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Adaptive Control of Time-Varying Mechanical
Systems: Analysis and Experiments

Prabhakar R. Pagillalember, IEEEBiao Yu, Member, IEEEand Kiu Ling Pau

Abstract—Adaptive control of time-varying mechanical sys- Adaptive control strategies for the constant parameter case
tems is considered in this paper. A new adaptive controller for can be found in [5] and its references. Limited work in the area
time-varying mechanical systems is proposed based on two as-of control of time-varying mechanical systems exists in the lit-

sumptions. First, the dynamics of time-varying mechanical systems . . . .
is derived under the assumption that the generalized constraints on erature. Constrained Lagrangian dynamics of discrete systems

the system do not depend on time but the system parameters such¢@n be found in [1] and [2]. In [3], a robust switching con-
as masses and payloads are time-varying. Second, the time-varyingtroller is designed for the time-varying parameter model of the
parameters are given by a group of known bounded time functions robot manipulators performing path tracking tasks. Properties
and unknown constants. It is shown that the proposed adaptive Of the e|ement_by_e|ement product Of matrices are used to iso_
controller results in a stable closed-loop system. Further, if the late the time-varying parameters from the inertia matrix. A ro-

desired trajectory of the system is periodic, a time-scaling tech- b danti T b ioul . fslowl
nigue of mapping one cycle period of the desired trajectory into a ustadaptive control for robot manipulators consisting of slowly

unit interval is proposed to provide robustness to the parameter time-varying parameters is presented in [4].

adaptation algorithm. An experimental platform consisting of a In this work, a dynamic model for time-varying mechanical
two-link robot with a time-varying payload is developed to testthe  systems is derived based on past work [1], [2] to illustrate the
prgggse‘joﬁgﬁp“;ﬁ dC(f)ilrl]itrI;O”gr. ;ggoenép?r:imgﬂgr pl;ggo,;marp;migs difference in the models between constant and time-varying
ro : ; . -

experim%ntal r%sults dem%nsarate the effectiveneyss of thF()e proposed.cases' This model IS_ based on the gssumptlon that the general-
design. ized constraints are independent of time but the payload masses
and/or link masses can be time varying. Compared with the
dynamic model for constant parameters, the dynamic model for
time-varying parameters contains extra terms that are related
to the rate of change of the time-varying parameters. Some of
|. INTRODUCTION the dynamic model properties for the time-varying parameter

ESEARCH in the area of trajectory tracking control of meS@S€ are also different from those of the constant parameter
R chanical systems has been widespread. Many industfase- An adaptive controller for the time-varying mechanical

tasks of robot manipulators such as material handling, trarfyStem is proposed under the assumption that the time-varying
grameters are linearly parameterized by a group of known

portation, part assembly, etc. involve such a problem. A Iar% ; i X
number of control designs for mechanical systems exists in ftounded time functions and unknown constants. Asymptotic

erature that works well with both known and unknown constaftability of the closed-loop system under the proposed adaptive
parameters. However, in many situations, some of the unkno@{troller is shown. _
parameters, especially the mass of the payload or the mass (.5Ifo'te'st.theadaptlvecontrqller,gnovglexperlmentalplatformto
the links, may be time varying. Examples of such operaﬁo,ﬁ@mlcfllllng/pqurlng operations is de5|gned. This platform con-
include robotic pouring and filling operations. Many adaptiv&ists of a two-link robot with a time-varying payload. The time-
control algorithms in literature are based on the assumption t&fying nature of the payload is obtained by pumping fluid in/out
the parameters are constant or slowly time varying. Howevé&f a cylindrical vessel carried by the robot manipulator, while the
if the parameter change is significant then the robot dynaniitanipulator is in motion. Pumping of fluid in/out of the vessel
model that is developed for the constant parameter case carlfi@€ls to the payload mass being explicitly dependent on time. As
be used to describe the dynamic behavior under time-varyiddgesult, the regressor matrix in the adaptation law depends on
parameters. Further, adaptive control algorithms developed fihe explicitly and is unbounded. To circumvent this problem,
the constant parameter model may prove to be unstable if uge@otion of time-scaling is introduced, which involves mapping
for mechanical systems with time-varying parameter. The focagycle period of the desired trajectory to the unit interval [0, 1].
of this work is to develop an adaptive controller for mechanic&uccessful experimental results validate the proposed adaptive
systems with time-varying parameters and conduct experimegesign. A constant parameter model-based adaptive control
to validate the proposed controller. algorithm is also implemented for the time-varying mechanical
system to compare with the proposed adaptive controller.
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tions for the two-link robot example with time-varying payloadvhere

are given in Section IV-A. In Section IV-B, a time-scaling tech- 3L
nigue is given and the adaptive controller for the two-link robotis mij =mj; = Z ma Iy, % (8)
derived. Experimental results and discussions are summarized in 1 dq; 9q;
Section IV-C. Section V gives the conclusions of this work. sl s
Lk Ok
Il. DYNAMIC MODELING OF TIME-VARYING 4= ;mk dq; dg; ©)
MECHANICAL SYSTEMS B
. . where
For a mechanical system with constant parameters, such 8%, = my = ms mass of the first particle:
masses and lengths, the Lagrange’s equations of motion arfexl’ 2, 73) position of the first particle:
given by my = Mz = Mg mass of the second particle;
- - - _ (x4, x5, T6) position of the second patrticle, and so
H(q)i+ N(q, d)i+g9(e) =7 @ on.
where Note thatlj is independent of the generalized velociti€s,is
g e R generalized coordinates; linear in the generalized velocities, affd is quadratic in the
H(q) € R  positive definite inertia matrix; generalized velocities. If the generalized constraints do not con-
N(q, ¢) € R™™ matrix composed of Coriolis and cen-tain time explicitly, i.e.dx; /9t = 0, then the total kinetic en-
trifugal terms; ergy is a homogeneous quadratic form in the generalized veloc-
g9(q) € R” gravity vector; ities, i.e.,7” = T». For serial manipulators, this would imply
T E€R? vector of control inputs. that the length of the links should be fixed. For the mechanical

If the elements of matridv (g, ¢) are derived using Christoffel's systems considered in this paper, it is assumed that the general-
symbols, then it is well known that the matdk — 2V is skew- ized constraints do not explicitly depend on time but the system
symmetric. This is not true if the parameters of the system arg@sses and payloads are time-varying. The time-varying nature
time-varying [2], [3]. The dynamics given by (1) no longer repef the mechanical system is due to time-varying masses and pay-
resents dynamic behavior when the inertial parameters of fbads; see [1] and [2] for a detailed explanation of various types
mechanical system are time-varying. To illustrate the diffepf constrained systems and their dynamics.

ences between models with constant inertial parameters antlet ¢(¢) € RP be a vector of parameters of the system, both
time-varying inertial parameters, the dynamic model for timeonstant and time-varying. Then;; = m;;(q, ¢). Using La-
varying mechanical systems is derived. A complete derivatigmange’s equations, the dynamic equations are [2]

can be found in [2].

Consider a mechanical systemiparticles whose position Zn M + Zn Zn il Z Z Imij
. . . . . ijd; 1 4 +
is given by the Cartesian coordinates(k = 1, ..., 3L) with 74 14,4 =\fZ d)

j=1 j=11=1
respect to an inertial frame. The Cartesian coordinate of anyj ap(qj &)
particle can be expressed in terms of the generalized coordinates ~ + T’ =0, i=1,....n (10)
(g1, G2, -- -, Gn, t),aszk(q1, @2, -- -, qn, ). Thenthe velocity i
is given by whereP(q, ¢) is the potential energy of the system, and
d-Tk Oy, . a-Tk om Omy  Omy
- 2 l i it 11
Zaqj @ [jl, 1] = <aql + aqi> (11)
The total kinetic energy of the system is In matrix form, the dynamic equations of the system are
=13 mu(t} @ Mo 9)i+Cle, d )i+ Fla d)it+gle, =7 (12)
) where 7 is a vector of external control inputs and
8a:k oz, g(q) = 0P(q, $)/0q. Notice that there is an additional
=_ Z my(t —q; + |- (4) term,F(q, ¢)q, in (12) when compared with the dynamics with

j=1 constant parameters, (1).

Carrying out the expansioff; can be written as the sum of three
homogeneous functions of the generalized velocities, T, + A Dynamic Model Properties

Ty + 1>, where The properties of the dynamic model (12) are as follows.
1 3L oz, Property_ I: The inertig matrixM(q,_d)), of_the time_-\(arying _
To = 5 ka(t) ot ) mechanical system is a symmetric positive definite matrix.
k=1 Assumingg(t) is boundedM (q, ¢) is bounded from above
T SI 6 and below for all system configurations.
L= ZaiQi ©6) Property II: F'(q, ¢) is a symmetric matrix, which is a con-
2:2 " sequence of the symmetry of the inertia matrix. )
T :% Zmzjq’iq’j @) Property Ill: The matrixA (g, ¢) — 2C(q, ¢, ¢) — F(q, ¢)

i is skew-symmetric. Notice that the skew-symmetry property
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for the time-varying case is different from that of the timeA. Closed-Loop Dynamics

invariant case. _ , o , Substitute the control law (14) into the dynamic equations
Property IV: The dynamic equation (12) is linear in the UNt14) to obtain

known parameters, i.e.,

M(q, 0)d+C(q, ¢, 0)q+ F(q, 0)¢ +g(q, 0)

M(q, )i+ Clq, ¢, )i+ Fla, )q+ 9(q, ¢) = M(q, §)i + Cq, 4, 0)r + & Flg, 8d)g, + L F(q, 8d)q
=Y(q, ¢, DO(t) (13) +i(q, 6. (20)
whered? (¢) := [¢T(t), $T(¢)] is the unknown parameter Subtract

vector andY (g, ¢, ¢) is the regressor matrix, which depends .. . . 1 i
on the position, velocity, and acceleration in joint space. M(q, 0)Gr +C(g, ¢, 0)dr + 3 F(q, 0)4r
from both sides of (20) and simplify to obtain
Ill. ADAPTIVE CONTROL M(q,0)éup +C(q,4,8)enp + 5 Fla, 0)e.,

. In this section, a passivity-type adaptive controller_ for the _ [M(% 8) — M(q, 9)} i+ [é(% i, 0) — C(q, 4, 9)} i
time-varying mechanical system is proposed for tracking a de- X ‘ X .
sired trajectory. Legq(t) be the desired trajectory. Itis assumed  + 3 [F(q, 6d) — F(q, 9)} g+ 3 [F(q, 0d) — F'(q, 9)} q
that ¢4(t) is twice continuously differentiable. Let= ¢(t) —

qa(t) be the joint tracking error angl,, = ¢ + Ac be the refer- + [@(% 0) — glq, 9)} : (21)
locit . Consider th trol lawy,given b - A . . .
ence velocity error. Consider the control lawgiven by Define fo() = fo(t) — o B1(8) = B(t) — 61(8), Balt) —
r=Y(q ¢ ¢, G )0(t) — Kopeup (14) 02(f) — 62(¢). Using the linear parameterization property and

(17), (21) can be simplified to

whereq, = ¢4 — Ae, K,,,, andA are positive definite gain ma- . .
Ir 4= S0 S p g M(q)éup + C(q, evy + 5 F(q)ew

trices,é(t) is the estimate of(¢), andY (g, ¢, ¢, G.) is given

by = YEJ(Q? ‘jv (jrv %)éo(f) +Y1(Q7 ‘jv (j?’? %)él(t)
LA + Yé(Qa (L (L’a Q7)92 (22)
Y(q, ¢ ¢, G)0(t) _
T P AN Sincedi(t) = k1 fi(t) + k2 f2(8) + - - + kn fn(t), andbz(t) =
= M(q, 0)4r +C(a, ¢, O)dr + 3 F(q, 0)dr + 5 F(a, 0)d  dp,(¢)/dt, (22) becomes

where A represents the estimate df Consider the following

e . . . . . =Y ] '1*7 "1‘ 5 W/z ’ ‘7 ‘1’7 "1‘7 t ];Z 23
modification using the linear parameterization property: ola & @ d )¢O+Z (@ & drs Grs 1) (23)

=1
Vi, . )0 where

= Yo(a &, )0 +Yi(a, ¢ )61 (1) + Ya(a, 4. @)6>() L
(16) Wi(q, G, Gry Grs 2)

_ L N /12
where = {fz(t)yl(% @ G Gr) + Y2 4 s Gr) = }
6y  vector of constant parameters of the system; F N By L A ; ‘
61 (t) vector of time-varying parameters of the system; Ri(t) := ki(t) — ki, andki(2) is the estimate of;.
62(t) vector representing the time rate of chang&/dft), B. Stability
he., 0a(t) = dbu(t)/dt. The following th ives the stability of the closed-I
Similar to (16), the left-hand-side of (15) is given by € foflowing theorem gives the stability of the closed-loop
system (23).
Y(q, ¢ Gr, q'r)@ Theorem |IIl.1: For the time-varying mechanical system
B . Ng .. aNg given by (12), the proposed control law (14) with the following
= Yola, 4, .q”’. q”)ﬁeofyl(q’ @ dr: @r)01(7) update laws fobg, ki, ko, - -, kn:
+Y2((J7 q, 4r, (J7)92(t) (17 N T L B
Th t . i m . i . d f | 90 = _FOYE) (Qa q, qr, q’l’)e’h‘p (24)
e time-varying parameter vectr(t) is parameterized as fol- B
|OWS: y gp '( ) p k7 :_F7I/V7T(Qa Qa (L’a (ira t)@,,-p, L =1: n (25)
will result in an asymptotically stable closed-loop systdiy.
O1(t) = ko f1(8) + ko fo(t) + -+ knfu(t)  (18) andly, i =1 : n, are adaptation gain matrices.
where ky, ks, -,k are unknown vector constants anddate'PrOOf: Consider the following Lyapunov function candi-
f1(@®), f2(t), ---, fn(t) are known bounded functions with ' "
bounded time derivatives. Hence V(ewp, §) = L e M(g)ew, + 5 6275160 + Z BT,
. df1(t) df2(t) df.(t) i=1
6.ty =k k stk ——. 19
A T T L (19) (26)
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Fig. 1. Experimental platform.

Differentiate the Lyapunov function candidate along the trajegessel to a pump either to pump fluid in or out of the vessel.

tories of the closed-loop system (23) and simplify to obtain Pumping of fluid in or out of the vessel during the motion of the
L ) robot gives the time-varying nature for the payload. A sketch
V=3¢ [M(Q) —2C(q, 4) — F(CI)} Cop — €, pKopCop of the experimental platform is shown in Fig. 1.

P T A The two-degree-freedom manipulator is driven by two
opY0(2, 4 dry Gr)b0 + 6015760 direct-drive switched reluctance-type NSK motors. The base
i L motor (model 1410) and elbow motor (model 608) have a
Z i(4 4 s s i +Zk Ii7kie (27 maximum rated torque of 245 and 39.2nN respectively.
=t =1 Sensors for both position and velocity measurement are inte-
Since [M(q) —2C(q, §) — F(q)} is skew-symmetric grated within each motor, which provide measurement of joint

position and joint velocity. The actuator position of each link is
. * ~ measured with a 150-pole resolver, which provides a resolution
V=—el Ky, + [GZPYO(Q’ ¢ drs 4r) +do Ly 1} o of about 2 arcseconds The analog positioFr)1 signal is processed
o through a 10-bit resolver to a digital converter that provides
+ Z {ebp (a4 G, Gy t) + K, Fil} k. (28) 150 x 1024 = 153600 counts per resolution. This gives a res-
olution of 0.000 040 9 radians per encoder counter. A velocity
Using the adaptation laws given by (24) and (25) results in  Signal is also available through frequency-through-voltage
. converter that provides an analog signal that is proportional to
V=—el KupCup. (29) joint velocity. However, due to noise, joint velocities used in
the experiment were calculated from the joint position using a
first-order finite difference method.

A servo sampling rate of 4 ms is used in the implementa-
tion. Also, “torqgue mode” is chosen as the operator mode for
§he NSK motors. Under this mode, the motors behave like cur-
rent amplifiers which produce a motor torque command that is
proportional to the input voltage signal.

The time-varying payload is a cylindrical aluminum vessel

IV. EXPERIMENTS of 0.1778 m (7 in) diameter, which is shown in Fig. 1. A thick

The experimental platform consists of a two-degree-oéluminum mount is built to mount the vessel on the second link
freedom direct drive manipulator with a cylindrical vessel oof the robot. The length of the vessel is 0.4064 m (16 in). The
the end of the second link. A pipe is connected from the top wéssel has an approximate volume3dgts4 x 107 m?® (615

This implies thate,,, </>o, k; are bounded. Further, from (23)
¢up IS bounded. Hencd/ is bounded, which implies thaf is
uniformly continuous. Invoking Barbalat's lemmt, — 0 as
t — oo. Thereforeg,,, asymptotically converges to zero. Sinc
ewp = €+ Ae, bothe(t) andé(t) asymptotically converge to
Zero.
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in®). The working fluid used in our experiment is water and itesherek; represents the constant water flow rate in or out of the
density is 998.2 kg/rhat room temperature. So, the mass of theessel. For the robot dynamics the regressor matly, ¢, §)
payload when the vessel is full of water is approximately 10 ks given by
Hence the time-varying payload can be varied from 0 to 10.0 kg. .. .. R, .2
A garden pump is used to pump water in or out of the vessel. A Y,(.) = « ) @ ) 2ea(d + q?) (2(‘{12 +d2)s2
0.0095-m (3/8 in) diameter pipe is used to connect the vessel to 0 G+4q2 C2q1 + 5241

the pump which provides approximately 0.2 kg/s flow rate. A (34)
valve mechanism is designed such that pumping water in or e

resy = si andcs; = . Define
can be done by switching the inlet and outlet of the pump using s2 = sin(a) ¢z = cos(az)

the valve mechanism. 11 ==v1(q)d1 + v2(@)d2 — lily sin(q2)(d3 + 241d2)
A. Dynamic Equations of the Two-Link Robot with 2=t q.Q .
Time-Varying Payload y13 :==v2(Q) @1 + V32
The dynamic equations of the manipulator are given by Yu=at 2 ) _ ,
Mo 0+ Cla. ¢ 8\ 4 Fla. ) 30 y21 = v2(q)q1 + vad2 + lil2 sin(g2)dy
(Q7 )Q+ (Q7 Q7 )Q+ (Q7 )q =T ( ) y22 122/12
whereg € R? is the joint position vector and € R? are the yo3 :=v2(q)G1 + V32
motor torques. The elements of matrideq, 6), C(q, ¢, 6), You 1= Yra.

andF(q, 6) are given as follows:

Then the matrice¥:(q, 4, ) andY3(q, ¢, G, t) are given by
M1 =p1 4 2ps cos(ge) + v1(g2)my(t) + L,(t)

M2 = p3 + pa2 cos(q2) + va(g2)my (t) + (%) Yi(g, ¢, ¢) = [
M21 :MIQ

Moy =ps 4+ vamy,(t) + I,(¢)

Y1 Y12
Y21 Y22

}, Ya(g: &, 4) = [y“” yl‘*]

Y23 Y24

(35)

Let o = R?/2. Then since,(¢) = am,(t), we obtain

and
. . . t 1
+ 0,(t) = ki, and 6x(¢) = kq. 36
Clagn [ 7 @4 0= [ ot o= [ o0
np Therefore
e Wala, 4, & ks == Yal, 4, DOL) +Yalg. 4, Do)
) ) ) = ) ) + ) )
) vilg) wvalge)] 1 11 149, 49,9 1 19, 49, 9)%1 214, 4, 49)b2
F(q, 0) = my + I, t(y11 + ay12) + Y13 + ayia
v2(g2) U3 11 = k.
t(y21 + ayz) + Y23 + oy
wherep, p2, ps are the constant coupled parameters of the (37)

robot that contain masses and inertias of the links and the mo- _ _
tors,m,,(t) andL,,(t) are the payload mass and inertia, respe&incem,(t) = kit, this means thaff,(¢) = ¢, according
tively, pr(my, q) = (p2 4 lLilamy(t)) sin(ge), vi(q) = B + 10 the parameterization given in (18). The functigp(z) in _
1242011y cos(q), v2(q) = 12 +11l5 cos(qs), andus = I3. The this case is unbounded. As a result of this the regressor matrix
robot link lengths are representedfyandl,. The dynamics is W1(¢: ¢, ¢, ¢) is unbounded. To avoid this problem, a technique
linear in the unknown parameters of time-scaling is given below.

M(q, 0)i+ Clq, ¢, )¢+ F(q, ) =Y(q, ¢, §)¢ (31) B. Time Scaling and Adaptive Controller

Also, Y (g, 4, §) can be decomposed to associate with constant'®  €ircumvent the unboundedness problem for the

parameters and time-varying parameters as time-varying payload, each cycle period is mapped into a
unit interval, [0, 1]. This is accomplished as follows. Suppose
Y(q, ¢, )0 the robot is performing a periodic trajectory with a perifd
=Yo(q, ¢, §)bo + Yi(q, 4, §)01(t) + Ya(q, ¢, G)02(t) Then the time-varying payload can be written as
32
(32) n%@y:hT<%). (38)

whered? = [p1, pa, psl, 61(t) = [m, (1), L,(+)] andés(t) =
[m,(t), I,(t)]*. Since the payload is a cylindrical vessel of &otice thatt/7" € [0, 1]. Definek| = k,T". Then (37) becomes

fixed diameter, the inertia of the paylodglt) = m,,(¢)(R?/2), ¢

where R is the radius of the cylindrical vessel. According to o T(yn + ayi2) + Y13 + ayia )
the water pump specifications the rated flow rate of the pump W1i(4; ¢ 4, k1 = | Ky
is constant within the operating conditions of the pump. This T(ym + ayoz) + Y23 + ayou

~

means that the mass of the payload varies according to ~
Wile, 4,4, t/T)

mp(t) = kyt (33) (39)
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where Wl'(q, g, 4, t/T) represents the scaled version of

Wi(q, 4, 4, t). The new parametst; is estimated instead of
k1. The following is the control law for the two-link robot with
a time-varying payload:

T :YE)((L (jv ér, Q1)é0(t) + W{(Q? (jv q?‘? (i?’? t/T)];i(t)
— Kopewp (40)
and the adaptation laws are
éo(t) = _FOYOT(Q7 4 Gr q?‘)e'vp (41)
;\/ / . . ..
kl(t) = _FIWIT(Q7 q, qr, dr, t/T)ebp (42)

wherekK,,, is the positive definite feedback gain matrix, dnd
is the adaptation gain matrix. Alsby(q, 4, ¢, g-) IS given by

"]'7*2
(jr 1+ 67*2

‘yr 1
0

Yo13
Yo(') = .. .. (43)
Cc2qr1 + S241Gr1

whereyoz = 2¢2(Gr1 + Gr2) — (d1Gr2 + Gr1G2 + §2Gr2)s2, @and

T(Zn + az12) + 213 + az1a

W{ (q7 (j7 (jT? (']'7’7 t/T) =

221 + @za2) + zo3 + a4
(44)

7
where

211 = v1(@)dr1 + v2(@)Gr2 — l1l2 sin(g2)(d2dr2 + G1Gr2
+ Gr1G2)

212 = Gr1 + Gr2

213 := 5 (v2(@) @1 + v3d2) + 5 (v2

3(q1 4 d2) + 5 (G + Gr2)

21 = v2(@)Gr1 + v3dr2 + lilo sin(q2)G1dr1

(Q)Q1‘l + U3(_‘Z1‘2)

214 =

222 ‘=212
23 = 5 (v2(@) @1 + v3d2) + 5 (v2(Q)dr1 + v3Gr2)
224 = X14-

415

Desired trajectory in joint space: solid - joint 1; dash - Joint 2
T T T T T

Position {rad}

I I
05 3.5

Velocity (rad/s)

I
2.5 3.5

Acceleration (rad/sz)

Time (s)

Fig. 2. Desired joint space trajectory.

for the (s + 1)th cycle. Control law (45) decouples the constant
parameters from the time-varying payload, i.e., the adaptation
laws for the constant parameters of the robot are not affected by
the adaptation laws of the time-varying payload, and vice-versa.
Experimental results clearly validate this aspect.

C. Experimental Results

Extensive experiments were conducted using the proposed
adaptive controller. Results from typical experiments are pre-
sented here. The desired trajectory for the robot end-effector is
a circle with a period of 4 s. The desired joint space trajecto-
ries are shown in Fig. 2. Servo sampling rate of 4 ms is used in
the experiments. It takes about ten cycles to fill the vessel with
water. For safety of not spilling the water during the motion of
the robot six cycles for each experiment are used.

Two sets of experiments were conducted: i) pumping water
into the cylindrical vessel, i.e., increasing the mass of the pay-
load and ii) emptying water from the vessel, i.e., decreasing

In the general casé(t) andk;(t) are related by a constanttne mass of the payload. Similar results were obtained for both

T%, that isk;(t) = (1/T%)k(t). Also, notice that the adaptive

pumping water into the vessel and out of the vessel. Figs. 3-8

control law (40) is convenient if several cycles of a periodighow the results.
trajectory are implemepted. Since accumulation of the payloadrqy pumping water into the vessel, the joint errors, the pay-
mass should be taken into account after every cycle, the confggld estimate, and the robot parameters estimates are shown

law can be changed to

7(3) = Yo(q, 4, drs G)00(t) + Wolq, 4, dr, 4)B( — 1)

+ Wl (_Z7 Q7 q?7 q?? )kl( ) - KUPG'UP
B =5; +/k w) dw (45)
where3(0) = 0, k’LO =0, and
211 + @212

WO(Qa Qa (21‘a (J1) = |:

|

andj denotes the cycle index, thatjs= 1 represents the first
cycle, and so on. Notice th@k(j) is updated only once at the

Zo1 + ezoo

in Figs. 3-5, respectively. It should be noticed that pumping
water into the vessel means that the rate of change of the mass
(rp) is positive. Figs. 6-8 give results for pumping water out
of the vessel. The tracking errors for both pump-in (Fig. 3) and
pump-out (Fig. 6) are bounded by about 1/4th of a degree for
joint 1 and 1/2 a degree for joint 2. For the pump-in case, the
true values of the constant robot parameters without any pay-
load arep; = 3.4, p2 = 0.4, andps = 0.3. For the pump-out
case, the vessel is initially filled with water so that the mass of
the payload is about 6.0 kg. Therefore, the true values of the
robot constant parameters including the payloadpare- 4.8,

p2 = 0.9, andps = 0.7. No initial knowledge of; is assumed

in both pump-in and pump-out cases. From Figs. 4 and 7, it can

beginning the cycle. It is the amount of payload added/removbd observed that the payload estimate converges to the true value
in cycle j to the container, which represents a constant paylofa both pump-in and pump-out cases.
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Fig. 11. L, norm of joint position errors (pump-in), with adaption.
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L 0015 ———T———— « Estimation ofk; is independent of the estimation of the

constant robot parameters. We conducted experiments

with no payload (container empty) and with full payload

(container filled with water). The parameter pattern and

the converged values are same as in Figs. 5 and 8.

The water pump does not provide constant flow rate at

all times, and this is reflected in the estimation of the

rate of change of the payload, ifa.. Moreover, since the
time-scaling maps each cycle period to a unit interval, ro-
bustness in payload estimate is obtained; see Figs. 4 and

7.

« Robot parameter estimates are influenced by the desired
acceleration whereas thig estimate is influenced by
the desired velocity. This is due to the form of the
corresponding regressors, i.&u(q, 4, 4, G-) given by
(43), andW1(q, 4, dr, 4, t) given by (44). Notice that

Cycles Cycles Yo(q, 4, ¢, 4-) has elements involving desired accelera-
tion. The elements i (q, ¢, 4., ¢-, t) which have the
desired acceleration term are also multiplied by time

« Experiments were also conducted with typical robot adap-

001}

norm of error1
L2 norm of error2

L

0.005

Fig. 10. L, norm of joint position errors (pump-in, no adaptation).

Figs. 9 and 10 give the joint tracking errors angnorm of the tive control algorithms designed for the constant param-
joint tracking errors for each cycle for a standard passivity-type  eter case, ignoring the time-varying payload mass, hoping
controller without adaptation. Fig. 11 gives the norm of the that the adaptive estimates for constant parameters will
joint tracking errors for the proposed adaptive controller. Com-  pick up the time-varying payload. This was not the case
paring Fig. 10 with Fig. 11, it can be observed thatthenorm and the robot went unstable.
of joint tracking errors keeps increasing after each cycle for a
standard passivity-type controller without adaptation, whereas V. CONCLUSIONS

for the proposed controller it keeps decreasing after each CyC|eThis work focused on design and implementation of an adap-

tive control algorithm for time-varying mechanical systems.
Remarks: First, a dynamic model for time-varying mechanical systems is
» Parameter estimates are influenced by low velocity fricterived based on prior work under the assumption that the gener-
tion at the beginning and the end of each cycle. Also, pealtized constraints are time-invariant but the system parameters
in constant parameter estimates correspond to peaks insigch as masses and payloads are time-varying. Based on this
sired acceleration. Also, notice thiat estimates are af- dynamic model, an adaptive controller is developed assuming
fected at the beginning and end of the cycle. This mdkat the time-varying parameters are linearly parameterized by a
be primarily due to the presence of low-velocity frictiongroup of known bounded time functions and unknown constants.
since in the middle of the cycle where the velocity ig\symptotic stability of the closed-loop system with the proposed
higher, the estimate df; is flat. adaptive controller is shown. An experimental platform that
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mimics filling/pouring operations using robot manipulators wa
designed to test the proposed adaptive controller. Experime
conducted in this paper use a constant rate of change of payl
mass. Hence the time-varying payload linearly depends on tii
and is unbounded. To circumvent this problem a technique

time-scaling, where each cycle of the trajectory is mapped
a unit interval, is proposed. Experimental results validate tl
effectiveness of the proposed adaptive control design. This wE J
has considered a time-varying payload that is linear in timgyngiing processes.
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