent pro-
cedure, in which, starting from the time instant £y, a sequence of increasing time

instants to,%1,%2,. .., ¢, ..., is produced. On each time interval Ty, = [tg, tkyi]
the following adaptive control law is proposed:
Tk(t) = U((’j’ E! (‘jp + Pl (a - QP) + FZ(Q\— QP)v ﬁ: gk): (56)

or, using (43):
Ti(t) = U(Zq,dp +T1(d — dp) + T2(d — do),
f((’]\ q.7 (jip + Gl (q - QP) + 62(6_ qp))7£k)7 (57)

where I'; and I'; are constant (n x n) matrices, such that the eigenvalues of the
(2n x 2n) matrix

Onxn Inxn
I'= 58
{ S } (58)

have negative real parts; I, <y, 1s the (n X n) identity matrix, 7, d, F are the sensors

indications of the position, velocity and force respectively; £ is a constant esti-

mate on the time interval T}; an arbitrary initial estimate vector & is chosen from

the set Vg, and successive estimates £1,£,&3,...,&k, ..., are obtained using a

special recurrent algorithm. In the text to follow this algorithm is explained.
The auxiliary function 7;(t) described by the relation:

Telt) = UG, 3,4, F. &) (59)
is introduced. For ¢ 2 {;, the system of inequalities in the form
I (t) = Tt < A, (60)

where b > 0 is the control scheme parameter, is considered, and the first time
instant ¢}, > t; at which the inequality (60) is violated is determined. So t; > ¢
is the first time instant when

Ime(ti) = Tt = D (61)
Then
iy1 = Allp, t}.) (62)

is an algorithm for correcting the estimates of the parameters, i.e. an algorithm for
determining the estimate £y of the current values of the unknown parameters
£(t) at the time instant ¢}, such that {x.; € V. For example, the following
algorithm for the correction of the parameters estimates may be considered:

GT (t) (7a(th) — Tr(ty)
1GNP ’

{1 = By, |6+ (63)
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where

G(i) = G(a(th), alth), d(tk), £(t)) (64)
for the case of applying the control law {56), and

G(th) = GG, 4(th), 48k, f(@(th), alt), a(th) (65)

for the control law (57). Here Fﬁf is the orthogonal projection operator onto the
set V¢, G is (n x I} matrix function defined by (52).

The time instant £, which follows the time sequence tp,t1,%2,...,t%, 1S
determined by
by = £, + 6, (66)

where £ 1s the time necessary for calculation of a new parameters estimate £
according to the algorithm (62). The value @ plays the role of a parameter in the
control scheme characterizing the workspeed of the adaptive algorithm.

By determining the time instant ¢r4; and the estimate £, the recurrence
of the adaptive control scheme is completed. The algorithm for correction of
the parameters estimates (62), together with the procedure of determining the
time instants ¢, violating the inequality (60) represents itself the essence of the
adaptation algorithm used in forming the adaptive control laws {36) and (57).

4.5.3. Stability of the Adaptive Control Laws Proposed by Ekalo and
Vukobratovic

The authors [40, 41], have proved the stability of the adaptive control laws (56),
(57) by establishing one main theorem which proof, due to the lack of the space,
here will be omitted. The following definitions are used {40, 41}

DEFINITION 1. Under the a-narrowing of open set A in /" is understood its
non-empty subset A%, such that

A= | Bala) (67)
TEA®

where B,(r) is an open sphere in R with the center at the point z and the
radius a > 0.

DEFINITION 2. Variation of the real function g(t) on the segment [a,b] is
described as

N
Var(g) = Sup »  lg(te) — 9{ts-1)l; (68)
where the supremum is taken over all divisionsa =ty <fp <t) < --- <ty =0
of the segment [a, b]. If there exists a constant M, such that Var(,4j(g} < M, the
function g is called the function of bounded variation on the segment [a, &].
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DEFINITION 3. The function g: [y, 00] — R is called the function of uniformly
bounded variation of the order p > 0 if on an arbitrary segment [a, b] C [tg, oc]
of the length p, the function g is the function of bounded variation with the one
and the same constant M (p).

The following notations are used:

c’ = swlGlg, 4., Fl, ©9)
cd = SUPHG(q,c},ij, a4, 17'))”= (70)

where G is defined by (52) and the two suprema are taken over all points g €
Vg ge V,j,v:}'E V(;,F eVp.

Taking into account the a priori given set Vg, the authors established the follow-
ing:
THEOREM. Let us suppose that the fellowing conditions are satisfied [40, 41]:

CONDITION 1. The components &;(t),7 = 1,...,1 of the robot parameters
function £(#) are the functions of uniformly bounded variations of the order
p > 0 with the constants M, (p) (see Definition 2 and Definition 3).

CONDITION 2. The class of programmed motion {g,(t)} is determined with
the aid of the inclusions (see Definition 1):

qp(t) c %CFilI(tl))I‘+a+5q+5(l’ Qp(t) = V_Crllsc(tn)HJraJréquéu
q
§ (71)
fjp(t) c %Crllzc(to)lHaJréq-}-dq, —_—

where Cr = /2n||T||||T~!|l, T" is the non-singular transformation matrix con-
verting the (2n x 2n) matrix T (58} into its diagonal form

T7ITT = diag(A, Az, - -+ Aon),s

iyt = 1,2...,2n are the eigenvalues of the matrix I', n is the number of the
robot degrees of freedom, ||z(4o}|| is the initial perturbation (see (55));

!
a=3+L,CrA '+ CK (ZMj(p)) 8,

J=I

where § = Cr(8; + |IT1]16; + [IT2lldg)A "1, A = —max; A;, 8, and 8; determine
the sensors errors

1Aq(0 < &gy 1A < 8y, VE 2t
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where
Aty =@) —a(t),  Ailt) =q(t) — 4(t), Yt b,

are the error functions of the sensors, 7 and 5 are the sensors indications of the
position and velocity, respectively, I'; and T'; are defined by (58); L, = L% for
the control law (56), and L, = L¥ for the control law (57), where Lf and L¥
are the Lipschitz constants (see Assumption 3 from Section 4.5.1).

C = Cr{2Cy + 28 + diCr + oGy + N1 = [11214,),
where
C;i = Suplie(q, 4, 7, )|, overall (q,d,7,6) €V, x Vg x V. x V¢,
d4 determines the sensor error
1250 < 05, Yt = to,
where A;(t) = 4 — ij denotes the deviation of the estimated value of the second

derivative of the robot motion E from its real value §. The estimate E can be
obtained by sensors (accelerators) or by numerical differentiation of the estimate

q.
dl = SUP”DI(CL E)H: dz - Sup”DZ(Q7£)H1 at (QJf) & Vq X Vﬁ

Di(g, &) and D;(g,&) are defined by (44), C, is defined by (49), C, is defined
by (50).
The quantity K (Z;:l M; (p)) is defined by

(diam Ve)* +4C; (251 M; (7))

[
K M;(p) | = = ,
() - =

where diam(V¢) is the diameter of the set V; other terms have the following
meaning:

C((;}), for control law (56)
C(; = .,

C’g), for control law (57) 7

h — 2h,, for control law {56)
0 h — 2h,, for control law (57) ’

(72)

where C and €% are defined by (69) and (70), respectively; b > 0 (60), is the
parameter of the adaptation scheme, chosen such that the quantity Ag is positive;
hy and hy are defined by

h| = L'qldq —+ L;L(Sq + L;’((Sq <+ CT-) + Lifrap < h,
hy = L6, + LE6; + LE(8; + Cp) + LI 8, + LLs; + LLs; + C,) < h.
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In the above equations LY, L¥, L¥, L%, L and L], LT, LL, are the Lipschitz
constants for the functions U (41), and f (43), respectively, (see Assumption 3
from Section 4.5.1); &y is a suitably small fixed number, and the algorithm scheme
parameter 8 is defined by (66).

CONDITION 3. The class of the programmed interaction force {Fp(t)} is deter-
mined with the aid of the inclusion

Fp(t) € VFL(Cl"l!Z(h))”+ﬂ+59)+Cp+6p’ Vt 2 to’

where

TN,
L=L{+ L]+,

Lg ,Lf; ,Lf-; are the Lipschitz constants (see Assumption 3 from Section 4.5.1);
dr denotes the sensor error

AR < 8F,

where Ap(f) = F(t) — F(t) is the error function of the force sensor, ﬁ(t) is the
force sensor indication.

CONDITION 4. The levels of the initial perturbation i|z(to)||, of the externai
perturbations C; and C,, of the sensors errors d4,48;,8; and dp, and of the
adaptation algorithm scheme parameters h and # are such that these classes are
non-empty, a < [|z(tp)|} and the quantity kg defined by (72) is positive.

CONDITION 5. The stabilization accuracies 8 (53) and € (54) are given numbers
which satisfy the inequalities

a<e,  La+C,<é (73)

CONDITION 6. The order p satisfies the ineguality

p > max{pi,p2,p3},

where
Ly Gl 3y CrlsCo)ll 1y LCrlla(t)]

— = =-1 .
P Mt = P 2" e PTX N " La-c,

If the conditions (1)—(6) are satisfied, then for all £ > #y, the following statements
will hold [40, 411:

Statement 1. For the transient processes determined by the adaptive control laws
(56) and (57), the estimates

Izl < Crllz(to)l +a,  lu®)l < L{Crllz(to)ll +a) + Cp



ADAPTIVE CONTROL OF SINGLE RIGID} ROBOTIC MANIPULATORS 25

are fulfilled.
Statement 2. The real robot motion q(t), ¢(t) will satisfy the constraints (45).

Statemeni 3. The control 7(¢) will be admissible, that is, the constraint (46) will
be fulfilled.

Statement 4. The real force of interaction of the robot with the environment F(t)
will satisfy the constraint (47).

Statement 5. The goal condition (54) will be fulfilled not later than the time
instant:

{ to + pa, if Cp”ﬂ:(t())” +az¢
= .

to, in opposite case

Statement 6. The goal condition (53) will be fulfilled not later than the time
instant;

m

B to + 3, if LCqlz(to)||+ La+ Cr 26
B ty, in opposite case '

4.5.4. Concluding Discussion

Ekalo and Vukobratovic [40, 41], proposed a general approach to the synthesis
of adaptive control laws solving the task of simultaneous stabilization of motion
and interaction force of the robot with the environment for the case when the
robot parameters may vary with time in an unknown way. This approach is
based on the unified approach to control laws synthesis for robotic manipulators
in contact with dynamic environment proposed by Vukobratovic and Ekalo in
[67-69]. Their approach, differing from the impedance control (Hogan [17]), and
the hybrid control (Raibert and Craig [70]), is based on the general dynamics
equation of the environment (7), and is solving simultaneously both the stabi-
lization tasks of position and interaction force with the environment. The unified
approach proposed by Vukobratovic and Ekalo is aimed at direct realization of
a desired robot motion and desired interaction force, which, as a pair of time-
functions, satisfy the nonlinear differential equation of the environment dynamics
model (7). In the adaptive case, this goal is achieved by designing a special adap-
tive control scheme (Section 4.5.2) and using the finite-convergence adaptation
algorithms, [71].

Ekalo and Vukobratovic have established the dependencies of the classes of
stabilized motion and forces, and their stabilization accuracies, on the levels of
initial and external perturbations of the robot and environment dynamics, as well
as of the sensors errors, workspeed of the adaptation algorithm, and of other
parameters of the adaptive control scheme. The degree of parameter drift and
the degree of inadequacy of the robot model are determined by the class of
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functions of uniformly bounded variation. Ekalo and Vukobratovic assumed that
the function of variation of robotic parameters is not apriori known, and only
the constrained, closed set V¢ € R! of possible values of the robot parame-
ters has been given. The adaptive scheme is based on recurrent procedure, in
which a sequence of increasing time instants to,t1,%2,...,¢,..., 1s produced.
On cach time interval T} = [tg,tr41], either the adaptive control law (56) or
(57) is utilized, in which the robot parameter estimate ¢! (t) is replaced by the
constant estimate £(¢). At this, an arbitrary vector from the set V; is chosen as
the initial estimate &g, and successive estimates £1,&a,...,&k, ..., are obtained
using a special recurrent algorithm (62). So, Ekalo and Vukobratovic proposed
the algorithm for correction of the parameter estimates (62) and a system of
inequalities (60) on the basis of which the procedure of adaptation algorithm is
actually functioning. The algorithm for parameter correction (62) and the system
of inequalities (60) represent the essence of the adaptation algorithm used in
forming the adaptive control laws (56), or (57).

This approach ensures: (i) solution of the contact tasks for robots with both
stationary and nonstationary dynamics; this method is practically the first with this
characteristic; (ii) direct realization of a desired robot motion and desired interac-
tion force which, as a pair of time functions, satisfy the general nonlinear second-
order differential equation of the environment dynamics model (7); (iii} adapta-
tion to any unknown deviation from the class of functions of uniformly bounded
variation; (iv) stabilization of the proposed control laws to the initial and external
perturbations as well as the measuring sensors errors; (v) adaptation to the essen-
tially inadequate description of the robot dynamics by its mathematical model.

5. Conclusion

During the past several years, adaptive constrained robot control has emerged as
one of the most attractive and fruitful research areas in robotics. The adaptive
control of constrained motion of robots is a challenging research area whose suc-
cessful solution will considerably affect further application of robots in industry
and increase their efficiency and productivity.

The adaptive control is often necessary in the constrained motion tasks because
the modeling of the robot and environment is often imprecise and the parameter
uncertainties in the robot and environment model always exist. Therefore, in order
to successfully solve the contact control task, the adaptive control methods which
allow the manipulator to identify its own dynamic model, or the environment
model, and to adjust to changes in the manipulator or environment dynamics, are
introduced.

In this paper we have attempted to present an overview of the state of the
art in adaptive contact control concepts in manipulation robotics on the base of
the work reported in the open literature. First, a complete mathematical model
of a rigid robot manipulator in contact with dynamic environment is presented
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together with several different environment models. In the general case of treating
the contact tasks, the complete real environment dynamic model which has been
neglected in the papers up to now, must be taken into account because the
dynamic environment has a significant influence on the robot stability and the
contact task performances. However, uncertainties, particularly in the dynamic
model of the environment, represent one of the main problems in a synthesis of
control laws. Thus, for this type of control tasks the practical stability appears to
be more appropriate than the asymptotic (exponential) stability since it enables
to consider effects of uncertainties in the control laws which cannot guarantee
asymptotic stability at all, but can fulfill practical stability conditions [72].

A classification of the adaptive contact control concepts in manipulation robot-
ics is presented. Certainly there are other schemes which may not fit well into
this classification. The main characteristics of the several most important adap-
tive strategies in constrained manipulation are presented. The advantages and the
drawbacks of the presented methods are emphasized. It may be concluded that the
method of Yao and Tomizuka (Section 4.4) and especially the method of Ekalo
and Vukebratovic (Section 4.5) has several significant advantages over the other
methods. First of all, the method of Yao and Tomizuka and the method of Ekalo and
Vukobratovic take into account the dynamics environment: the first one is based on
a new transformed constrained dynamic model which is valid for friction surface,
and the second one assumes that the environment dynamics model is described by
the general nonlinear second-order differential equation (7).

The method of Ekalo and Vukobratovic is the first one which gives solution
of the contact tasks of robots with both stationary and nonstationary dynamics;
it is also the first one which ensures direct realization of a desired robot motion
and desired interaction force which satisfy the general nonlinear second-order dif-
ferential equation of the environment dynamics model; the proposed control laws
are adaptive to any unknown deviation from the class of functions of uniformly
bounded variation and stable to the initial and external perturbations as well as
the measuring sensors errors. The theorem which proves the stability of the adap-
tive control laws proposed by Ekalo and Vukobratovic is reported in this paper.
More appropriate stability investigation of the adaptive control has to be a very
challenging topic in robotic contact tasks.

All the results have the following general drawback: they have not been exper-
imentally evaluated and implemented in real robot control. So the next step in the
adaptive contact control synthesis is direct practical application of the proposed
strategies and verification of their effectiveness.
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