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Abstract

Effective adaptive controller designs potentially combine high-speed and high-precision in
robot manipulation. Furthermore, they can considerably simplify high-level programming
by providing consistent performance in the face of large variations in loads and tasks.
Globally convergent adaptive manipulator controllers have recently been developed for this
purpose. However, computational complexity has so far restricted their applicability to
manipulators with few degrees-of-freedom. ,

This work presents a new recursive algorithm, which effectively implemenis the simple, yet
globally tracking-convergent, adaptive sliding manipulator controller. To further improve
efficiency, a procedure is derived to select and evaluate a minimal set of inertial parameters
of the manipulator. Since many tasks require direct cartesian control, the algorithm is
subsequently expandzd to handle cartesian data in real-time and possibly exploit kinematic
redundancies. Finally, the application to constrained motion is discussed, introducing
impedance control features to guarantee stable contacts to arbitrary passive environments.
The complete system allows the effective use of adaptive strategies on multi degree-of-
freedom manipulators for a variety of tasks.

The developments are implemented and illustrated experimentally on a four degree-of-
freedom articulated robot arm and suggest a wide range of application beyond adaptation to
grasped loads.

Thesis Supervisor: Professor Jean-Jacques E. Slotine
Title: Associate Professor of Mechanical Engineering
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Chapter 1

Introduction

Adaptive control has been extensively studied, and several globally convergent
controllers have been derived for linear time-invariant single-input single-output systems.
Recent developments (for example [Slotine and Li, 1986], (Craig, Hsu, and Sastry, 1986],
[Middleton and Goodwin, 1986], [Hsu, er al, 1987], [Sadegh and Horowitz, 1987], [Bayard
and Wen, 1987], [Koditschek, 1987], [Slotine and Li, 1987a-¢], [Li and Slotine, 1988),
[Walker, 1988]) have been able to derive adaptive manipulator controllers with similar
global convergence properties. This represents an important extension of adaptive control
to a class of nonlinear multi-input systems. Such adaptive manipulator controllers
potentially provide consistently high performance in the face of large variations of loads
and tasks. Furthermore, this performance is achieved without requiring increased actuator

bandwidth.

A simple, yet globally tracking-convergent, direct adaptive sliding manipulator
controller was developed in {Slotine and Li, 1986] and demonstrated experimentally in

suosequent work [Slotine and Li, 1987b]. Though the controller provides excellent
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performance and robustness properties, it application is currently limited by the
computational burden of the nonlinear control and adaptation laws. Existing recursive

algorithms are rendered useless as they do not match the nature of the controller.

The central part of the work presented here develops a new recursive algorithm to
effectively implement the adaptive manipulator controller of [Slotinc and Li, 1986]. This
allows the application to multi degree-of-freedom manipulators, which so far have been

excluded from the advanced control concepts.

An additional increase in computational efficiency can be achieved with the use of
minimal parameter sets. This work also presents a procedure for selecting such minimal
sets and evaluating the involved parameters. It is applicable to all joint types and kinematic
structures and presents a more practical alternative to existing theoretical results ([An,

Atkeson, and Hollerbach, 1985], [Khosla and Kanade, 1985], [Mayeda, 1988]).

Since many interesting tasks can be addressed with direct cartesian control, this work
proceeds by extending the recursive algorithm to handle cartesian data in real-time. It thus
provides a cartesian implementation of the adaptive controller. To handle redundant
ménipulators, a pseudo-inverse method is used with nullspace minimization of a joint
position norm. On the basis of this cartesian implementation, the application to constrained
motion is then examined. In particular, impedance control features are introduced to
guarantee stable contacts with arbitrary passive environments. The complete system then
allows the effective use of adaptive strategies on multi degree-of-freedom manipulators for

a large variety of tasks.

The developments are implemented and illustrated experimentally on a four degree-
of-freedom articulated robot arm. A comparison between P.D. and adaptive controller

clearly demonstrates the improvements caused by the adaptation process. Further
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experiments also suggest a wide range of application beyond the adaptation to grasped

loads.

Following a brief review of the direct adaptive controller of [Slotine and Li, 1986] in
Chapter 2, Chapter 3 presents the recursive algorithm for the implementation. The minimal
parameter sets are derived in Chapter 4, after which cartesian implementation and
application to constrained motion are discussed in Chapters 5 and 6 respectively. Finally

the experimental results are detailed in Chapter 7.
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Chapter 2

Direct Adaptive Sliding Control

The direct adaptive sliding controller considered in this thesis was originally
developed and later experimentally verified in [Slotine and Li, 1986, 1987a). It is

applicable to all rigid manipulators, regardless of kinematic structure, and briefly

summarized in the following.

In the absence of friction and other disturbances, the dynamics of an n degree of

freedom rigid manipulator (with the load considered as part of the last link) can be written

as

Hg)q+Clqqq +G@ == 2.1)

where ¢ and t are the nxl vectors of joint displacements and applied joint torques (or
forces) respectively. H(q) denotes the nxn symmetric positive definite (s.p.d.) manipulator
inertia matrix, C(q,9) q is the nx1 vector of centripetal and Coriolis torques, and G(q) gives
the nxl vector of gravitational torques. A friction model can be added to the above

dynamics, using e.g. D, sgn(¢) and D, q as the nxl vectors of static (Coulomb) and
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viscous friction torques. Note that the sign operator sgn(.) is performed independently in
each component, and the matrices D, and D, are diagonal positive definite (or semi-

definite). Including friction, the manipulator can thus be modeled as

Hg)g + C(q.9)q + G(¢) + Dysgn(q) + D, g == (2.2)

The adaptive controller design problem is stated as follows: given the desired
trajectory ¢,(¢), with some or all of the dynamic parameters being unknown, and with the
joint positions and velocities measured, derive a control law for thz actuator torques, and an
adaptation law for the unknown parameters, such that the manipulator joint position g(f)

closely tracks the desired trajectory g,(r).

In contrast to other controllers, a reference trajectory, which incorporates a first level

of feedback, is defined together with an associated error measure as

~

ér = éd - Aq (2-3)

s=q-q4=§+Ag (2.4)

where ¢ = ¢ — ¢, and A is a s.p.d. matrix (or, more generally, a matrix whose eigenvalues
are strictly in the right-half complex plane). Also, 3(:) is defined as the current estimate of

the constant vector a of the manipulator’s dynamic parameters, with a(f) = a(r) -a.

The control and adaptation laws can now be given as

T

Y(9.4.4,4)a — K s (2.5)
a=-PYTs (2.6)

where K, and P are symmetric positive definite gain matrices and the matrix ¥(¢,4.4,.4,) is

defined by
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o« o e A A . AL A A . A,
Y(¢.94,9,)a = H@) q, + C(qq)q, + Gg) + D;sgn(q,) + D, q, (2.7)

The controller thus consists of a P.D. feedback term plus a particular type of feedforward.
To be more precise, the feedforward terms do not cancel the natural dynamics, but rather
compensates for the torques corresponding to the reference trajectory. This helps the
overall convergence ( adding negative terms to V(¢) ) and avoids the use of velocity
measurements for fiiction compensation. Therefore problems of inaccurate friction models
at zero velocity are alleviated and no boundary layer approximation is necessary for
Coulomb friction. This is true in general for al! friction models, that provide a total friction

torque monotone in velocity.

The analysis and stability proof of this controller are done using a Lyapunov-like

function

V() =~ sTHs + - al Pla (2.8)

S
RO o

and exploiting fundamental physical properties of the system, such as conservation of
energy and the positive-definiteness of the inertia matrix H. Substituting the above control

and adaptation laws (2.5) and (2.6) then yields

V) = — sT(D,+Kp)s - s7 D, (sgn(g)-sgn(g)) < 0 (2.9)

Using simple functional analysis arguments, this result can be shown to imply that s — 0 as
t — oo, which in tumn implies that ¢ and § both tend to 0. The algorithm is therefore

guaranteed global tracking convergence independent of the initial parameter estimates.

It is interesting to note that the use of an adaptive controller, such as the one given

above, improves the performance of a manipulator without increasing the actuator
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bandwidth. This is extremely important when dealing with large loads, as they generally
reduce the structural frequencies and limit the available bandwidth considerably, making

fixed parameter controllers most sensitive to parameter uncertainties.
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Chapter 3

Recursive Implementation

A major obstacle towards the implementation of multi-d.o.f. nonlinear controllers, is
their computational complexity. This is particularly true for multi-d.o.f. manipulator
controllers using full dynamics compensation, such as the adaptive controller described in
Chapter 2. Tt is therefore important to develop and implement recursive algorithms to
preform the necessary calculations. Such algorithms provide the necessary efficiency for
multi-d.o.f. controllers, as their execution time remains linear in the number of degrees of.

freedom, or more precisely in the number of links.

Physical insight in the dynamic equations of motion for rigid manipulators has led to
the recursive Newton-Euler algorithm. This algorithm exactly calculates the forces and
torques necessary for any given position, velocity, and acceleration, as detennined by the
equations of motion. It thus provides an efficient implementation of "computed torque"”
type controllers, which attempt to precisely cancel the nonlinear dynamics. However, the
adaptive sliding controller does not attempt cancellation, but introduces a reference velocity
and slightly modifies the dynamic equations computing the applied torques. It thus can not

make use of the Newton-Euler algorithm, which is limited to the exact equations of motion.
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A solution to this problem was suggested by [Walker, 1988], who applies the ideas of
[Slotine and Li, 1986] directly to the recursive Newton-Euler formulation of the equations
of motion. The resulting algorithm is recursive, hence efficient, and has very similar
convergence properties as the original adaptive sliding controller. Differences, however,
exist and, in particular, there is no joint-space representation of the calculated torques, and

therefore no simple "closed-form" of the resulting multi-input controller.

To achieve an exact implementation of the adaptive sliding controller of [Slotine and
Li, 1986], this section develops a new recursive zlgorithm. Though it is derived
independently from the Newton-Euler algorithm, it takes a similar form, generalized to
accommodate the reference velocity. As the original algorithm, it remains applicable to all
rigid manipulators, regardless of kinematic chains and joint structure. To allow a simpler
notation, however, the derivation is detailed for open kinematic chains only. Remarks on

the closed chain resuits follow thereafter.

The efficiency of a recursive algorithm is achieved by treating each link as an
individual rigid body. The following thus proceeds by relating all the joint quantities of the
controller to the rigid-body quantities of each link and then substituting these in the control
and adaptation laws. Throughout these developments the standard Denavit-Hartenberg
convention for coordinate frame locations and numbering is used (see, e.g., [Asada and
Slotine, 1986]). That is, for open kinematic chains, the links are numbered from zero (base)

to n (tip) with joint i connecting link i-1 to link i.
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3.1 The Definitions of Spatial Quantities

As in the computational approach of [Walker, 1988], a simplifying aspect of the
derivation is the use of the spatial vector notation of [Featherstone, 1987]. This notation
combines corresponding rotational and translational quantities into a single 6-dimensional
vector, thus reducing the number and complexity of involved equations. Appendix A gives
a summary of this vector notation and its fundamental rules, while this section defines the

needed quantities.

Due to the nature of the spatial notatior, the relative velocity of two connected links
can simply be expressed as the product of a fixed spatial vector d; and the joint velocity g,
regardless of the joint type (for example rotational, translational or even screw-like). The
structure of this spatial vector d;, also referred to as the joint axis, determines the type of

joint, while its norm specifies the gear ratio. That is

Vi = Viey = i gy (3.1)

Therefore the spatial velocity v, reference velocity w, and reference acceleration w;

as well as the velocity error e, of each link can be written as

k

V= Z d; g (3.2)
I

Wi = Zl dl Elrl (3.3)
—k

W, = Z dy G, +vyxdyq, (3.4)

=1 A
ek=vk—wk=2d,s, (3.5)

Associated with each link is also a spatial inertia matrix I, containing all ten inertia
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parameters of the link. Defined as in Appendix-Section A4, these matrices can be

expressed using sparse placement matrices R; and the ten parameters values ak‘ of the link.

10
I, = zl R a! (3.6)
i=

The local spatial forces f; caused by each link can also be divided into the effects of

all ten parameters.
i0
fi= 2 5 e S
i=l

Summing the local forces of the above links then results in the total force F, to be applied

to a particular link
n

which can in turn be mapped to the joint torque as

3.2 The Relation of Joint and Link Inertia Matrices

Having related joint and link velocities, accelerations, and forces in the above
definitiohs, the next step in the derivation must relate the joint and link inertia matrices.
This is best done by examining the kinetic energy, which is independent of the choice of
variables, as are all types of energy. In particular, it can be expressed in both joint and link

variables as
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n

n
1, Lo
Eian = k; z L lk} q] or Ein = Z 3 "17 I; v (3.10)

Jj=1 i=1

Substituting the definition for spatial velocity (3.2) then allows the kinetic energy to be

rewritten as

Ejin = Zr E;dk a1 Z 14 @3.11)
n

l [ T .
= = Qg dk I. d. q;
2@;: i%ém" !

so that the inertia matrix elements hkj can be written as

n

hy=df Y I 4 (3.12)

i=max(k,)

The above transformations, as will many others throughout the derivation, rely
strongly on changes in the order of summation and on corresponding changes in the

summation ranges. In particular, it is true that

~
-

n

-

n
> (3.13)
i=k

W
T

as well as

i (3.14)

i=max(ky)

M=
.M"'
M=

[
by
S,
1l
p—
L.
]
[

These equalities are best verified geometrically, as in Figure 3-1, where each shaded

element is included in the summation.
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Figure 3-1: Geometric Interpretation of Summations

3.3 Expressing the Coriolis Matrix

The adaptive controller makes use of the relation between the Coriolis matrix € and
the inertia matrix derivative H by noting the skew-symmetry of (H — 2C) or equivalently
using H = C + CT. In addition, the following derivation uses an explicit expression for each
element of the Coriolis matrix, which can be obtained by deriving the equation of motion

with a Lagrangian approach [Slotine and Li, 1987e]. That is, Coriolis matrix is given by

_ 1 n ahk’l ahk] ahu .

i = 5 > - g (3.15)
S| 9g; "3 q dq

Using this expression and the above result for the inertia matrix (3.12) it is also possible to

derive a spatial expression for *he Coriolis matrix.

First, it is necessary to find partial differentiation rules for spatial joint axes and

inertia matrices. Knowing that for a fixed reference frame the transformation matrices obey



21-

0 {d-xX V i<k

— X, = { k

d q; 0 Yi>k (3.16)
it then follows that

J d xd YV i<k

—d, = i k 3.17

dg; £ Lo Vi>k .

0 dxI, -1,dx Visk

— I = J k k % 3.18

dg; ¥ Lo Vi>k G19

The following derivation examines the three parts of ¢,; according to Equation (3.15)

first before connecting them into one larger equation. Thus the first part takes the form

n a hkl n

n
. 0 .
y & g = Y Zk’.) é_‘_l; [dka,d,] g

=1 aqj j=1 l=max(k,i

3

n

= g (dixd ) I, d; if j<k
Jj=1 l=max(k,i)
n n

+ > i dT (dxn-Ldix) d; if j<I
J=1 Il=max(k,)
n n

+ 2 > g 47 1) d;x d, if j<i
Jj=1 I=max(k,)

using the partial differential rules, as given above by Equations (3.17) and (3.18). The
conditions can be incorporated in the summation boundaries for j and the summations can

then be performed creating a spatial velocity.



n a h . n n .
ki .
=1 9q; I=max(k,{) l=max(k,i)
n n
- Z dkT II VIXdi + z dkT Il V'-Xd"
I=max(k,i) =max(k,l)

The second part of Equation (3.15) can then be expressed as

no3h,. n n ‘ '
=3y Y —a—["k”l"f]‘lf

=1 9d¢; A1 l=maxk,) 9 4

n n

J=1 I=max(ky)
n n

+ zr > 44T (dxh~Ld;x)d; if isl
J=T t=max(iy)
n n

+2 Y 44T dxd if i<j
j=1 I=max(k.)

Changing the order of summation according to

n !

> =22

n n
j=1 l=max(ky) 1=k j=1

as was done in Section 3.2 and then incorporating two of the conditions into the

summations, noticing that i < j also implies i </, results in

Y - L=~ Y aTdx I, v, if i<k
" qi

I=max(k,i)
n
+ Z dkT I d;x(v;—v;)
I=max(k,i)
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n‘ ahk n
Y —g=— Y dldxly if i<k
=1 9dq; I=max(k,i)
n n
I=max(k,i) I=max(k,i) '

where ithe change of the summation range in the first sum has no immediate effect, but

simplifies the further development.

Finally the third part of Equation (3.15) is skew-symmetric to the second part and can

thus be writter: as

n n n
_9hy g = 2 S i[_d,n,d.] 4
=y F=1 1=max(iy) 9 9%

n

= dfd, x I, v, if k<i
I=max(k,i)
n n
l=max(k,i) I=max(k,i)

The spatial expression for an element ¢4 of the € matrix can now be obtained by

connecting the above three parts and canceling several terms thereof.
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Cki =.l_ Z - dkTkaIldi + dkTVIXI[d, - dkTII"IXdl
I=max(k,i)

N

+ dTLv,xd, + dTdxIivy — dTLd;xv,

+ dld, xIv, if k<i
n
i 1 1 "
= Dy dfwxnd; -5 dThvxd; +5 dTdxIy, (3.19)
I=max(k,i)
+dkTI,v,-xd,-

3.4 The Gravity Vector

An expression for the gravitational torques is quickly obtained when realizing that
gravitational forces corresponds to a vertical upward acceleration of the complete system in

a gravity-free environment. Therefore

n .
i=k
where g is the gravitational acceleration pointing downward. In the implementation the
gravity terms should also be lumped into a vertical acceleration, as to avoid additional

calculations.



3.5 Feedforward of the Inertial Forces

This section computes the actual joint torques to be applied due to the inertial forces

of the manipulator. In particular, substituting the above results (3.12), (3.19), and (3.20)

into the control law yields

n n
T, = 2} M Gr, + 5_} ckidr, + Gy (3.21)
= =
n

= dT ,Z I, (-g)

n n
i=l l=max(k,!)

After changing the order and ranges of summations, similar to (3.14), the inertial

torques can be written as
n
w=dl F, =47 ) f (3.22)
1=k

with the individual link forces f; being calculated as

. 1 I 1

Or, splitting the effects of different parameters, that is using Equation (3.7), the inertial

torques can also be expressed as

n 10

v = 47 ; S fi af (3.24)
=k =
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, . 1
fl' = Ri (Wl - go) + % ¥ X R‘- W, t+ % WIX Ri v + 3 Ri WX v (3.25)

3.6 Adaptation Law for Inertial Parameters

To implement the adaptation law given in Equation (2.6), it is necessary to notice that
the matrix Y, as defined in (2.7), represents the coefficients of each torque with respect to
all parameters. Remembering the above results, this implies a coefficient between torque T,

and an inertial parameter a,/ of

dr fi V¥ ksl

Y,/ = 3.26
M 0 Y k>1 (29
The product ¥T s can then be computed as
!
(YTs)f = 2:1 sed = el ff 3.27)

so that the complete adaptation law for the inertial parameters, given a diagonal gain matrix
P,is

af = - Pf el fj (3.28)

3.7 The Complete Recursive Algorithm

The key equations of the recursive algorithm are given by the local inertial force of
each link (3.23) and the spatial version of the adaptation law (3.28). Together with the
definitions of the spatial quantities and some joint level computations for friction

compensation and P.D. feedback, they form the complete algorithm.
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initialize: Wy = —g,

upward : Vi = Vi t A gy
W, = wk__l + dk q’k
wk = wk__l + dk .qu + Vk__l Xdk é’k

€ = Vi — Wy
i i 1 i .
. | - Lo
downward: f' = §VkXRi”’k : ikaRi"k + iRikaVk + R;w,
10
Fp=Fpyy + Zl,fk' ay
i=

. A . A
T = dk7 F, + DSk sgn(qu) + D‘,k 4 ~ KDk 5,

gki =-Plelf)

A :
DSk = — PS5 sgn(q,,)
A .

ka == ka Sk qu

Table 3-1: Complete Equations for the Recursive Implementation
of the Direct Adaptive Controller

The algorithm consists of two major parts. During the first, the kinematic structure is
traversed from the base upwards to the tip, while computing link velocities and
accelerations. Then second part then proceeds in reverse order downwards from the tip to
the base, at each link determining the individual forces, the joint torque, and updating the
parameter estimates. Table 3-1 summarizes all involved equations for the case of diagonal

gain matrices P and K,.

Several practical considerations can still greatly influence the actual efficiency of the

algorithm :
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e Using the Denavit-Hartenberg convention, the following choice of reference
frames minimizes the number of frame iransfonnations: velocities,
accelerations, inertias, and local force components are expressed in their own
frame (i.e. in the frame attached to their link), while joint-axes and summed

forces are expressed with respect to the frame beneath them.

¢ It is important vo "customize" the algorithm (similarly to e.g. [Koshla and
Kanade, 1985]), so as to avoid multiplications by or additions with zero. These
occur mainly in the local force coraponent calculations (due to the sparse
placement inatrices), which should be evaluated analytically, as is described in
Appendix B. Also, several velocity and acceleration components may be

restricted to zero (especially close to the base) and can thus be eliminated.

e Several parameters may be redundant, and therefore the algorithm can be

optimized by using a minimal parameter set, as is detailed in Chapter 4.

e The gravitational forces are implemented as a vertical acceleration in gravity-

free space, by setting the spatial acceleration of the base appropriately.

3.8 Comparison to Newton-Euler and Walker Algorithm

The major difference between the true implementation algorithm developed above
and both the Newton-Euler and [Walker, 1988] algorithm lies in the computation of the
local force components. For comparison, the equivalent equations of all three algorithms

are given by
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. . l l
Lot = & (W1=80) + 5 vix Iy wy+ 5 wpx Ty vy + 2 0y wyx v, (3.29)
Fopg = 51 Ch—8) + vx Iy vy (3.30)

Quite cleariy, the derived algorithm for the actual implementation can be reduced to either

algorithm, if reference and actnal velocities are identical.

As a consequence of the above, a minor difference can also be found in the

ad-«ptation segment of the [Walker, 1988} algorithm.

3,9 Closed Kinematic Chains

The above develcpments were detailed in the context of manipulators with open
Kinematic chains. They remain, however, also valid for manipulators with closed kinematic

chains.

'To implement the algorithm for closed chains, imaginary cuts are placed at several
joinis to obtain an open but branched kinematic structure. The forces are then simply added
at the branch points and the constraint equations are used to determine the torques for the
motnrized joints. Notice that the link numbering system has to be changed and therefore
also the ranges of the summations throughout the algorithm have to be modified. They
must be specified as sets of links lying above or below, as is appropriate. The approach of
[Walker, 1988] for structuring closed chains and incorporating kinematic constraints can be

used straightforwardly.
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Chapter 4

Minimal Parameterization

The inertial and mass properties of an arbitrary rigid body are completely described
by 10 parameters, ali of which are included in the spatial inertia matrix. They consist of the
mass, the location of center of mass, and the six traditional inertia values. However, when
two rigid bodies are connected through some joint and their motion is restricted with
respect to each other, not all 20 parameters are needed to describe the behavior of the
connected system. Consequently, the dynamics of a rigid manipulator can be described by
a reduced set of inertial parameters ([An, Atkeson, and Hollerbach, 1985], [Khosla and
Kanade, 1985)).

This parameter redundancy has been studied analytically by [Mayeda, 1988] for
robots with rotational joints, whose axes are either perpendicular or parallel. He concludes
the minimum number of parameters necessary to describe the whole system to be 7N-4B,
where N is the number of links and B the number of parallel joints located at the base

(which is at least one). If the first joint is vertical, then another two parameters can be

removed.
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Parameter redundancy is quite important for both an efficient implementation and the
estimation of the parameter values. The following therefore studies parameter reductions in
more detail, using the spatial notation to simplify the analysis. In particular, a system of
two consecutive links is examined and a procedure is derived, to eliminate redundant
parameters therein. Applying this procedure recursively to all connected links allows the
elimination of all redundant parameters of the manipulator and simultaneously gives rules
for the evaluation of the remaining parameters. The derivation is valid for arbitrary joint
types and configurations, including both rotational and translational joints of an arbitrary

intersection angles.

4.1 Parameter Redundancies for Two Consecutive Links

The following study focuses on two consecutive links k—1 and k connected by the
particular joint, as is shown in Figure 4-1. The joint may be of any type and intersect other
joint axes at any angle. The derived procedure allows a reduction of the original 20 inertial
parameters, by transfering appropriate parameter values. That is, several parameter values
can be set to zero, if other values are adjusted accordingly, without effecting the equations

of motion.

In the following, the first link is assumed to have an arbitrary velocity and
acceleration, that is it can move and turn in all directions. The case of restricted motions is
a simple extension and is discussed later. The velocity of the secoud link can then

determined using joint velocity and acceleration as

Vk = vk__l + dk ék (4'1)

Vg = Vg + Ay + Vo X di g (4.2)

where d represents the joint axes, and v, v are the velocity and acceleration of the particular

link.
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4 fiame k-1

e

—

frame k

Figure 4-1: Two consecutive links connected by a rotational joint

To assure that the parameter changes have no effect on the equations of motion two
conditions have to be satisfied. Given the velocities and accelerations both the total forces
and the joint torque must remain unchanged. That is, while changing the parameter values

the following must hold for any velocity and acceleration:

Jie-1 + fi = constant 4.3)

a f,

constant 4.4)

where the individual link forces can be computed as

To evaluate these conditions the upper force f; can be rewritten as a function of the

lower link velocity and acceleration using Equations (4.1) and (4.2).
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Jo = vy + v XLy (4.6)
+ I.d, q,
+ ( Ly Xdy + dxLv_ + v XId ) g,

+ d,x I d, g2

To further study the parameter changes, an inertial variation matrix 8/ is introduced.
This matrix is added to the inertia matrix of link £ and subtracted from that of link k-1, as
the total inertia matrix must remain constant. Substituting in the above equations,

equivalent conditions can te found for this inertia variation.

dld, =0 (4.7)
v, xd, + d xdlv,_; +v,_ xdld, =0 (4.8)
d,xdld, =0 4.9)
dIdlv,_ =0 (4.10)
4T 8ld, = 0 (4.11)
dlv,_ x8lv,_; =0 (4.12)

However these conditions are redundant and in particular Conditions (4.9), (4.10), and
(4.11) follow directly from Condition (4.7), while Equation (4.8) automatically implies
Equation (4.12). That is, all inertia variations &I, which satisfy the following two

conditions, describe parameter changes that have no effect on the equations of motion.

8d, = 0 (4.13)

These conditions were derived with no assumptions on the manipulator structure and
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thus remain general for all joint types and configurations. To achieve further results a
particular joint type has to be chosen, which specifies a value for the joint axis d,.
According to the Denavit-Hartenberg convention the joint axis is attached to frame k-1, so

that the further analysis is best performed in this frame.

Evaluation of the above conditions can be done using Tables 4-1 and 4-2, which give
the resulting spatial vector for unit values of ¥y and d;. Note the numbers enclosed in
brackets represent the values of the specified parameter, i.e. (3) is the value of parameter 3
(representing the z-axis inertia). They clearly show the dependence on the different inertia
parameters. Given the value of d;, these tables then allow all necessary parameters and
parameter combinations to be identified. The remaining parameters and parameter

combinations can therefore be included in the allowable set of inertia variations 81.

Using &1 it is now possible to eliminate parameters by subtracting their value from
link k-1 and adding them to link k. This suggests the interpretation of rransfering
parameters from link k-1 to link &, which can also be inverted, i.e. parameters can be
transfered from link & to link 4~1. To transfer the parameters, however, the inertia
variations &I has to undergo a reference frame transfonmation from frame k-1, in which it
was derived, to frame k. Tables 4-3 and 4-4 describe this transformation for both upward

and downward directions.

iy ) ey ey i A
. +9) —8) +(10) .
—9) . +(7) . +(10) .
+(8) —7) . . . +(10)
+(1) +(4) +(5) . —9) +(8)
+(4) +(2) +(6) +(9) . )
+(5) +6) +(3) -(8) +7) .

Table 4-1: Evaluation of &I d,
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dkl dkz dk 3 dk4 dk 5 dk6
—2&8) +2k7) . . —2(10)
-2(9 . +2(7) +2(10) .
Vel . +2(5) ~2(4) +2(8) +2(9)
-2(5) . —(3)-(2)K(1) =2(7) .
+2(4) +(3)+(2)-(1) . . =2(D)
+2(8) =2(7) +2(10)
. —2'(9) +i(8) —2(. 10) .
Vi-l, . +2(6) +(3)-(2)+(1) -2(8) .
-2(6) . +2(4) +2(7) +2(9)
-(3)+2)~(1) -2(4) . . -2(8)
+2(9) . ~2(7) . -2(10)
. +2(9) -2(8) +2(10)
Vil . +3)~(2)<(1) -2(6) -2(9) .
—(3)3+(2)+(1) . -2(5) . -2(9)
+2(6) +2(5) +2(7) +2(8)
Vi~ 14
Vi-15
Vi-1g

Table 4-2: Evaluation of vk__l X aldk + dk X 8’ vk_l + 6’ vk_l X dk



k-1 1 1 = — - " - -
Il J”r‘- J:F— nylkl J_‘:l"l Jy:lkl -i i lm‘ylkl mr:I""1 m P!
I F c@? s? 0 256c0 0 o o | 0 ~2d &
= :
I E s6%ca® c8ca sa? —2s56cBca? | —2sBsoca 2cBsaca —2ach | —2as@ “2dca® | d+dlcol
» | -2dsBsaca ; +2dcOsaca
It s6%0 | c6%a? | co? | -2s6cBsa? | 2sBsoca | —2cBsoca ~2ac® | 2059 “2dsa? | P+l
= ' | +2dsBsaca , —2dcesaca
J It —sBcBbca sBcbear 0 —~(562—6*)ca cOsa ! sBsa 3 —asbco +acBca asa —adsa
xy { adcBsa P +dsBsa
I sOcOsa | —sBcBsa 0 (s9?—c8P)sax chea e R R R aca | -adea
= . +deBca | +dsbeo
T [ —s8%saca | —cB%saco soco 2s6cBsaca | sB(sat—ca) | —cB(sat—ca) ‘ ds6(sa?—~ca?) ' —de®(so®—~a?) | 2dsaca | —dPsoca
: |
- 0 0 0 0 0 0 : 2] ! s8 0 -a
x !
mr_ 0 0 0 o 0 0 R cBca sa —~dsa.
¥ .
mr_ [t 0 0 0 0 0 0 sBsG —Bsa ca ~dca
it 0 0 0 0 0 0 0 0 0 1

Table 4-3: Upwards Transformation of a Spatial Inertia Matrix
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J I g ]».l" J_ K Jzyl‘t J_K - : mr_f mry[‘ | mr_ mlt
1 : :
7 | sBlca? | so%0? | —2s0cBco | 2s0cOsa | -2s0%sacx | 2as@? | +2asBcBoo | -2as0cBs0 | aPs6led?
i : |
= ! | +2dsa +2dca
g @ | cb%c? | c6sa’ | 2s6cBcm | -256cBsa | —2c6%aca | 2ac@? | —DasBeBea | +2asbobsa | a’c6l+d’
» , +2dsa | +2dca
I 0 so? co® 0 0 2saco | 2a 0 0 &
7 s6c0  —sOcben? | —sBeBsa? | «s6P—cBcar | (s6%—cOsa | 2s0cOsaca | —2asbed a(sez—cez)cai —a(s87-c0V)sa | —a?sBed
xy 5 |
J !k—l 0 —s0saca sBscica cOsa cbecar se(sa'-’-caz) —dcO —acOsa —acBca —adc6
x= ) +dsBca i —dsOsa
J_ 0 cOsaca | —cBsoco sBsa sbeax —ce(saz—caz); —ds0 —asbsa [ —asbeca —adsB
v ! ; —dcBcar | +dcBsa
mr ) o 0 0 0 0 0 B —sbca | sBsat ach
; ;
mr_ -1 0 0 0 0 0 0 s6 cbea —6sa as®
v
mr 0 0 0 0 0 0 0 sa ca d
e 0 0 0 0 0 0 0 0 0 1

Table 4-4: Downwards Transformation of a Spatial Inertia Matrix

-LE-
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4.2 Parameter Transfers through Rotational Joints

This section tums its attention to the particular case of rotational joints. However, the
intersection angle between joint axes still remains arbitrary. Rotational joints are described

by a unit rotation along the z-axis, so that

[~ h

(4.15)

OO~ OO

Therefore, assuming an unrestricted v,_; and using Tables 4-1 and 4-2, the equation

of motion depends on the following parameters and combinations.

1-@2) 3) @4 G) ©6) () B) (4.16)

The inertia variation thus has three degrees of freedom and contains

1l

-t = ( (=@, (9, (10) ) 4.17)

= ((Wy=8l,,), b, , om )

To eliminate and transfer parameters between links, the parameter values must
undergo the reference frame transformation, given for rotational joint in Table 4-5. The

Denavit-Hartenberg parameters (a,0,d,8) correspond to joint k.

It is interesting to note that the parameter reductions often have physical
interpretations. In this example the parameters correspond to a thin rod (i.e. having no
inertia in that direction) along the rotational axis, which can belong to either of the attached

links.
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o1, Kt =
k-1 _

&, It =y

dp, ! = p,

dmFl = m

81 k=7 + md? - 2dp,

I

» (J+md2—2dpz)cos2(0t) + ma?

8 1= (J + md? - 2dp,)sin*(®) + ma?

5ny|" (ap, - mad)sin(a)

81, Ik = (ap, - mad) cos(a)

81, K = -(J + md? - 2dp, ) sin(0) cos(cv)
8p_‘.|" =-ma

Spylk = (p, - md)sin(a)

3p, Ik = (p, - md) cos(e)

dmk =m

Table 4-5: Transformation of the inertia parameters for rotational joints




-40-

4.3 Parameter Transfers through Translational Joints

Translational joints are characterized by a unit translational vector along the z-axis.

Therefore

(4.18)

o
}
—_ 00O oD

As in the previous example using the Tables 4-1 and 4-2, the equation of motion

depends on the following parameters and combinations.

M ® @ 10 ' 4.19)

The inertia variation thus has six degrees of freedom and contains

M-t = (D), @,03),@, 5, 6 ) (4.20)
=(8"xx' yy’&lzz'&’.ty'alxz'&,yz}

The reference frame transformation for these particular parameters is given in Table 4-6.

4.4 Parameter Reductions for Links with Restricted Motion

For links with restricted motion, as for example the base link, many more parameters
can be eliminated. The analysis should proceed as before, however ignoring any conditions
arising from the restricted directions. Also, only forces in the unrestricted directions need
to be examined. As such situations only arise with very simple kinematics, the analysis is
typically straight-forward. Fus example, a base rotating about a vertical axis only requires

the corresponding rotational inertia as parameters.



41-

8, 1 =1,
oy, fel = Tyy
&1,k =1,
8y, It =1,
=1,
&, =1,

k 2 : 2
dJ, N =T cos*(8) + 2ny sin(0) cos(8) + J),y sin“(0)

XX

k
o1, |

(J sin%(0) - 2 J_‘.y sin(0) cos(8) + J W cos2(9) ) cos?(o)
- 2(J,, sin(®) - J, cos(8) ) sin(ax) cos(an) + J,, sin?(o)

81| = (I, sin%(0) - 2ny sin(0) cos(0) + J

2z

yy €05%(8) ) sin*(00)
+ 2 (J,, sin(8) - J,, cos(8) ) sin(e) cos(e) + J,, cos*(a)

8, k= (-(J, - ( cos*(8) - sin%(8) ) ) cos(ax)

Xy Jy),)sin(O) cos(9) + J.,

+ (J,, cos(0) + J_sin(0) ) sin(x)

8, 1k = ((Jy - J,,)sin(®) - I (cos¥(®) - sin(8) ) ) sin(er)
+ (J,, cos(8) + Jyz sin(6) ) cos(a)
8J),z k= - e sin%(@) - 2 J.\'y sin(0) cos(B) + J),y cos3(8) ) sin(o) cos(o)

- (J,sin(@) + J . cos(B))( cos2(a) - sin®(o) ) + J,. sin(a) cos(o)

yz

Table 4-6: Transformation of the inertia parameters for translational joints




Chapter S

Cartesian Implementation

The previous chapters analyzed the efficient impiementation of a joint-space adaptive
controller. Many tasks, however, are best described in terms of the end-effector motion or
behavior. While it is possible to perform the inverse kinematics on a desired end-effector
trajectory a-priori and thus to use a joint-space controller to achieve specified end-effector
motions, such a procedure prevents the implementation of an arbitrary end-effector
behavior. Therefore, tasks that require interactions with the end-effector also necessitate a
controller capable of utilizing cartesian data directly as ¢.a input (e.g., [Luh, Walker, and
Paul, 1980], [Khatib, 1980, 1983], in the non-adaptive case). This chapter discusses the
problems of converting and extending the joint-space adaptive aigorithms to handie
cartesian data in real-time. The development represents a computational version of [Slotine

and Li, 1987c], and also extends the algorithm tc redundant manipulators.
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5.1 On-Line Inverse Kinematics

Taking a closer look at the joint-space controller, that is examing the control and
adaptation laws (2.5) and (2.6), it can be interpreted as using only reference velocity and
acceleration as input signals and guaranteeing convergence only to these. It is then the
definition of the reference velocity in Equation (2.3) which guarantees the actual
convergence to the desired trajectory. Since in the case of cartesian motion a desired joint
trajectory is not given, it is possible to redefine the joint reference variables in terms of its

cartesian counterparts. More precisely, with cartesian reference velocity and acceleration

defined as
5:,. = J'cd—A'f (5.1)
¥, = ¥~ AF (5.2)

where X = x — x; and A is again a s.p.d. matrix, the joint versions can be defined using the

manipulator Jacobian J.

. =Jq, (5.3)
¥, =04, +Jq, (54)

For non-redundant manipulators, the joint reference velocity and acceleration are

then obtained by inverting the Jacobian.

a o= bk, (5.5)
i, =JV 3% -Jq) (5.6)

This simple exiension then provides a complete cartesian adaptive controller, which
guaranices convergence of cartesian motion to the desired trajectory, similarly to the joint-

space case, as long as singularities are avoided.
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Note that the actual inverse kinematic solution for desired joint position is never
computed directly but rather determined by the dynamics of the system. It can, however, be
retrieved for other purposes by exploiting the filter structure of the reference velocity

definition. Namely, implementing a filter of the form

Gg+rg=q.+hq 5.7

will provide the exact desired joint trajectory. This also remains valid for redundant

manipulators.

Also, to provide a moie direct feedback or to achieve a certain behavior, it is also

possible to add an explicit cartesian P.D. control component of the form

t=-JTK,(x-%,) (5.8)

Finally, note that many representations can be used for the end-effector orientation.
For instance, defining the end-effector orientation as in [Luh, Walker, and Paul, 1980}, with
(n, 0, a) representing the actual orientation vector triplet, ( n 4104 @y ) representing the
desired orientation vector triplet, and ® representing the angular velocity, and using the
results of [Yuan, 1988], one can easily show that letting the orientation components J'c,."ﬁe"‘

of x, be

L0 1 - A’

xrnem-a)d+§(nxnd+oxod+axad) (5.9)
guarantees that the orientation error and the angular velocity error both go to zero (with x —

ir,. ). Following [Yuan, 1988], it is also possible to use Euler-parameters to represent the

end-effector orientation, avoiding possible singularities of Euler-angles and rotations.
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5.2 Redundancy Solution

For redundant manipulators the inverse Jacobian J~!, as was used above, is no longer
uniquely defined. To resolve this non-uniqueness, a pseudo-inverse J* can be used instead,
which automatically minimizes the joint velocities corresponding to any cartesian
velocities. In addition, the nullspace, i.e. the space of all joint motions which produce no

cartesian motion, can be used to minimize any performance index.

Similar to work done by [Klein and Huang, 1983], [Klein and Blaho, 1987], the
performance index is chosen to be a quadratic norm of joint positions. Such an approach is
computationally efficient and, intuitively, mimics 7 “flexible beam" clamped to the desired
endpoint trajectory. It thus helps to keep the manipulator away from joint limits, as well as
from singular positions. In addition, cyclic cartesian motions converge to cyclic joint
motions [see also Baker and Wampler, 1988], avoiding joint trajectory drifts associated

with mere pseudo-inverse methods.

In contrast to othef controllers, sliding controllers require both reference velocity and
acceleration, so that besides the pseudo-inverse (or generalized inverse) J* of the Jacobian
J, its time-derivative is also needed. Assuming a Jacobian of linearly independent rows,
that is a Jacobian describing a redundant manipulator outside of singularities, we can write

explicit expressions for both as

Jt=JT (JJTy! (5.10)
Jr= —JrJJt + (1=JY ) JT(JJT ! (5.11)

With these results the inverse kinematic transformation for a redundant manipulator

can be specified as



g =Tk + (I-J* D)y . (5.12)
G, = JHE-Ta) + (1-J°0) (v + T (g,-y)) (5.13)

where Y is an arbitrary, but continuous, joint-space vector, which the joint velocity
attempts to track within the null-space. It is used to minimize the performance index and

thus is set proportional to the negative gradient thereof. That is

y=-AVf==-Agqg , yY=-Ag (5.14)

inthe caseof f = Zi ;;_ q?

5.3 Implementation Aspects of Inverse Kinematics

Implementing the kinematic transformations directly as written above can be
computationally intensive. Therefore, after recursively computing the Jacobian and its
derivative, the pseudo-inverse should be obtained using an orthogonalization algorithm
equivalent to Gramm-Schmidt’s. That is, if the Jacobian J is decomposed into a lower-

triangular matrix R and a row-orthogonal matrix Q as

J=RQ (5.15)

the pseudo-inversion is then achieved by transposing @ and using backsubstitution to invert

R.

Jt = 0T R! (5.16)

The pseudo-inverse J* is never explicitly computed, but rather substituted directly

into the transformation equations, resulting in
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3, =Y+ QT (R1'x, - Qvy) (5.17)

g, =p+ QT (RYW¥ -Jq,)-Qp) (5.18)
with

p=v+JTRTQ (4,-v) (5.19)

where again none of the matrix products should be computed explicitly.
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Chapter 6

Applications to Constrained Motion

Many useful tasks involve some interaction with a fixed environment. Controlling
the end-effector impedance is an attractive option for such tasks (e.g., [Hogan, 1985]), since
it imitates a passive mechanism and thus yields stable interaction with any passive
environment. However, using impedance control for tracking substantially limits the
overall performance, as it does not compensate for the nonlinear dynamics of a rigid

manipulator, as is the case for all P.D. controllers.

This chapter introduces impedance control features within the framework of adaptive
control. This allows the application to constrained motion, while preserving the
performance improvements achieved by adaptive control. No model of the environment is
assumed, besides the passivity thereof, and no force measurements are required. Only

position and velocity signals are needed for feedback.
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6.1 The Basic Passivity Concept

Passivity theory is a mathematical formalization of the physically intuitive concepts
of power and energy. It defines the scalar product between input # and output v of a
particular system to be the "power" entering the system. If, in addition, there exists a lower
bounded "system-energy” function E and a non-negative "power dissipation” function P ;,

which obey

d8 _ .1

dr v = Pigs (6.1)
the system is called passive. A strictly passive system must have a positive power

dissipation, as long as the system-energy has not reached its lower bound.

As a consequence of the above, a passive system with no input is stable, because no
further energy can be obtained, and a strictly passive system is asymptotically stable,
because energy is constantly lost. This corresponds to a Lyapunov-type argument and thus
passive systems are guaranteed stability without any explicit analysis of possibly

complicated dynamics.

A mayor advantage of passivity theory is its ability to connect different passive
subsystems into an g¢verall passive system. This closure property allows many small and
well understood components to interact without worrying about complicated dynamics
caused by the interaction. Connections, however, can not be chosen completely arbitrarily

but must take either a negative feedback or parallel type structure, as shown in Figure 6-1.
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—» |

Figure 6-1: Negative feedback and parallel connections maintaining passivity

6.2 Passivity Interpretation of the Adaptive Controller

As noticed by many researchers (e.g., [Ortega and Spong, 1988], {Landau and
Horowitz, 1988], [Kelly and Carelli, 1988}), the Lyapunov-like derivation of the adaptive
manipulator controller of [Slotine and Li, 1986] can easily be translated in terms of
passivity arguments. This offers several advantages, such as the ease of adding new

subsystems, of which the following sections will make use.

A rigid manipulator itself obeys the conservation of energy, and thus generates a
passive mapping between input torques and output velocities. This mapping itself,
however, can also be viewed as a composition of two passive sub-parts, corresponding to
the kinetic and potential energy of the manipulator. These two subsystems are then
connected in a feedback configuration, as in Figure 6-2, verifying the passivity of the
overall manipulator. Equivalently, the passivity can be shown by

d 1. . . . w 1 oeT . .
E;[Epot+§qTHQ]= VE,,qg+dHj+;dHi=§"1 (6.2)

since H = C + CT. Note, that actual gravitational forces are given by (— G). If friction
forces are included, these can again be interpreted in their own feedback block, and the

complete system is then strictly passive.

After introducing the reference velocity, the exact (ideal) feedforward component of
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rigid body dynamics

» Hq+Cq=T-G

]

gravitational forces

G=VEpot f———————

Figure 6-2: Passive Interpretation of a rigid manipulator

the control law (2.5) then modifies input and output variables of this mapping. That is, a
passive mapping is created between any additional torque inputs and reference velocity
error s = 4 — ¢,. Due to the parametric uncertainty, the additional torque inputs correspond
not only to additional controller torques or external forces, denoted by t*, but also to errors
Y a in the feedforward compensation. The P.D. component of the control law, in tum, adds
a dissipative element to the system. As Figure 6-3 illustrates, the closed-loop system thus

represents a dissipative mapping. From the Lyapunov analysis, the control law indeed

yields

-(%[-;-STHS] =sT (v +Ya)-sTKys (6.3)

Furthermore, using the adaptation law (2.6) corresponds to inserting a passive

feedback block between s and (- Y a), since

4 [%ETP‘I a] . (6.4)

This can also be shown directly by noticing that the integrator structure
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exact feedforward compensation

T :
forward . i
= Hcir+qu+G q———-j

1 =
forward

manipulator dynamics ;
™ YR + t e Y q - s
+ v .
ﬁ?—»b——‘- Hq+Cq+G=71T ————06——-——-—-—»
+ +
PD feedback
KD S e

Figure 6-3: Open versus closed loop passive mapping of the manipulator
~ A _ T
d=a=-PY's (6.5)

implies a passive mapping (- ¥T 5) — @, and thus also a passive mapping s — (- Y a).

Passivity results verify, that the complete system, as shown in Figure 6-4, remains
passive and hence globally stable. They further allow new passive blocks to be added to
the system, while preserving the overall stability and convergence. This property is used to
analyze the interactions with an environment and to combine the adaptive controller with an
impedance controller. Note, that changes of variables does not affect passivity, so that a
corresponding coordinate change may be performed simultaneously on both input and
output of a passive system. That is, the above joint-space system can also be connected to
cartesian subsystems after appropriate Jacobian transformations. This is easily shown by

noting that the power flow to any cartesian subsystems is given as
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closed-loop manipulator dynamics

T ]
T.CP_ h-H§+(KD+C)s=T*+Y§' —
adaptation
-Yd
é =—P YT s T
y
iT J
T F l X = "‘r
external forces end-point velocity error
Figure 6-4: Passivity interpretation of the adaptive controller
T s = (JTF)Y s = FT (J§) = FT (k-%,) (6.6)

6.3 Adaptive impedance control

An arbitrary passive environment can be interpreted as a passive mapping between
contact forces and displacement velocity, since it can only provide a finite amount of
energy. To account for the adaptive controller contacting such an environment, an
additional element must be added to the above passive system, representing the contact
forces, However, the environment’s passivity is not guaranteed between the cartesian
tracking error (x — x,) and contact forces in general, reflecting the motion constraint
imposed by the environment. Therefore, it is necessary to redefine the cartesian reference

velocity X, so as to maintain global stability.

Given the surface orientation, we can divide the end point reference frame into

subsets parallel and perpendicular to the surface. Along the parallel directions, motion
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remains unrestricted and no contact forces (beside contact friction) can occur. Therefore, in
these directions no changes have to be made to the definition of x,. Along perpendicular
directions, however, motion is restricted and tracking is impossible. The components of the

reference velocity x,. along these directions must consequently be set to zero. That is

_ idi - Ax; || surface 67)
A ) L surface '
or if n represents the surface normal
x, = (1 -nnl) (x; - AX) (6.8)

Having redefined x, in such a fashion, stable contact of the adaptive sliding controller
with any passive environment is possible. However, since position feedback was
completely removed in directionS perpendicular to the surface, no guarantee is given that
contact will actually be maintained. This problem is easily solved by adding an impedance
control (Cartesian P.D.) component restricted to the perpendicular directions, which
imitates a spring (and possibly damper) system along these directions. Note that damping

is still provided by the adaptive controller itself.

Fimp = — K(x-x9) 6.9)

Also, a nonlinear impedance can be chosen, for example by saturating the spring at a given

value to achieve a constant contact force.

As impedance controllers are also passive (from endpoint force to velocity), the
whole system, as illustrated in Figure 6-5, is stable, and combines the advantages of its
individual components, that is adaptation, precise tracking, and stable contact.

Furthermore, only position and velocity feedback is used, and thus no force measurements

.
ara rannirad
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F X - X
+1 adaptive controller -
end-point end-point
forces

velocity error

?1 environment contact forces e ———————
~ Vimp restricted impedance controller
j————d
F. =-K(x—-x
imp ( 0 ).L

Figure 6-5: Complete control system for constrained motion

To implement this system, only X, needs to be modified to lie parallel to the surface.
Therefore, the same algorithms can be used for both free and constrained motion. The
surface normal can be computed either a priori, or on-line, based on the direction of the

error and the velocity. One may also add adaptive compensation for the contact friction, in

the same manner as for joint friction.
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Chapter 7

Experimental Results

The recursive implementation of the adaptive controller as well as the on-line inverse
kinematics were thoroughly tested on a 4 degree-of-freedom cable-driven "whole-arm"
manipulator (WAM) designed at the MLL.T. Artificial Intelligence Laboratory [Townsend,
1988], [Salisbury, et al., 1988]. This manipulator is capable of achieving high speeds and
thus requires precise control to achieve accurate tracking performance. Furthermore, it has
a very efficient force transmission between motors and links, so that open-loop force
control can provide good resuits and circumvent problems associated with direct force

feedback.

7.1 The Experimental Setup

The 4 degree-of-freedom whole-arm manipulator, as is shown in Figure 7-1, has a
geometry comparable to the human arm with an extended length of approximately 1 meter.
It is powered by four pulse-width modulated motors, capable of delivering a maximum of

1.5 Nm each. The motors are located close to the base and are connected to the lightweight
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links via two-stage cable transmissions incorporating velocity reductions between 1:20 and
1:30. To maintain high transmission stiffness, these reductions are performed close to the
joints. Position measurements are obtained at the motor shaft using 12 bit resolvers. While
the joints have a range between £ 90° and + 135°, the joint velocities without payloads can

exceed 720° per second.

Joint 4

Joint 3

/\ Differential

Joint 2

Fixed Base

Figure 7-1: The WAM manipulator

In order to exploit the wide dynamic range that the manipulatur can achieve, the arm
is connected to a VME-Bus based multiprocessor system [Narasimhan, Siegel, and
Hollerbach, 1988], consisting of up to six 68020 based processor boards, D/A and A/D
boards, a parallel interface, as well as other boards. This system is interfaced with the
network via a Sun-3 Workstation of Sun Microsystems, Inc. The different processors are
used to implement high-speed input/output routines, the basic controller algorithm, the

adaptation algorithm, the inverse kinematics, and the trajectory generation as well as other
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higher level tasks. The i/o processor performs both the input acquisition and filtering at 4
KHz and P.D. torque calculation and output at 2 Khz. The controller, adaptation, inverse
kinematics, and trajectory generation algorithms are executed in synchronism on separate
processors at 200 Hz. Velocity signals are created on the i/fo processor by filtered
differentiation of the 16 bit position signals (12 bit resolver signals plus rotation count).
The integrations in the adaptation algorithm are performed using a 20 order Adams-

Bashforth scheme. All programs are written in C.
ze

Xxe

/>L~

(Ol 1 0y

e,

S/ ke

Figure 7-2: The coordinate frames of the WAM manipulator

The coordinate frame locations for the various links are determined by the Denavit-
Hartenberg standard and are shown in Figure 7-2. The appropriate parameter values are

given by Table 7-1. Given the structure of the manipulator, a minimal parameter set can be
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obtained, as was discussed in Chapter 4. In these experiments, however, a single parameter
redundancy is tolerated, to assure that all ten parameters of the last link are used. This
allows the adaptation to an unknown load to be restricted to just these ten parameters. In
particular, Table 7-2 specifies the 23 inertial parameters of the manipulator. The friction
model consists of viscous and direction-dependent Coulomb friction, so that the
manipulator is described by a total of 35 unknown parameters. While dealing with
unknown loads only requires the adaptation to ten parameters, the capability of effectively

adapting to all 35 parameters allows the range of application to be considerably extended.

Joint d 0 a o
1 0 q 0 +90°
2 0 q 0 -90°
3 0.5588 m q3 0.0406 m +90°
4 0 q4 -0.0279m  -90°
e 0.4598 m 0 0 0

Table 7-1: Denavit-Hartenberg Parameters of the WAM manipulator

Link Inertial Parameters
1 Jyy .
2 I . . .Ixy J o J),z Py
3 XX ' Jzz Xy ".\‘z J yz Py py
4 T Ny Ju Ty ey P Py p, m

Table 7-2: The necessary inertial parmaters of the WAM manipulator
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7.2 A Comparison between P.D. and Adaptive Control

To compare a simple P.D. controller to the adaptive controller, the manipulator was
commanded to follow a sinusoidal joint trajectory. This trajectory had a period of 1 second
and an amplitude of approximately + 45° per joint, thus allowing the tip to travel 5 meters
per period, with maximum tip velocities and accelerations of 8.5m/s and 10g. This was
done first with a simple P.D. controller, whose performance is helped by the presence of
transmission ratios, and second with the adaptive scheme starting as a P.D., that is with an
initial 2 = 0. The plots in Figure 7-3 clearly demonstrate a factor 10 to 20 improvement in
tracking error after transients of about | second when adapting to all 36 parameters.
Furthermore, although both controllers start identical, the maximum tracking error of the
adaptive controller during transients remains 2 to 5 times smaller than that of the P.D..
Nevertheless, the generated joint torques, shown in Figure 7-4, are very similar in both

smoothness and amplitude.
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Figure 7-3: Joint Tracking Errors ¢ (in degrees)

The residual tracking error is mostly due to actuator and other unmodeled dynamics.
In particular, the motors produce torque ripple of about 5%. Yet, parameter drift was not
observed to be significant during these experiments, so that adaptation dead-zones were not
used. Nevertheless, it is possible to incorporate such dead-zones to avoid parameter drift

and enhance robustness. The constant adaptation gains were set according to the following
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equation, which is intuitively motivated by least-squares identification rules. With

Y defined in Equation (2.7)

T
P ~ Diagonal( jo Y(40d 8007 YQ i 84, de) ! (7.1)
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These values were also used in all further experiments along various trajectories and

variations thereof were found to have little effect on the system performarce.

7.3 Cartesian Control Experiments

The inverse kinematics and adaptive cartesian control were tested on trajectories
describing a square in the vertical plane. Each side measures 1 meter and was completed in
0.4 seconds. Figure 7-5 shows the resulting cartesian tracking errors under both P.D. and
cartesian control, which again clearly demonstrates the improvement caused by the
adaptation process both in transients and steady-state. Also the adaptive impedance
controller was shown to have excellent performance in making and maintaining stable
contact with an unknown curved surface while performing adaptive tracking in the

unconstrained directions.

7.4 Whole Arm Experiments

In other experiments, the adaptive controller was used to push a large and heavy box
over the floor, at speeds of about 0.75 m/s, by exploiting the kinematic redundancy to
maintain line contact with the box. Despite the lack of accurate models for the relative
motion between the box and the arm or for the friction between the box and the floor, this
strategy allowed accurate "whole-arm" manipulation of the box. The presence of the box
was interpreted by the algorithm as a change in inertial and friction coefficients. This
robustness is quite remarkable for a reasonably complex high-performance algorithm, and
should extend the range of applications for adaptive manipulator control well beyond
adaptation to grasped loads. Also, the accuracy of the manipulator controller allows the use
of the "geometric" stability properties of the task ([Mason, 1986] in the case of pushing),
thus permitting large uncertainties on the initial position of the box, as well as high speed

transition (contact) phases.
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Appendix A

The Spatial Vector Notation

Individual points in space have three degrees of freedom and are well described by
the traditional three dimensional vectors. Rigid bodies, however, have six degrees of
freedom, and require a set of two traditional vectors to describe both linear and angular
quantities. This leads to complex equations and notation, as the relation between the two

corresponding vectors must always be treated explicitly.

A more compact description of rigid bodies is given by the spatial nctation of
[Featherstone, 1987], which combines the corresponding linear and angular quantities into a
single six dimensional vector. This reduces the number of equations and variables, and also
simplifies many expressions, automatically coupling the three dimensional subparts. Due
to this coupling, however, the spatial vectors obey a slightly different set of rules than do
traditional vectors. Intuitively very similar, these rules are discussed in the following.
Traditional vectors are denoted by arrows ( ¥ ) to avoid confusion with bold spatial vectors

(v).
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A.1 The Spatial Vector Definition

In general spatial vectors are defined to be a combination of a 3-dimensional /ine
vector and a 3-dimensional free vector. Line vectors are referenced along a particular line
in space, and can be shifted only along this line. Physical examples thereof are the force
applied to or the angular velocity of a rigid body. In contrast, free vectors have no point of
reference and can be shifted in any direction, as is the case for the applied torque or the
translational velocity. To shift a line vector perpendicular to its reference line, the free
vector has to change value. This implements the coupling between linear and angular

vectors.

When combined, the line vector is located in the upper half and the free vector in the

lower half of the spatial vector, as for example in the spatial velocity or force vectors

@

- (A.1)
vV

Al oty

Therefore, in all spatial vectors of motion (i.e. velocity, acceleration) the angular quantity
takes the upper half, while for spatial vectors of force and momentum the angular quantity
takes the lower half. Though initially somewhat confusing, this difference actually unifies

the spatial vector rules.

A.2 Spatial Vector Algebra

To describe a linear mapping between spatial vectors, a spatial matrix is introduced.
This 6x6 matrix obeys the standard matrix rules, with the exception of the transpose
operator. Splitting the spatial matrix into standard 3x3 submatrices and using the standard

operator for these subparts, the spatial transpose operator can be defined as
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A B |T pT BT
= (A.2)
C D CcT AT
Accordingly spatial vectors transpose as
71T
7 = [ ?T 7T ] (A.3)

These rules give the transpose operator the same properties as its standard counterpart, in

particular the product of velocity and force results in power.

The spatial notation also makes use of a vector product, defined by the following
matrix product

7 7x 0 A4
X = X = . .
(sx) q 7 q Fx Tx q (Ad)

where (7 X) and (f X) denote standard 3x3 skew-symmetric matrices, such that the matrix

product (7 x) & equals the standard 3x3 vector product 7 x ¥.

The spatial vector product has the following properties, analogous to its 3
dimensional counterpart.

SXg=-—qgXs

(A.5)
(sx)T = = (sx) (A.6)
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A.3 Reference Frame Transformations

As spatial vectors have 6 dimensions, the reference frames must also have 6 degrees
of freedom. That is, in addition to the orientation of the reference frame, the location of its
origin needs to be specified. This point is arbitrary and for rigid body quantities does not

have to coincide with the center of mass.

Accordingly, a transformation of reference frame consists of two parts, the movement
of the origin and the rotation of the frame. The first step is specific to spatial vectors and
takes care of the coupling between angular and translational quantities. If a spatial vector
s is composed of line vector T and free vector ?, a movement of the reference frame origin

from point a to point b must be accounted for as follows

11 1 0 1P

si = .
4 Popx 1 Fe

(A7)

where ?ab =T, - ', is the vector from point b to point a. Note that superscripts after a
vertical bar represent the reference frame and (7 X) denotes a skew-symmetric matrix, such

that the matrix product (# x) 7 equals the vector product 7* X 1.

The second step accounts for the rotation of the frame and is equivalent to standard
3-dimensional vector rotations. Thus if the reference frame is rotated from orientation a
into orientation b with the standard 3-dimensional rotation matrix defined as R, |, then a

spatial vector changes according to

1p R, 0 1

= . (A.8)
il 0 R, il
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Combining the above, the complete spatial reference frame transformation can be

written as

11 R, 0 T
sP=l oo 1= 2hw. - = X, [P sp° (A9)
Fr FPPPxR, P R, fe “

with the spatial transformation matrix X, [>. Such a transformation matrix has properties

similar to the standard rotation matrices. In particular,

X, F=X,c Xx,P | (A.10)
x,pt=xp=x,p A.11)
SX, P = v X X, P = (rg=v) 1P X X, P (4.12)
X, P s1Px) = (sPPx) X, P (A.13)

A.4 The Spatial Inertia Matrix

To analyze rigid body dynamics in the spatial notation, a spatial inertia matrix has to
be defined, which maps the spatial velocity to momentum. This inertia matrix contains all
ten inertial parameters of a rigid body, that is it consists of the standard 3x3 inertia matrix J,
the mass m, and the product of mass and location of center of mass p.

B m-1

I= ; (A.14)
J P

where 1 denotes the 3x3 unity matrix. Note the reference frame, which is stationary with
respect to the link, can be placed at any point with any orientation and does not need to be

located at the center of mass or be oriented according to the principle inertia axes.



-70-
The inertia matrix obeys the following properties, for changing the reference frame

and determining its time derivatives.

Lb=Xx,b L1 X, (A.15)
d
5 1a P =vblx I, -1, vp>Px (A.16)

To separate the effect of the different parameters, the inertia matrix can also be

written as a product of ten placement matrices and the ten parameter values
10
I=) R d (4.17)
=1

where the parameters are given as

a2 =J, a‘s‘ =Ty a; =p, =mr, al = m (A.18)
a3 = Jyy a6 =J,, a9 =py, =mr,
a =/, a =Jyz a =p,=mr,

and the placement matrices consist only of ones and zeros, as for example

—

(00 0 00
00+ 00
0-10 00
R, = (A.19)
00 0
00 -1
|00 0 0+1 0

To facilitate the analysis in some sections, the inertia matrix can also be explicitly
written as a function of the ten parameters. Interpreting the bracketed numbers as the

values of the specified parameters
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+9) —(8) +(10)
-9 . +(7) . +(10)
+8) —(7) . . . +H(10)
I = (A.20)
+(1) +(4) +(5) . =(9) +(8)
+4) +(2) +6) +9) . =)
| +(5) +6) +3) —(8) +(7)

A.5 The Dynamics of an Arbitrary Rigid Body

With the above tools it is possible to write the equation of motion for an arbitrary
rigid body in the spatial notation. This single equation includes both Newton’s and Euler’s
equation and accounts for their coupling automatically. With a denoting the acceleration,

the equation of motion is given by

F=d%lv=la+v><1v (A.21)

Similarly the spatial notation simplifies the total kinetic energy including both

rotational and translational energy as well as the power input.
1
Egn =5 v Iv (A.22)

P =vIF (A.23)
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Appendix B

Evaluating the Link Force Coefficients

The key part of the recursive algorithm is the computation of the local force
coefficients at each 1ini§, given by Equation (3.25). Multiplying these force coefficients
with the parameter values determines the forces (see Equation (3.7)) and, furthermore,
multiplying them with the velocity errors determines the adaptation values (see Equation

(3.28)).

The placement matrices, used to evaluate the force coefficients, are extremely sparse
and therefore it is important to customize the algorithm by evaluating these coefficients
analytically and eliminating multiplications and additions with zero. The gravitational
forces are implemented as a vertical acceleration and can be ignored, so that the link force

coefficients are given by

S 1 1
f‘-R,-w+§va,-w+§waiv+§Riwxv (B.1)

where, for simplicity, the subscripts determining the link are removed from all quantities.
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Similarly as in Section 4.1, the above expression can be determined using Tables B-1

and B-2. These Tables give the results for unity vectors v, w, and w, where the bracketed

numbers should be understood as

1 ifx=1i
x) = { B.2
0 ifx#i B2)
W, Wy Wy Wy W We
. +(9) —8) +(10) .
—9) . +(7) . +(10) .
+(8) —N . . . +(10)
+(1) +4) +(5) . —9) +(8)
+4) +(2) +(6) +9) . —7)
+(5) +(6) +(3) -(8) +(7) .

Table B-1: Evaluation of R; W

Also, in Table B-3 the force coefficients are specified separately as an analytic
function of the components of velocities and acceleration. Examining these functions, it
can be noted that many tenms repeat. Therefore, it is advantageous to define "velocity
combinations” W, that is products and sums of velocities and accelerations, in an
intermittent step and to use these to compute the force coefficients. Tables B-4 and B-5

give the appropriate expressions, which represent a very efficient way to implement the

local force computations.
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¥ 1 V2 \’3 V4 "5 1'6
—2.(8) +2.(7) . . -2(10)
~2(9) . +2(7) +2(10) .
W . +2(5) -2(4) +2(8) +2(9)
-2(5) . —(3-(2)H1) =2(7) .
+2(4) +(3)+(2)—(1) . . =2(N
+2(8) =2(7) +2(10)
—2'(9) +2.(8) —2{10) '
wy . +2(6) +(3)-(2)+(1) -2(8) .
-2(6) . +2(4) +2(7) +2(9)
—(3)+H2)—(1) -2(4) . -2(8)
+2(9) . =2(7) . -2(10)
. +2(9) -2(8) +2(10) .
Wy : +(3)-(2)«1) ~2(6) -2(9) .
-(3)+(2)+(1) . ~2(5) . ~2(9)
+2(6) +2(5) +2(7) +2(8)
W4
Ws
We

Table B-2: Evaluation of w X R;v + vX R,w + R,- WXy
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= f 1 . = 1 1 N o= 1 ]
f - -5 “’3\’2 + -i ”'2\’3 + Wl ' f - ;-2- M’S\’z - E W2\73 f + -i M’3\'2 + i Wzvg
+ L war, + b + war =Lww ~t =L
WV T3 Wis W3V T W3 TW, WV T3
1 1 | 1 t .
- 3 “’2\’1 - 3 H’l\’z + 3 Wzvl + 5 lez - § Wz\’l + 3 H"\’z + 'W3
. - . ~ b
4 _ 5 _ 6 _

f = . 1 f = R ' f -
W3 +w, Wy W, Wy Wil
+ W,y + W —WV + Wl —woV, + Wy
Wy —wavy —W3by Wy +Wavy twy |
TWaVy T W3hy + WYy W +wav + 1y
+ "’I"z + M’s - ""vl - “’3"3 + “,3‘,2 -— ‘.‘,I

f7 = + W v,y — W, i fs = + WoVs + ‘?’l ‘ f9 =] =WV = wary

) + W“’S - WZ"4 + ’1’6 + “'lv6 — M’S"d —_— ;‘,5
- WV + Wolly — ?}6 ' + Wyl — Walis + y.v4
+ W2V6 - M’J\’S + H'4
FI0 o wpws —wovy + We

Table B-3: Analytic functions for the individual force coefficients
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Hy = = WaVy — Wy
Hp = = WV — W3V3
H3 = — W3V3 = WV
By = = Wy + Wy,
Hs = = WV + W3V
He = — w3v3 + W V)

W7 = wavg = W3 Vs + Wy
Hg = W3Vy = W) Vg + Ws
Ho = Wy Vs — Wy Vg + Wg

Rig = W3¥y = W
Hyp = Wav3 + Wy
1
Riz = 5(wpvy + wyvy)

1 .
M3 = 5(wav3 — w3vy) +w,

Hig = W V3 = Wy
Ris = W3 vy + wy
|
p’lG = E(W3vl + "’1 V3)

1 :
M7 = 5 w3V — wyv3) + wy

ig = Wy vy — W;
Rig = Wy vy + W3

1
Moo = 5(wy vy + wyvy)

1 :
Hap = 5(wpvy = wavy) + wy

Table B-4: Velocity combinations for the force coefficient evaluation
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i= 1 2 3 4 5 6 7 8 9 10
tHy MRy TRty
MU I o T T
, ' : : - : : thyy PR TR Ry
fl= 1+l —Hp tR Ry tHp tHe tHy Mg
thig tHhr M YR tHs R TH : iy
“Hy tHyp Ry tHy TR TR tHg —Hy

Table B-5: Individual force coefficients given by velocity combinations
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Appendix C

The Implementation Code

This Appendix gives the key segments of the actual implementation code. In
particular, two routines are listed, which perform the recursive computations at each link
for both the controller and adaptation portions of the system. The Denavit-Hartenberg
parameters are left general, so that the routines can easily be customized for any particular

kinematic structure. First, however, the type and variable definitions are given.

C.1 Type and Variable Definitions

/*

** typedef.h

th

** (c) Copyright 1989. All rights reserved.

**  Nonlinear Systems Lab and Artifiocial Intelligence Lab, MIT
"

L3

akd Type Dimensions : SPTL , VCMB , PRMS_ INRTL
K

*% Type Definitions : spatl , voemb , param
K

*/

#ifndef TYPEDEF
fidefine TYPEDEF
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/*

bl Type Dimensions

*/

#define SPTL ( 6) /% dimension of spatial vectoxs */
fidefine VCMB {( 21) /* number of velocity combinations *;

/* per link needed in traversing */
f#define PRMS INRTL ( 10 ) /* number of parameters per link */
/*

i Type Definitions

*/

typedef float spatl[SPTL] ; /* spatial vector (6 elements) */
typedef float vaomb {VCMB] ; /* link cartesian velocity w/

/* combinations (21 choices) */
typedef struct /* parameters of a link including: */
{ £loat inrtl[PRMS INRTL] ; /% 10 inertial parameters */

float £ vis ; /* wviscous friction %/
float £ col ; /* o©oulomb friction L
float £ off ; /* friction offset */
} param ;
#endif
/w

*%* (o) Copyright 1989. All rights reserved.

" Nonlinear Systems Lab and Artificial Intelligence Lab, MIT
wh

"k

kel The following gives the variable definitions used in the controller
** and adaptation routines.

K

*/

/* cartesian data */

spatl vel [LNKS]
spatl x_vel[LNKS)
spatl r_ acc[LNKS]
spatl foroce[LNKS]
spatl v_err[LNKS]
veomb v_com{LNKS]
param prm[LNKS]

/* Link veloaities */

/% Link reference velocities */

/* Link reference accelerations */
/* Link forces */

/* Link valooity exror */

/* Link velocity combinations */
/* Link parameters */

/* (inoluding friction) */

e Ne

~Sa Na v

~e Ne

/* joint data */

float q [INTS]
float q_dot [JNTS]
float q_x_dot [INTS]
float q_r_ddot [INTS]

/* Joint position */

/* Joint veloaity */

/* Joint referenca velocity */

/* Joint reference accelaration */

~e

e N2 N
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tau[INTS] ; /% Joint torque */

/* Denavit-Hartenberg Parzmesters */

float
float
£loat
float
float
float

d[INK] ; /* Parmeter d */
sing[LNK] ; /* sine and cosine valuas of */
cosq[INK] ; /* the angle theta %/

a[INK] ; /* Parmeter a */
sina[INK] ; /* sine and cosine values of */
cosa[LNK] ; /* the angle alpha */

C.2 Controller Recursive Routine

,*

** ctx traverse_general.c

"k

%% (o) Copyright 1989. All rights reserved.
**  Nonlinear Systems Lab and Artificial Intelligence Lab, MIT

*%
L1
L3 ]
L3 ]
L2
"N
*k
"R
W
L2
*W
b2
1.2

The following is a general controller tinvor-inq routine for

an arbitrary link with the Denavit-Hartenbexg parameters given.
As part of a racursive implementation it calculates the local
cartesian velccity, reference velooity, reference acceleration,
and forces of the link. After having traversed the remaining
links, it then propagates the forces downward and computes the
control torque for the corresponding joint due to inertial
effecte. It alsoc calculates the cartesian veloaity error and
several velocity combinations, which are used by the adaptatien
routines.

ed The joint motion is here assumed to be rotational, but could

1.2
L2

equally well be of any other foxrm.

*%* Note that all calculations are down according to the spatial

L2
R

veator notation.

L] Alsoc note that this routine is not stand-alone and thus no

el variable definitions are given.

'

*/

/a

*x Link LNK

R e

*/

traverse_ LNK()

{ registex float sq = sing[LNK] ; /* sine and cosine values of */
register float oq = cosq[LNK] ; /* the Denavit-Hartenberg */
register float sa = sina[LNK] : /* angles theta and alpha %/
register float oca = cosa[LNK] ;
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/*

o Transform all data from previous link to this link aftexr adding
*x the approprxiate joint motion.

*/

/* Transform velooity after adding joint veloaity */

{ register float *“pv = vel[LNK-1] ; /* pointer to previous vel. */
register float *v = vel[LNK] ; /* pointer to this links vel. */

register float t1 , t2 , t4 ; /* temporary variables */

t2 = pv[2] + q dot[LNK] ;

v[0] = oq * pv[0] + sq * pv{l] ;
tl = - sq * pv[0] + aq * pv[1] ;
vil] = ca * tl + sa * t2 ;
vi2] = - sa * tl + ca * t2 ;
vi3] = aq * pv[3] + sq * pv[4] + A[LNK] * ¢t1 ;
t4d = - sq * pv[3] + oq * pv[4] - d[INK] * v[0] ;
vid] = ca * t4d + sa * pv(5] + a[LNK] * v[2] ;
vi5] = - sa * t4d + oa * pv[5] -~ a[INK] * v[1] ;

/* Transform reference velocity after adding joint reference veloaity */

{ register float *prv = r vel[LNK-1] ;/* pointer to praeviocus r_vel. */
register float *rv = r vel[LNK] ; /* pointer to this links = vel. */

register float tl1 , t2 , t4 ; /* temporary variables */

t2 = pxv([2] + q_r_ dot[LNK] ;

rv[0] = aq * prv[0] + sq * prv{l] ;
tl = - sq * prv([0] + eq * pxrv[l] ;
rvil] = ca * tl + sa * t2 ;
rv[2] = - sa ¥ tl 4+ ca * £2 ;
xv[3] = aq * prv([3] + sq * prvi{4] + 4d[LNK] * €1 ;
td = - sq * prv{3] + oq * prvid] - 4d[LNK] * xv[0] ;
rv[d] = ca * t4 + sa * prv[5] + a[LNK] * rv[2] ;
rv[5] = - sa * t4d + ca * prv[5] ~ a[LNK] * xv[l] ;

/* note that the second half of this veator is only used to */
/* compute the velooity error for the adaptation routine. */

/* compute the velouity error for the adaptation routine */

{ register float *v = vel[LNK] /* pointer to veloacity */
register float *rv = r vel[LNK] ; /* pointer to ref_veloaoity */
register float *ve = v_err[LNK] ; /* pointer to velocity error */

ve[0] = v[0] - xv[O] ;
ve[l) = v[1] - xv[1] ;
veal[2] = v[2] - rv[2] ;



-82-

ve[3] = v[3] - xzv[3]
vaid] = v[4] - rv[4]
va[5] = v[5] - xv[5]

“e wu N

Transform reference accaleration after adding both joint ref. aca. */
and oross-produat of velocity and direction of joint ref. vel. */

register float *pra = r aco{LNK-1] ;/* pointer to previous r acc. */
registexr float *ra = r aacc[INK] ; /* pointer to this links r acc. */
register float *pv = vel[ILNK-1] ; /* pointer to previous vel. #*/

register float €0 , €1 , t2 ; /* temporary variables ¥/
register float t3 , t4 ; /* temporary variables */

t0 = pra[0] + pv(1l] * g _r dot{LNK] ;
tl = pra[l] - pv[0] * q_xr dot[LNK] ;
t2 = pra[2] + q_x_ddot [LNK]

~.

t3 = pra[3] + pv[4] * q_xr dot([LNK]

t4 = prafd] - pv[3] * q_r dot[LNK]
ra[0] = oq * t0 + sq * t1 ;
tl = - sq * £t0 + oq * t1 ;
rafl) = ca * tl + sa * £2 ;
ra[2) = - sa * t1l + ca * t2 ;
raf3] = aq * t3 + sq * t4 + A[LNK] * t1 ;
td = - 8sq * £3 + aq * t4 - 4d[LNK] * xa[O0] ;
rafd] = aa * t4 + sa * pra[5] + a[LNK] * ra[2] ;
ra[5] = -~ sa * t4 + oa * pra[5] -~ a[LNK] * ra[l] ;

/*
L2
*W

*/

Compute the velooity combinations, which are later needed
for force calculations and for adaptation purposes.

register float *v = vel[LNK] ; /* pointer to veloaity */
register float *rv = r vel[LNK] /* pointer to ref velooity */
register float *ra = r aca[LNK] /* pointer to ref accelexation */
register float *vu = v_com[LNK] /* pointer to vel combinations */

s e “o

reagister float half = 0.5 ; /* constant 1/2 %/
register float tO0 , t1 , t2 ; /* temporary variables */

t0 = - rv[0] * v[O0]
tl = - rv[l] * v[1]
t2 = - rvi2] * v[2]

S Ne W

vae[ 0] = t1 + tO ; /* combinations 0-5 */
va[ 1] = €0 + ¢2 ;
vol[ 2] = €2 + ¢t1 ;

va[ 3] = t1 - toO
vo[ 4] = 0 - €2
va[ 5] = €2 - ¢l

s N %



/™
"k
LA

*/

/*

AR

*/

va[ 6] =
va[ 7] =
val 8] =

va[ 9] =
vaf[l0] =

va[ll] =
va[l2] =
va[l3] =
va[ld] =
va[l5] =
vo[l6] =
va[l7] =

va[l8] =

va[l9] =
va({20]

vi{l] * v[5] ~ xv{2] *
rvi2] * v[3] - rv{0] *
rv[0] * v[4] - xzv[1l] *

t0 = raf0] ;

tl = xv[2] * v{1] - tO
t0 = rv[l] * v[2] + tO

t0 = half * ( t0 + t1 ) ;

t0 = ra[l] ;
tl = rv{0] * v[2] - tO ;
t0 = rvi2] * v[0] + tO ;

tO = half * ( €0 + &1 ) ;
£0 - ti1

t0 = ra[2] ;
tl = rv[l] * v[0] - ¢tO ;
t0 = rv[0] * v[1] + tO ;

t0 = half * ( t0 + t1 ) ;

local forces as a product between
and the inertial parameter values.

t0 - t1

t0 - €1
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v([4] + ral3] ;
v(5] + za[4] ;
v({3] + za[S5] ;

.
’

.
’

-
4

= force|[LNK] :;
= prm[LNK].inxtl ;
*va = v_com[LNK] ;

+ + +

!

+

va[l7]
va[ 1]
va[l1l0]

va[ll]
va[ 5]

va[l6]
va([l7]

vo[19]
va[l4]

to next link

Calculate the
combinations
register float *f
ragistar flcat *p
register float
£[0] = wvo[ 2] * p[6]
£{1] = vc[18] * p[6]
£[2]) = vo[13] * p[6€]
£[3] = wvo[12] * p[0]
+ ve[l8] * p[4d]
£[{4] = vo[15] * p[0]
+ val 4] * pl4]
£[5] = - va[1l9] * p[0]
- vo[ 9] * pl[4]
Connect upwards

traverse LNK+1() ;

/*

*
*
»

/* combinations */

/*

6-

8

/* combinations 9-12 *®/

/* combinations 13-16 */

/% combinations 17-20 »/

pl7]
pl7]
pl(7]

pll]
pl5]

rll]
plIS]

pll]
pl5]

/* pointer

/* pointer
/* pointer

+
+
+

vao[1l4]
va[ 9]
va[ 0]

va[ll}
va|[ 8]}

va[l5]
va| 8]

va[20]
vel[ 7]

*
*
*

the above vel.

to force */

to parameters */
to vel combinations */

pl8]
pl8]
ple]

pl2]
pl7]

pl2]
plé]

pi2]
plé€]

+
+
+

va[ 6]
val[ 7]
va[ 8]

va[13]
va|[ 7]

va[1l0}
val 6]

va[ 3]
vo[ 6]

*
*
*

*/

pi9l}
pl9}
pl9]

pl3]
pl8]

pi3)
pl8]

p(3]
pl7]



"%k

*/
(
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Propagate the forces downward and compute the joint torque.
register float *pf = forae[LNK-1] ; /* pointer to pravious force */
register float *f = force[LNK] ; /* pointexr to force */
ragistar float t0 , t1 , t2 ; /* temporary variables */
register float td , t5 ; /* temporary variables */

tl = ca v £[1] - sa * £{2] ;
t2 =  sa * £[i] + oca * £]2] ;
td = oca * £[4] - sa * £{5] - a[INK] * t2 ;
t5 =@ sa * £{4] + ca * £[5] + a[LNK] * ¢1 ;
p£[0] 4= t0 = aq * £[0] - sq * tl1 ;
pf(l] 4= tl = @eq * £]0] + oq * t1 ;
PpLfi2]) += ¢2 ;
pf£[3] ag * £{3] - sq * £t4 -~ A[LNK] * ¢t1

LYY

4m
PLI4] += sq * £[3] + aq * t4 + A[LNK] * ¢0
PEI5] 4= ¢5 ;

tau[LNK] = t5 /* set joint torque */

~.

return;

C.3 Adaptation Recursive Routine

VA
L2
*x
L2 ]
*N
L 2.
*%
R
L4
R
wN
*k
*k
"R
i
L34
*h
R
**
L2 4
L1

*/
/*

w%

adp_traverse_general.c

(o) Copyright 1989. All rights resexved.
Nonlinear Systems Lab and Arxtificial Intelligence Lab, MIT

The following is a general adaptation traversing routine for

an arbitrary link with the Denavit-Hartenberg paramaters given.
As part of a recursive implementation it calculates the inertial
parameter derivatives and updates the parameter estimates.

The joint motion is here assumed to be rotatiocnal, but could
equally well be of any other form.

Note that all calculations are down aaccording to the spatial
veotor notation.

Also note that this routine is not stand-alone and thus no
variable definitions are given.

Link IMK
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traversa_ LNK()

{

/%

kol Compute the inertial parameter derxivatives

*/

{ register float *pd = prm dot [LNK].inrtl ; /* pointer to the prm deriv. */
register float *vc = v_com[LNK] ; /* pointer to vel. comb. */
register float *“ve = v_exr[LNX] ; /* pointer to v_errors */

pd[0] = va{1l2] * ve[0] + vo[l5] * ve[l] -~ vc[l9] * ve[2] ;
pdll] = - va[ll] * ve[0) + va[l6] * ve[l] + va[l9] * va[2] ;
pd[2] = va[ll] * ve[0] - vc[1l5] * ve[l] + vo[20] * ve[2] ;

pd[3] = - vo[13] * ve[0] + va[10] * ve[l] + vo[ 3] * va[2]

pdi4] = va[l1l8] * ve|0] + va[ 4] * ve[l] - val 9] * ve[2] ;
pd[5] = va[ 5] * ve[0] ~ va[l7] * ve[l] + vo[l4] * ve[2] ;
pd[6] = - val 8] * ve[l] + va[ 7] * va[2]

+ va[ 2] * vo[3] + vo[18] * ve[d4] + va[l3] * vae[5] ;
pdl7] = val 8] * ve[O0] - va[ 6] * ve[2]

+ val[l7] * vel3] + vol 1] * veld] + ve[1l0] * ve[5] ;
pd[8) = - va[ 7] * ve[0] + vol 6] * ve[l]

+ va[l4] * ve[3] + vo[ 9] * ve[d) + vo[ 0] * ve[5] ;

»

pd[9] = va[ 6] ve{3] + vao[ 7] * ve[d] + ve[ 8] * ve[5] ;

/*

*k Update the inertial parameter estimates

*/

{ register float *pm = prm{INK].inxtl ; /* parameters */
register float *gn = gain[LNK].inxtl ; /* adaptation gains */
register float *dot = prm dot[INK].inxtl ; /* prm. derivative */
register float *old =

prm _old dot{INK].inxtl ; /* prav. prm. dex. %/
register float ¢t ; /* temporary variable */

register flocat on = servo_loop rate

.5/ /* integration ¥/
register float co = - 0.5 / servo_loop_rate

/* constants %/

N N

t = dot[0] ; pm[0] -= gn[0] * (an * t + co * old[0]) ; old[0] = t ;
t = dot[l] ; pm[l] -= gn[l] * (on * t + co * old{l1l]) ; old[l] = ¢t ;
t = dot[2) ; pm[2] -= gn[2] * (oan * t 1+ o * old[2]) ; old[2] = ¢t ;
t = dot[3] ; pm[3] -= gn[3] * (on * € + co * old[3]) ; old[3] = ¢ ;
t = dot[4] ; pm[4] -= gn[d] * (on * t + co * old[4]) ; old[4] = t ;
t = dot[5}) ; pm[5] -= gn[5] * (on * £ + co * old[5]) ; old[5] = t ;
t = dot[6] ; pm[6] -= gn[6] * (on * £ + co * old[6]) ; old[6] =t ;
t = dot[7] ; pm[7] -= gn[7] * (on * £ + co * old[7]) ; old[7] = ¢ ;
t = dot([8] ; pm[8] -= gn[8] * (cn * t + co * old[8]) ; old[8] = ¢t ;
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t = dot[9] ; pm[9] -= gn[9] * (on * t + co * old[9]) ; old[9] = t ;

’

}

/*
ladel Connect upwards to rext link

*/

traverse LNK+1() ;

return;

}
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