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A Reduced-Order Adaptive Velocity
Observer for Manipulator Control

M. Erlic and W.-S. Lu

Abstract—In this paper a new manipulator joint velocity observer is
presented. The observer is reduced in its order and it is adaptive with
respect to unknown dynamic parameters. The velocity estimate produced
by the observer is used in an adaptive controller for trajectory tracking.
The result is locally asymptotically stable velocity observation errors
and locally asymptotically stable position and velocity trajectory tracking
errors. Simulations of the proposed scheme on the PUMA-560 show an
improvement over a well known adaptive controller which obtains its joint
velocity estimates via numerical differentiation. Experiments demonstrate
the usefulness of the proposed observer.

I. INTRODUCTION

In this paper a new joint velocity observer for manipulators with
unknown dynamic parameters is presented. This proposed observer
calculates a smooth velocity estimate which is used by an adaptive
controller for trajectory tracking. The adaptive observer presented
here improves on other adaptive observers in two ways. First, the
proposed observer does not use variable structure and switching
to maintain stability. As a result chattering is largely eliminated.
Second, the proposed observer is reduced in its order. This leads
to a differential equation which has first order dynamics. Previous
manipulator velocity observers have employed full order observers
which have second order dynamics rendering a larger delay.

The computed torque (CT) controller [2] for manipulator trajectory
control compensates exactly for the nonlinear dynamics of a robot
manipulator and introduces a specified second order linear dynamics.
But its performance depends on a precise knowledge of the dynamics
parameters and accurate position and velocity measurements which
may not be available always. Usually, a precise knowledge of the
dynamic parameters for both the manipulator and its load is not
completely available. Even for the popular manipulator such as the
PUMA-560, for which the dynamic parameters have been accurately
determined [1], performance degradation can be expected for variable
payloads.

In order to overcome the limitations of the CT controller in
the presence of unknown dynamic parameters and changing loads,
controllers using adaptive mechanisms have been proposed [3], [6],
[10]. In these, Lyapunov analysis and the special properties of
the manipulator dynamics are adopted to design controllers which
identify the manipulator’s link or load parameters. The adaptive
controllers proposed in [3], [6], [10] require low noise in the velocity
measurements. In some circumstances velocity sensors may not be
available and even when they are available, noise may be a problem as
is the case with tachometers. Sensor noise places limits on controller
gains, resulting in larger tracking errors. Velocity filtering is an option;
however, a time delay is introduced which can not be accepted
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in high performance tracking. Alternatively, joint velocities can be
determined by differentiating position measurements obtained with
potentiometers or optical encoders. Usually, an optical encoder has
a large signal to noise ratio; with differentiation, however, even low
levels of noise in the position signal may produce unacceptably large
velocity noise.

In order to eliminate the need for tachometers and numerical
differentiation but maintain high control accuracy, one option is
to use a joint velocity observer. Observers for linear systems were
proposed by Luenberger [7]. The concept of the observer was tailored
to estimate manipulator joint velocities in [8] and [12] where state-
space approaches were used that yield observers with second order
dynamics. In [5] a reduced-order manipulator velocity observer was
proposed which has first order dynamics. In these papers observers
have been proposed which assume an exact knowledge of the
manipulator’s dynamic parameters. In order to accommodate for cases
where dynamic parameters are only partly known or are not known at
all, an adaptive mechanism is required. In [13] an adaptive observer-
controller was presented that uses variable structure compensation.
Even though most of the high frequency switching is restricted to the
numerical implementation of the observer, the switching might still
excite unmodeled higher frequency dynamics.

In this paper a reduced-order adaptive observer is proposed where
the joint position vector is considered a known “parameter” of the
observer. The result is a reduction in the order of the observer.
By avoiding the use of variable structure compensation, the signal
produced by the observer is smooth and the excitation of higher
frequency unmodeled dynamics is less likely. The new adaptive
observer-controller has been applied to a PUMA-560 manipulator and
the experimental results demonstrate that accurate tracking results can
be achieved for industrial manipulators which provide the computer
controller with position information only.

The paper is organized as follows. In Section II, the manipula-
tor dynamic model is described and several useful properties are
reviewed. Section Il introduces the proposed adaptive observer and
addresses the stability and implementation of the observer. Section IV
presents the combined adaptive observer-controller and the stability
of both the observation and tracking errors is shown. Simulation and
experimental results are then presented in Section V.

II. NOTATION AND PRELIMINARIES

The dynamic equation of an n degree-of-freedom robot manipu-
lator is given by

H@i+Cle.dyi+ Fi+glg) =Y(g.q.qla=T7 (D

where ¢ € R is the joint position vector, 7 € R" is the vector of
joint torques, g(¢) € R" represents the gravitational torques, H (¢) =
I.(q) + I, € R™" is a matrix consisting of the rigid link inertia
matrix I,-(¢) and motor and gear inertia matrix I,,.. Clq.q)g € R" is
the vector of Coriolis and centripetal torques, F = K. +1" € R"™"is
a diagonal matrix consisting of the back em f coefficient matrix I\ .
and the viscous friction coefficient matrix V.Y (¢.¢.¢) € R"*" is a
regressor matrix and a € R" is a vector of dynamic parameters.

In this paper it is assumed that the joint position measurements
q are available but that joint velocities ¢ are not. Several proper-
ties of the manipulator dynamic equation useful in the subsequent
development are summarized as follows:
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Property 1: The manipulator inertia matrix is positive defi-
nite, symmetric and bounded, ie. m; < ||H(q¢)|| < m. where
mpom, >0.Vqg € R”.

Property 2: The 2-norm of ("(q..r) is bounded, i.e.

1C (g} < micl)rl) m.>0.Vq.r € R". 2)

Property 3: The matrix of Christoffel symbols, C'(¢. r) satisfies
Clg.r)e = C(q.§)r Yq.r. & € R" where the matrix of Christoffel
symbols is uniquely defined in [11].

Property 4: H(q) — 2C'(q.q) is skew symmetric.

Property 5: The manipulator dynamic equation is linear in its
parameters of interest, i.e.

(3a)

H(pe + Clq. &+ FE+ glg) =Y (q.& W)
) =1 (3b)

H(q)e 4+ Clq. )6+ F§+ g(q (g &or v)a

Vg €. . € R" and Va € R”where p is the number of dynamic
parameters. Matrix Y in (3) is usually known as the manipulator
regressor [10].

III. THE ADAPTIVE VELOCITY OBSERVER

A. The Adaptive Observer

The manipulator dynamic (1) can be written as
i=H "(¢)[r = Clq.r)r — Fr = g(q)] e

where .r = ¢. This expression can be considered a first order equation
in .- where ¢ is assumed known. The principal part of the proposed
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Simulation results for the first link using the adaptive observer (a) desired versus actual position, (b) position error, (c¢) desired versus actual

observer has a structure similar to (4) and is given by

(5a)
(5b)

P=ul(qoioroa) + Kb
olgdora) =H (@l = Clg.i)i = Fi = §(q)]

where .= is the observed velocity estimate, ¥ = . — .} is the
observation error, \' > 0 is a diagonal gain matrix, and (*) denotes
the term (*) with unknown parameters replaced by their estimates.
Now let @« € R” be the vector that collects the unknown parameters
in the manipulator dynamics. The estimated parameters used in (5)
are obtained with the following adaptation law

d=—TY (g i, 0)F (6)

where Y (q..7.¢') is the regressor determined by (3) and I'> 0 is
a diagonal gain matrix. If the manipulator starts from rest, one can
take .7 (fo) = O where to denotes the moment when the robot motion
begins. Otherwise one has to make a guess for r(#o) and denote it by
£#(to). Similarly, one has to make a guess for the unknown parameter
vector a(to) at t = to. Although it is very likely that these initial
estimates are not accurate, it will be shown in Section III-C that
the observer being developed here is locally asymptotically stable as
long as the initial estimate errors are inside a region of attraction.
Integrating (5a) and (6) over the time interval [to.f] and using the
estimated initial conditions #(#y) and a(tg). we obtain

ot
() =gty + / [ttgoeoria) = L) dt (7a)
St

where

y(t) = r(fe) + Nq(t) — q(to)] (7b)



IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. i1, NO. 2, APRIL 1995 295

deg

(a)

deg / sec

©

deg

deg / sec

sec

(d)

Fig. 2. Simulation results for the second link using the adaptive observer (a) desired versus actual position, (b) position error, (c) desired versus actual

velocity, (d) velocity error.

is known, and
t -
a(t) = alte) — r/ Y (g iow) i dt. ®)
Jtg
Using . = + — @ with + = dq/dt. (8) becomes

ra(t) t
alt) =a(ro)-r/ )’”(q..f-.p)rlq+r/ Y (g 3. 0)idt (9)
Ja(to) Jig

where the first integral is carried out with respect to joint position
¢. The system of integral (7a) and (9), which are equivalent to (5)
and (6) together with initial conditions (o) and a(to), provides
an equivalent version of the adaptive observer (5). The signal #(¢),
which is a part of the solution to this system of integral equations,
is called the output of the observer.

It is important to stress that the observer (5), (6) is not imple-
mentable in case the velocity measurements are not available. This
is because both (5a) and (6) involve the use of + = »r — I'. Likewise,
the observer characterized equivalently by (7) and (9) is also not
implementable since the evaluation of a(t) using (9) (and therefore
the evaluation of .7(#) using (7a)) involves the differentiation of the
joint position ¢(t). As will be seen in the next subsection, however,
an implementable approximation of the proposed observer does exist.

B. An Implementable Approximation of the Observer
From (7) and (9), it follows that for an arbitrary fixed time interval
A0,

) =0t = X))+ Kg(#) — q(t — A)]

ot
+ / (g a) — KF]dt (10)
t—A

and

ra(t) "
ﬁ(f):r)(f»A)—l"/ Y (g d )y

Jq(t=2)

ot
+ r/ Y (g b 0)d dt. 1)
t—A
Assuming that Y (¢. 7. ¢'). ¢'(¢..r. 7. @) and the joint position ¢(t) as
time functions are continuous and that A is sufficiently small, (10)
and (11) suggest a discrete implementation of the proposed observer
as follows

FEY=(I — ARG — 1)+ Av(i — 1)

+ K[q(i) = q(i = 1)] (12
i)y =ali - ) +TY (= D[AR = 1)
— qli)+qli — D). (13)

Remarks:

1) Obviously, (12) and (13) represent only an approximation of
the observer proposed in (7) and (9). They are however imple-
mentable, and they approach to (10) and (11) (and therefore (7)
and (9)) as A approaches to zero. In other words, (12) and (13)
stand for a good representative of the observer if the sampling
interval A is sufficiently small.

2) A problem with the continuity of ¢ in (12) and (13) could
develop if the adaptation of @ causes an ill conditioned H.
To remedy this, an adjustment given in [3] can be used to
guarantee H>o0.

C. Stability of the Observer

If the proposed adaptive observer is not used in control, the local
asymptotic stability of the observation error is assumed by Theorem
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1 which is stated below. For the sake of simplicity, in the rest of the
paper we have taken to = (.

Theorem I: For a given ' > 0, i(t) — Oas f — x if ||7(#)|
is bounded, {l+(H)]] < m.,

a>mom,.+ 35—y (14)

where ¢ = M\uin(WH(q)+ H{q)K)/2..4> 0 is a fixed constant,
my = ’\"‘,i!‘(F)‘ m.,. is given in (2), and the initial estimation error
e(0) = [#7(0)a" (0)]" belongs to the ball B, defined by

B, = {((n) € R ()]

1
&(w(g—{— my — 3 = m,.)}
Pu \ M,

where p; = Anin(D) Amax () with P =
diag{H(¢q).T 7'},

A proof of Theorem 1 is given in Appendix A. The main as-
sumptions made in Theorem 1 are that joint velocities and joint
torques are bounded and the bound of .(#) is known. Although these
assumptions appear to be quite restrictive, the result of Theorem 1
can be interpreted as a quantitative relation of the region of attraction
to the magnitude of joint velocity (among other things). In some
circumstances the robot is controlled to move along a given trajectory
so a reasonable upper bound of ||.r|| may be obtained by adding a
sufficient tolerance to the desired joint velocity trajectory ||¢.||. More
importantly, these assumptions will be eliminated when the proposed
observer is combined with an adaptive controller in a feedback loop
for robot motion control. Finally, Theorem 1 also quantifies the
relation of observer gain ' to the region of attraction, indicating
how a gain matrix I is selected to make the observer work for a

and p, =

6 : .
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Simulation results for the first link using Slotine-Li method with differentiation (a) desired versus actual position, (b) position error, (c) desired

given (0). Furthermore, the region of attraction B, is established
as nontrivial since ¢ can be made as large as required to establish
the inequality (14) for a fixed .3 > 0.

IV. CONTROL WITH AN ADAPTIVE VELOCITY OBSERVER

In this section the adaptive observer presented above is com-
bined with an adaptive controller to realize a manipulator-observer-
controller system which exhibits locally asymptotically stable tra-
jectory tracking errors and locally asymptotically stable velocity
observation errors.

A. The Controller

The proposed trajectory tracking controller is a variation of the
controller proposed in [10] where the measured joint velocities are
replaced by velocity estimates obtained with the proposed adaptive
observer (5). The adaptive controller considered here is defined by

T= f][q)[,i',; — (da — )]+ (:'(‘1- Lo ),

+ Fao 4 glg) — Kgs— K, (15)

where § = .i — .r,; the reference velocity is given by »r, = ry — ¢
where .r,(t) is the desired velocity trajectory; and the position
tracking error is given by ¢ = ¢ — ¢4 where ¢4(t) is the desired
joint displacement trajectory. The proportional and derivative gain
matrices are I, > 0 and 'y > 0, respectively.

The adaptation rule employed to update the estimated dynamic

parameters is given by
G= =T (goierig)s + Y (goi )i (16)

where s = G -+ ¢ contains an unknown quantity .. Integrating
(16) over [0.#], we obtain an equivalent version of (16) where .r
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is eliminated.

q{t)
f:(f):f:(r[))—r/ (Yore + Yeer) dg
4(0)

N
-r / Ve + Y (G = )] dt
JO

(17

where Yob< = Y (q.@. ') and Yo, = Y (g 7.0, kg). The estimated
parameters obtained from (17) are used both in the observer (5) and
the controller (15).

An approximate implementation of controller (15) involves simply
the calculation of 7(t) at time instant + = /\. For the implementation
of the parameter estimator, it follows from (17) that
q(t)

Aty =a(t —A) - r/ (Yobs + Yerr) " dg

q(t—A)
'[ . .
-T / Yohed + Yeir(g = )] dt
JE—A

which suggests an approximate implementation of (17) as follows

a(iy=ali = 1) = T onali = 1) + Yeur (i — 1] [g()
—q(i = 1)) = AT = 1)i(i — 1)
+Yerli = D{gli = 1) = quli = 1)

—rali = 1))] (18)

B. Stability of the Adaptive Observer-Controller

When the proposed adaptive observer is employed to provide a
velocity signal which is used by the trajectory tracking controller
given in (15), it can be shown that the position and velocity tracking
errors as well as the observer velocity errors exhibit local asymptotic

stability. This is established in Theorem 2 whose proof can be found
in Appendix B. N
Theorem 2: For given k>0 4, = I{If >0, Kyg=FkI>0
and I'> 0, #(#).q(t).q(t) = 0ast — x if
)2
g>c— ——m;+J (19a)
da
and the initial estimate error e(0)" = [s7 (0).2L(0) 4" (0)a” (0)]
belongs to the ball B defined by

b= {mn € R Hle(0)])

< o
Pu
where ;3 > 0 is an arbitrary constant, p; = Anin (7). pu = Amax(P)

with P = diag(H(q). H(¢).K,.T"").a = Xun(KH(q) +
H(¢)K)/2 and

2a

\/4n(g+ myp—.J4)+ 0% - dac — b] }

2
me
=—° 19b
T my) (19)
1 2
h=¢ ———[2mn} y
’ {(lm + lnf)[ et
+2m (ka4 m)] + 'ZmP} (19¢)
c= (’\’rl—‘:;m{%(kd + my )2 + m%m;z,
+2m o mqlhg + m, )} + meomy (19d)
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V. SIMULATION AND EXPERIMENTAL RESULTS

In this section the performance of the proposed observer-controller
will be demonstrated with simulations and experiments. The pro-
posed system is compared with the well known Slotine-Li adaptive
controller [10]. The proposed method uses an observer to obtain
a velocity estimate, whereas the Slotine-Li method uses numerical
differentiation. It will be shown that the proposed method has superior
performance when the position measurement is corrupted with noise.

A. The Model

The second and third links of the PUMA-560 were used to
demonstrate the performance of the proposed observer-controller in
the presence of position measurement noise. In order to approximate
continuous control more accurately PUMAs Mark II controller was
modified [4], making a sampling frequency of 250 Hz possible. In
this section, the second PUMA-560 link angle is considered joint
angle one and the third link angle is considered joint angle two. The
fourth, fifth and sixth links of the PUMA-560 were fixed. As such
they constituted the third link of the robot; the mass of this last link
was denoted by 3. In the experiment it was assumed that 13 was
an unknown quantity, even though it had been accurately determined
in [1]. The relevant robot model is given by

H((j):[”l+2"2(‘2‘H1’1+ZI'.’"1)”!\ (fl-s+uzv'-_>)+(p,«+p_u'-_x)rm]
(an+azer )+ (p3tpae2)an az+pzaq

—qr = +q2)
i

F

ay 0

0 ax a2+ (pscrz)ag
where v = 6.33, 1> = 0.14, 3 = 0.11, 0, = 27.6, a5 = 31.9, a5 =
330, ax =094, ux = 454, us = 1.25 and p; = 0.37, g» = 0.18,

Clg.q)=s2(a» -|v-p2u:>)|:
ancy Facerz + (pcr + prei2)ug
~gla) =
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Simulation: comparison of joint torques (a) Slotine-Li method with differentiation, joint 1, (b) adaptive observer method, joint 1, (c) Slotine-Li

ps = 0.18, py = 4.23, and p5; = 4.15. In the regressor formulation,

the manipulator mode! is given by Yia. + Y, a, = 7 where

Y, =
o 2000 Fogds — 280100 — 52 l:; ooy o gy 0 0
0 SRR r"lz 00 e by

is the regressor associated with the known parameters a; =
[ay---a]".p = [pr---ps]" and

Y, =
(Pr42paca)in +(patprea)ie—2pasarire — pasy J:i +picrpsere
(p3+pae)iy +p3in +p~_).s-_)vrf +paci2

is the regressor associated with the unknown parameter a9 = 3.
The velocities of joint angles one and two are denoted by »; and
r2, respectively. The implementation of the observer will be detailed
presently.

B. Approximate Implementation of the Observer

The velocity estimate provided by the reduced-order adaptive
velocity observer at the /th time instant was calculated with

MO =0 =D+ A0l =)+ K(qi) —¢(i = 1))
—AKLi(i—1)
where

eli = 1) =H "(qii = 1)[r = Cyti = 1).
Pi— 1) = 1) = Fi(i = 1) = gl = 1))
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The estimates of H (¢).C'(¢.r) and g(q) used in the above are given  where
by

Yieetr =

H(q)= Par o 2020 q) Feadgn —sad00,

[(l]+Z(lz!‘2+(l)l+2172('2)(}g ((13+”2('2)+(l’3+1"2(‘2)flgjl
(az+azer)+(ps+p2c2)io az +p3ig
C('l";'):'*2("2+1>2ﬁ0)[_;IZ _“.l(;L“)].

|
ascrFagera+(pacy +1)5(‘|z)(iq}

0 r"Z-i'rl] + 850000 Fdl 0 0 12 g2 12
i Q)=
alq) [ ager2+(prci2 )i

was the regressor used in control associated with the known dynamic
parameters and the equation at the bottom of the page was the

These were created by replacing the third link’s mass @0 = m3  regressor used in control associated with the unknown dynamic
with estimate @q = ih;. The initial estimate chosen for mj; was parameter.

a9(0) = 0. The initial velocity estimate was purposefully set at
#(0) =[L0 - 10]" degrees per second, even though the trajectory
starts from rest. This was done to show the response of the observer

to incorrect initial conditions. D. Parameter Adaptation

. The /th parameter estimate o(/) was calculated with
C. Implementation of the Controller

The ith torque signal was calculated as o) = (i = 1) = A[Yaoneli — 1) + Yoerslj = 1)]1.

; ; - -1 N S —
T(0) = Yawrr (qli) (i) () gl )k (i) '[q('[)__(’('_ D] =23 Fuunli — G- 1)
X () D bl 5] F Yl = (gt = 1) = qili = 1) = rali = 1))]

= Kasti) = Kylq(f) = qa(i)) where I' = I was used for the adaptation gain, Y,., was defined

¥ | 2pacadiar + (p3 A pace)iar — pasadider = pasabe By — pasadadie + pict 4 pici2
et = (P34 paca)iqr + p3daz + pasadir.g + psers
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as above and

Yiobe=
(P1+2p2c2)ey+(patp2e2)or —2pasy iy iy —1)25-3}34- prct+psei2
(p3tp2e2)er +pate+pasaid+psers

E. The Joint Trajectory and Sampling Rates

In order to test the trajectory tracking capability of the proposed
adaptive observer-controller and compare results to those obtained
from the well-known Slotine-Li adaptive controller, fifth order poly-
nomial trajectories were designed for both the first and second joints
of the robot manipulator (see Figs. 1(a) and 2(a)). A set of 500 points
on the trajectory were provided to the controller every 12 milliseconds
(msec), producing a trajectory duration of 6 seconds. The control
update period was selected as A = 4 msec.

The trajectory characteristics are as follows: the range of the
trajectories for the first and second joints were (90, 120) degrees
(deg), respectively, the maximum velocities were (56.3, 75.0) deg/sec
and the maximum accelerations (57.7, 77.0) deg/sec’, respectively.
The trajectories described here were used for all the simulations and
experiments considered in this paper.

F. Simulation Results

This section compares the proposed observer-controller with
Slotine-Li’s adaptive controller in which filtered position signals
are differentiated to obtain velocity estimates for use in control. The
comparison of the two schemes is based on computer simulation.
The fifth order polynomials described above were used as the desired

6 : 1

deg

deg / sec

(d)

Experimental results for the first link using the adaptive observer (a) desired versus measured position, (b) position error, (c) desired versus

trajectory and the position measurement had zero-mean Gaussian
noise with standard deviation o, = 0.0818 degrees. This noise
statistic was derived from experiments conducted on a hydraulic
robot arm located at International Submarine Engineering Ltd. of
Port Coquitlam, British Columbia. The arm was fitted with rotary
potentiometers to obtain position measurements.

The observer gains for the proposed method were chosen as
K = diag(30. 20). To reduce the negative effect of the measurement
noise on numerical differentiation in Slotine-Li’s method, lowpass
filters were used, i.e.

si'z,»lms) and gy (3) = —2

qirls) = )flz(h‘)

5+ ke

where s is the complex variable, ¢, (s) is the measured position of
joint i.q, r(s) is the filtered position of joint / and the filter gains for
the first and second joint were selected as k1 = 30 and A, = 20.
The position and derivative gains for the proposed controller were
taken as L', = diag(500.500) and K, = diag(2v/500.2v/500),
respectively. Equivalent gains were used for Slotine-Li’s method.
The position and velocity tracking results for the proposed method
are shown in Figs. 1 and 2. Results for Slotine-Lis method are shown
in Figs. 3 and 4. Comparison of the position tracking performance
for the two methods shows substantial difference, where due to the
delays introduced with the position filter, control with Slotine-Li’s
method leads to larger errors. The maximum tracking errors for joints
one and two after the first one second of motion using the proposed
method were found to be 0.3 deg and 0.4 deg, respectively. Using
Slotine-Li’s method, these errors were found to be 1.8 deg and 3.4
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deg. The velocity tracking for the two methods also differed. For the
proposed method, these errors were found to be 0.63 deg/sec and 1.7
deg/sec for joints one and two after the first one second of motion
and for Slotine-Li’s method these were determined as 2.5 deg/sec
and 5.2 deg/sec for joints one and two. It must be emphasized that
the improved tracking results achieved required less torque compared
to Slotine-Lis method, see Fig. 5. The I-norm was used to quantify
the average torque applied in achieving the results described above.
For the proposed method, these were calculated as 27 N and 6.4 N.
For Slotine-Lis method, the torques were found to be 29 N and 6.5
N.

The adaptation of the unknown parameter 4 {t) for both methods
is shown in Fig. 6. The adaptive gain used in both techniques was
taken as 5 = 5. The dashed lines in Fig. 6(a) and (b) represent the
actual value of the “unknown” parameter. The dynamics of parameter
adaptation for the proposed method drifts less than that for Slotine-
Li’s method. Reason for this may be due to filtering which is used
in Slotine-Li’s method. Note that a proper regressor formulation in
the adaptation rule would require the filter model in addition to the
manipulator dynamics.

G. Experimental Results

Experimental testing was carried out on PUMA-560. The observer
gain used was ' = diag(100.100), the adaptation gain was selected
as 5 = 1.5 and the controller gains were the same as that for the
simulations above. The results of the experiment are shown in Figs.
7. 8, and 9. Figs. 7(a), 7(b) and 8(a), 8(b) show that after the initial
transient, the maximum position tracking error does not exceed 1
degree for both the first and second joints over the entire six second

deg / sec

&

sec
d

Experimental results for the second link using the adaptive observer (a) desired versus measured position, (b) position error, (c) desired versus

trajectory. The velocity tracking results are shown in Figs. 7(c),
7(d) and 8(c), 8(d). The torques applied to the joints and parameter
adaptation are shown in Fig. 9. Note the low level of chattering in
the torque signals as well as the smooth adaptation of the unknown
parameter to its actual value. The mass of the end-effector was known
to be m3 = 1.25 Kg from [1].

VI. CONCLUSION

A reduced-order adaptive velocity observer has been combined
with an adaptive controller for robot manipulator trajectory control.
The resulting robot-observer-controller dynamic system produces
locally asymptotically stable observer velocity errors and locally
asymptotically stable position and velocity tracking errors.

The adaptive observer was designed to have reduced order dynam-
ics; that is, it exhibits a first order dynamic response as opposed to
a second order response which is the case for a full order observer.
In addition, high frequency switching which is a result of variable
structure compensation is not required to maintain stability. The
result is a smooth implementation of the observer which reduces the
possibility of exciting unmodeled higher frequency dynamics of the
manipulator. A by-product of the reduced chattering in the applied
control torque is less mechanical wear and less energy consumption.

The observer-controller was implemented on a PUMA-560 to show
that sound tracking results could be attained in practice. Simulations
were also made to compare the proposed system with the well known
Slotine-Li adaptive controller which used joint velocities obtained
through numerical differentiation of filtered position signals. It was
found that the proposed observer-controller obtained smaller position
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Fig. 9. Experimental results using the adaptive observer (a) parameter adaptation, (b) joint torque 1, (¢) joint torque 2.

and velocity tracking errors while using less applied torque in doing
50.

APPENDIX A

Proof of Theorem 1: Consider the Lyapunov function

e(t) = Lett) Pe(t)
where ¢/ = [ (71‘] and P = diag(H(¢).T7") with T > 0. It
follows that
spillef” < e(t) < gpulleth)f. (A1)

The time derivative of «(¢) along trajectories of . and @ is computed
as

p=al (H(q)} + %H(q),f’) +a'T (A2)
Subtracting (5) from (4), we have
H(q)i = —Clq.2)i = Cly.r)i— Fi — H(Q)Ki4+0  (A3)
where
O = H(q)u + Mq.i)i+ Fi+ glq)
By applying property 5, (A.3) becomes
Higyi = —Cl{q.i)i — Clg.o)i — Fi
—H()Ki+Y(q.i.0)a (A4)

where H=H-H.C=C—-C.F=F—F.and j = § — g. Now,
substituting (A.4) into (A.2) and using properties 3 and 4, we have
i=—i (H()K + F + C(q. )i

+a [T+ Y (g i 0) 0] (A.5)

which in conjunction with (6) and properties 1 and 2 gives

i) < —(a+mg—mem. — mEDIFN (A.6)
Hence i(t) < —3||l3(H)||* if
a>m |||+ m.m.+ 3 —my (A7)

where .5 > 0 is a fixed constant. Since ||¢|| > {|.F]|. (A.7) holds if

1'(“|<L(£+IY7"_J)—”I,. (A.8)
m,
From (A.6), (A.8) and (A.l), it follows that if
[le(O)]| < /&[L(l+mf—,f)~m,. (A9)
Pulm.
then
o) < —JEDIF vE20 (A.10)

By (A.1) and (A.10), .#(t) € L and r(f) € L,. Furthermore, (A.1)
and (O < O implies that (t) € L. thus @(t) =7 +a € L. So
v(q k. 7.4) as a time function belongs to L if is bounded. Now
by (A.4) it can be seen that #(t) € L. Thus Barbalat’s lemma {9,
p. 25] implies that +(t) — 0 as t — x.

APPENDIX B
Proof of Theorem 2: Define
r(t) = Je(t) Pet)
where ¢! = [« & ¢t 4"l and P =
diag(H(q).H(¢).K,.T™") with K, = LK/> 0 and T'>

0. Then ¢(t) satisfies

sollel? < ett) < Spullen)]

I'l

(B.1)
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The time derivative (t) of along trajectories of ¢() is given by

= (H(q)A + @s) +i' Ky
+ 5" (H(q)i~ + #) +a'T™'% (B.2)
As ¢ = a and q=s— 4. (B.2) becomes
F— (H(m + K+ H;‘) s) L
+i" (H(rm + @1) +a'T™" (B.3)

The controller’s error dynamics is found by equating (1) and (15)
and applying properties 3, 4, and 5 along with the fact that

Hq)i — H(q)[i, + 7]

= H(q)s — H(q)(vqg — (¥ —2q)) = H(q)F
to obtain

H(g)s = = Clgq.r)s — (Kqa+ F)s — Kpq+ Ka&

+ H(q)d — Clgor, )b+ Y (g dowp dq)a (B.4)

where s = »r — . = g ;- The observer error dynamics was given
by (A.4). Substituting (B.4), (A.4), and (16) into (B.3) and using
property 4 gives

i= =5 (Kq+ F)s— ¢ Kpg— i (H(q)K
+F+ClgiNi+s" (Kq+ H(g)
—Clg.r))i. (B.5)
As v, =rqs—qand r = ry+ s — & — q. (B.S) implies that
0 = (ha+mp)|s]P = (e +mp—memy
= me (L s+ NI = ko al
+ (ka4 mo + melmag + I EENs0 (B.6)

where ||.rq]| < ma. Kq = kyl by = Amin(K)) and mr = Ain (F)
have been used. Writing (B.6) as

e=={lsl 1FE NgmBASI- L gbs 1 Han”

(B.7)
it can be verified readily that B is positive definite if
h?
o>c— ——mys+3 (B.8)
4a
and
Jala+myp—3) -~ dac =0
lle(h]l < v ! (B.9)

2a
where «. b and ¢ are given by (19). Note that (B.7), (B.8) and (B.9)
imply that
2
5
oty < =3 &
q

(B.10)

where .} is the infimum of the smallest eigenvalue of B. It now
follows from (B.1) that (B.10) remains valid for ¢+ > 0, if the initial
error vector e(()) satisfies

(0] < I \/4(/(g+m/-—‘i)+b2-—4(lr—h
Du 2a '

Note from (B.1) and (B.10) that s..r.q.a € L/.:x. In addition,
from (B.10) we conclude s..i. ¢ € L%. To show $..r € L. express
(B.4) and (A.4) explicitly for $ and .r. For §(t) we have

s=H "(@)-Clg.v)s = (Ka+ F)s — K, + K@
+ H(q)dr — Clq.r )8+ Y (g ko dg)d)

in which » = ry+s~—-¢q € L..v, = 24 _—r] € L. and
r=wrq+s—21—q€ L. Hence § € L. For & we have

i= H Y )[-Clqg.#)i = Clq.r)b — Fi — H(q)K 7]
+ H Y(@H(q)e + Clg.#)i + Fi+ §la)]

where .t € L. so we need only to show ¢' € L. Furthermore,
since

vlgoboroa) = H () — &g i)d = Fi - jlg)]

we need only show to 7 € L. To do this we recognize that all
signals in controller (6) belong to L. Therefore s..r € L.

For the observer we have i.+ € L. and # € L. Proceeding
with Barbalat’s lemma we conclude #(#) — 0 as t — >. Similarly,
for the controller we have s.§ € L. and s € L, which implies
s(t) — 0 as t — >c. Finally, since s = f)+(} is a stable filter
s(t) — 0 implies that both ¢(f) — 0 and {}(t) —0ast— x.
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