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Abstract

In this work, we consider adaptive control of time-
varying mechanical systems. First, we derive the dy-
namics of time-varying mechanical systems under the
assumption that the generalized constraints on the sys-
tem do not depend on time but the system parameters
such as masses and payloads are time-varying. A com-
pact parameterization of the dynamics of the system is
obtained based on the rate of change of parameters be-
ing a polynomial in time. Based on this parameteriza-
tion, adaptation laws for the time-varying parameters
1s proposed. To test the proposed adaptive controllers,
an ezperimental platform consisting of a two-link robot
with a time-varying payload is designed. The designed
experimental platform mimics pouring/filling opera-
tions in industry, where the payload is time-varying.
Ezperimental results demonstrate the effectiveness of
the proposed adaptive control designs.

1 Introduction

Research in the area of trajectory tracking control
of mechanical systems has been widespread. The tra-
jectory tracking control problem of the robot manip-
ulators is an important research topic since many of
the tasks such as material handling, transportation,
part assembly, etc. performed by robot manipulators
involve such a problem. Many control designs exist
in literature that work well with both known and un-
known constant parameters. However, in many sit-
uations, some of the unknown parameters, especially
the mass of the payload or the mass of the links, may
be time-varying. Examples of such operations include
pouring and filling operations. Control algorithms ex-
ist based on the assumption that the the parameters
are constant or slowly time-varying. However, if the
change is significant then the robot dynamic model
for constant parameters cannot be used to describe
the dynamic behavior. Limited work in the area of
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time-varying mechanical systems exists in the liter-
ature. Constrained Lagrangian dynamics of discrete
systems can be found in [1]. In [2], a robust switch-
ing controller is designed for the time-varying param-
eter model of the robot manipulators performing path
tracking tasks. Properties of the element by element
product of matrices is used to isolate the time-varying
parameters from the inertia matrix. A robust adap-
tive control for robot manipulators consisting of slowly
time-varying parameters is presented in [3]. For the
constant parameter case, we refer to [4] for several
adaptive motion control designs that appeared in the
literature.

In this work we first derive a dynamic model for
time-varying mechanical systems. This model is based
on the assumption that the generalized constraints are
independent of time but the payload masses and/or
link masses can be time-varying. We derive adaptive
controllers for the unknown time-varying masses as-
suming that the rate of change of time-varying param-
eters is a polynomial in time. The proposed designs
can be applied to filling/pouring operations in indus-
try. To test the adaptive controller designs we design
an experimental platform to mimic filling/pouring op-
erations. This platform consists of a two-link robot
with a time-varying payload. The time-varying nature
of the payload is obtained by pumping fluid in/out of
a cylindrical vessel carried by the robot manipulator.
Successful experimental results validate the proposed
adaptive designs. To our best knowledge this is the
first attempt in literature to conduct adaptive con-
troller experiments for time-varying payloads.

The rest of the paper is organized as follows. In
Section 2, dynamic model for time-varying mechani-
cal system is derived, and properties of this model are
stated. Adaptive controller designs are given for the
dynamic model in Section 3. In Section 4, experimen-
tal platform is explained and experimental results are
given. Section 5 gives some conclusions and future
research.
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2 Dynamic Modeling of Time-Varying Me-
chanical Systems

In this section we derive the dynamic model for
time-varying mechanical systems utilizing Lagrange’s
equations. The dynamic equations will be different
from the constant parameter case due to the pres-
ence of time-varying masses and payloads in the sys-
tem. Considering the mechanical system consisting of
n particles with m;(t) and ¢;(t) being the mass and
the generalized coordinate of the i-th particle. The
Cartesian coordinate of any arbitrary mass m; can
be expressed in terms of n generalized coordinates as

ri(¢1,92, - ,qn,t), then the velocity is given by
drl 61', p Br,
— 2.1
Z at ( )

The total kinetic energy of the system can be written
as
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Carrying out the expansion, T can be written as the
sum of the three homogeneous functions of the gener-
alized velocities, T' = Ty + T1 + 15, where
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Note that Tp is independent of the generalized veloc-
ities, T3 is linear in the generalized velocities, and T3
is quadratic in the generalized velocities. If the gen-
eralized constraints do not contain time explicitly, i.e.
%_Tci = 0, then T is always a homogeneous quadratic
form in the generalized velocities. See [1] for a de-
tailed explanation of various types of constrained sys-
tems. For serial manipulators, this would imply that
the length of the links should be fixed. Our main as-
sumption is that the generalized constraints do not
contain time but the system masses and payloads are
time-varying, i.e. the time-varying nature of the me-
chanical system is due to time-varying masses and pay-
loads.

The kinetic energy of a mechanical system is
given by K(q,¢,m) = 24TM(g,m), where ¢ =

(a1 @ In ]T is the joint position vector, § €
R™ is the joint velocity vector, m € R! is a vector
of time-varying parameters, and M (g, m) € R**" de-
notes the inertia matrix of the system. Denote the
potential energy of the system as P(g,m). Consider
the Lagrangian of the system,

1
L==¢"
2‘1

Then the dynamic equations of the system using La-
grange’s equations are

M(q,m)G + C(q,q4,m)q + F(g,m)q + g(g,m) =(T )
2.5

where 7 is a vector of external control inputs and
g9(g) = 0P(q,m)/8q. The (k,j) element of the ma-
trices C(g, ¢, m) and F(q,m) are given by

"1 (8My; OMy;  OM;; .
C = : %] + i 1] i}
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Notice that there is an additional term, F(g,m)q, for
the time-varying parameters case when compared to
mechanical system dynamics with constant system pa-
rameters.

2.1 Dynamic Model Properties

In this section, we briefly state the well known prop-
erties of the dynamic model and emphasize the varia-
tions that are obtained due to the additional term in
the time-varying model.

Property 1: The inertia matrix, M(g,m), of the
time-varying system is a symmetric positive definite
matrix. This matrix for all system configurations is
bounded from above and below assuming that m(t) is
bounded.

Property 2: The matrix F(q,m) given by (2.7) of
the time-varying system is a symmetric matrix, which
is a consequence of the symmetry of the inertia ma-
trix. The definiteness of matrix F(g,7) depends on
the sign of m. )
Property 3: The matrix N(q,4,m) = M(qg,m) —
2C(q,q,m) — F(q,m) is skew-symmetric.

Property 4: The dynamic equation (2.5) is linear
in the unknown parameters. This property may be
expressed as

M(q,m)§ + C(q,4,m)g + F(g,m)d + g(a,m)
=Y(q,4,4)¢ (2.8)
where ¢ is the parameter vector and Y (q,q,q) is a

matrix which depends on the joint variables, joint ve-
locities and joint acceleration.
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3 Adaptive Control

In this section, we propose two adaptive techniques
for the time-varying mechanical system. One design is
a passivity type adaptive technique(we call this TV-
PAC) and the other design is a desired compensation
type technique(we call this TVDAC). Let gq4(t) be the
desired trajectory and we assume that gq(t) is twice
continuously differentiable. Let e = ¢(t) - ga(t) be the
joint tracking error, eyp = é+ Ae and e,q = é+Ac(e)e
be the reference velocity error for TVPAC and TV-
DAC, respectively. A is a constant gain and A.(e) is
a time-varying gain given by

Ac )
1+ lenll

Ac(e) = diag (1 " lTexll Yoo

Consider the control laws, 7p for TVPAC and 7p for
TVDAC, given by

TP = YP(qa 4,4y, Qr)q; - Kvpevﬂ (3'1)
D = YD (44, da, a)¢ — Kudeva — Kpe
(3.2)
where ¢, = ¢4 — Ae, K,, K,q4, and K, are positive

gain matrices, q3 is the estimate of ¢, Yp(q,q,dr, Gr),
and Yp(qa, da, §a) are given by

Yp(a,4, 4,46 = M(g,m)d, + C(g,4,m)¢r
+F(g,m)dr +§(am)  (3.3)
Yp(qd, da, Ga)$ = M(ga,m)da + C(ga, da,m)da
+ F(ga,)da + §(ga,m)
(3.4)

where A represents the estimate of A. Consider the
following modification using the linear parameteriza-
tion property,

Y(q’ q.) q)¢ = Yb(qy Qa q)¢0 + Yl (Qa Q) Q)¢1 (t)
+Ya(q,4)¢2(t) (3.5)

where ¢p is a vector of constant parameters of the
system, ¢; is a vector of time-varying parameters of
the system, and ¢ is a vector representing the time
rate of change of @1, i.e. ¢2 = d¢, /dt. Similar to (3.5),
we can write Yp(q, 4, ¢r, G») and Yp(qd, 4a,da) as

Yp(-) = Yop(")do + Yir(-)é1 + Yip(-)ds
(3.6)

Yp() = Yoo (-)¢o + Yin ()1 + Y1D(')<$:;.
3.7)

Now, we assume that the time-varying parameter vec-
tor ¢1(t) has a finite number of non-zero derivatives,
i.e. ¢1(t) is given by

A (t) = kit + kot® + - + knt™ (3.8)

where kj,ks,...,k, are unknown vector constants.
The following theorems give the adaptation laws and
stability of TVPAC and TVDAC:

Theorem 3.1 (TVPAC) Given the control law
(3.1) and the unknown time-varying parameter (3.8),
the following update laws for ki, kz,... ,kn,

ki = -Ih[tYip(-) + Y2P(')]T euwp
kz = -I [t2Ylp(') + 2tY2p(-)]T €yp

knoi = =Tt ["Yap() + (n — 1)t 2Yap()] T eup
kn = “Ta["Yip() +0t" ' Yp()] ey (39)

will result in an asymptotically stable closed-loop sys-
tem.

Theorem 3.2 (TVDAC) Given the control law
(3.2) and the unknown time-varying parameter (3.8),
the following update laws for ki, ks, ... ,kn,

ki = -T1[tYip() + Yap ()] eva
by = -T2 [PYip() +2t¥an ()] e

kot = —Taoa ["Yin() + (0 = D" 2Yan ()] ewa
kn = =Ta[t"Yip() + 6" Yap ()] eua

will result in an asymptotically stable closed-loop sys-
tem.

The proof of theorem (3.1) follows by applying the
standard Lyapunov techniques, and can be found in
[5]. For a proof of theorem (3.2), we refer to [6], which
uses a similar controller but for output feedback case.
Notice that with ¢ (¢) given by (3.8), we obtain

Y1()61(t) + Y2(-)42(2) = [tY1()) + Y2 ())ka + ...
+ [t"YA() + nt" Y2 ()]kn
The following generalization of time-varying param-
eter vector (3.8) also works for the proposed adaptive

designs with a slight change of the adaptation algo-
rithms.

¢1 (t) = klfl(t) + k2f2(t) +-+ knfn(t)

(3.10)
where fi(t), f2(t),..., fn(t) are some known time
functions and kq, ko, ... ,k, are unknown vector con-

stants. Notice that this generalization eliminates the
assumption that the time-varying parameters should
have finite number of non-zero derivatives.
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4 Experiments

The experimental setup consists of a two-degree-of-
freedom direct drive manipulator with a cylindrical
vessel on the end of the second link. A pipe is con-
nected from the top of vessel to a pump either to pump
fluid in or out of the vessel. Pumping of fluid in or out
of the vessel during the motion of robot gives the time
varying nature for the payload. A sketch of the exper-
imental platform is shown in Figure 1.

To Pmpq

Time
Varying
Paylosd

)

Motor 1

Figure 1: Experimental Setup

The two-degree-freedom manipulator is driven by
two direct drive switched reluctance type NSK mo-
tors. The base motor (model 1410) and elbow motor
(model 608) have a maximum rated torque of 245 N-
m and 39.2 N-m, respectively. Sensors for both posi-
tion and velocity measurement are integrated within
each motor, which provide measurement of joint po-
sition and joint velocity. The actuator position of
each link is measured with a 150-pole resolver, which
provides approximately a resolution of 2 arc-seconds.
The analog position signal is processed through a
10-bit resolver to a digital converter that provides
150x1024=153,600 counts per resolution . This gives
a resolution of 0.0000409 radians per encoder counter.
A velocity signal is also available through frequency-
through-voltage converter that provides an analog sig-
nal that is proportional to joint velocity. However, due
to noise, joint velocities used in the experiment were
calculated from the joint position by using first order
finite difference method.

A servo sampling rate of four milli-seconds is used
in the implementation. Also, “torque mode” is chosen
as the operator mode for the NSK motors. Under this
mode, the motors behave like current amplifiers which
produce a motor torque command that is proportional
to the input voltage signal.

The time-varying payload is modeled by a 0.1778
m (7 inches) diameter cylindrical aluminum vessel as
shown in Figure 1. A thick aluminum mount is built
to mount the vessel on the second link of the robot.

The length of the vessel is 0.4064 m (16 inches). So the
vessel has an approximate volume of 37.54 x 107% m2
(615 in®). The working fluid used in our experiment is
water and its density is 998.2 kg/m® at room temper-
ature. So the mass of the payload when the vessel is
full of water is approximately 10 kg. Hence the time-

" varying payload can be varied from 0 kg to 10.0 kg. A

garden pump is used to pump water in or out of the
vessel. A 0.0095 m (3/8 inch) diameter pipe is used
to connect the vessel to the pump which provides ap-
proximately 0.2 kg/s flow rate. A valve mechanism is
designed such that pumping of water in or out can be
done by switching the inlet and outlet of the pump
using the valve mechanism.

4.1 Dynamic Equations of the Two-Link Robot
With Time-Varying Payload

The dynamic equations of the manipulator are given
by

M(q, Mp, Ip)“j +C(q,4, My, Ip)q + F(q,mps jp)q (= T,
4.1)

where g € R? is the joint position vector, m, and I,
are the payload mass and inertia, respectively. The
elements of matrices M(q,my, Ip), C{q,my, Ip), and
F(q,mp, fp) are given as follows:

My = p1+2pzcos(qz) +vi(g2)my(t) + I(t)
Mys = p3+ p2cos(qe) + v2(g2)mp(t) + Ip(t) = Moy
My = ps +vamp(t)+1p(t)
and
. _ | pr (1 +d)pr
C(g,4,mp, Ip) = [ Zdipr 0 ]
and
L oM . oM .
F(q,mp,fp) = gn—;mp + 5[:[,,
vi(ge) walge) | .. 11|
[ va(q2) w3 (e I

where p;,p2,p3 are the coupled parameters of the
robot that contain masses and inertias of the links
and the motors, pr(my,q) = (p2 + lilamy(t)) sin(ge),
v1(g) = 8 +13 + 201> cos(gqz), v2(g) = 13 + lil> cos(ga),
and vz = I3. The dynamics is linear in the unknown
parameters,

M (q,mp, Ip)G + C(g,d, mp, Ip)d + F(g,mp, Ip)d
=Y()¢ (42

Also, Y () can be decomposed to associate with con-
stant parameters and time-varying parameters as

Y ()¢ =Yo()do + Y1(-)¢1 + Ya(-) o2,
(4.3)
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where .¢0 = lplyp2’p3]T’ 6 = [mpa IP]T and 2 =
[y, Ip)T. Since the payload is a cylindrical vessel
of a fixed diameter, the inertia of the payload I, =
mp(R?/2), where R is the radius of the cylindrical
vessel. According to the water pump specifications
the rated flow rate of the pump is linear within the
operating conditions of the pump. This means that
the mass of the payload varies according to

my = ko + Kyt (4.4)

where k¢ represents the unknown constant payload
due to the vessel and k; represents the constant water
flow rate in or out of the vessel. With this m, we can
parameterize Y; (-)¢1 + Ya ()2 as

Yi()¢1 + Ya(-)p2 = Yio (ko + Vi, ()b
4.5)

Notice that Y%, (-) explicitly depends on time ¢ due to
(44).

4.2 Experimental Results

Extensive experiments were conducted using both
the control algorithms, TVPAC and TVDAC, pro-
posed in Section 3. Results from typical experiments
are presented here. Two sets of experiments were con-
ducted, (i) pumping-in water into the cylindrical ves-
sel, i.e., increasing the mass of the payload; (ii) emp-
tying water from the vessel, i.e. decreasing the mass
of the payload. Similar results were obtained for both
pumping water into the vessel and out of the vessel.
In our controller designs, adaptation algorithms do not
assume any knowledge of the payload variations.

107 TVPAC: Joint posion ertor 1 - Pump-in

B 10 5 20 25
Time (sec)

TVPAC: Joint position srror 2 - Pump-in

5 10 15 20 25
Time (sec)

Figure 2: TVPAC - joint errors, pump-in

The joint errors, the payload estimate and the robot
parameters estimates for the TVPAC algorithm are
given in Figures 2, 3, and 4, respectively, for the pump-
ing water into the vessel. It should be noted that the
pumping water into the vessel means that the rate

of change of the mass (1,) is positive. Figures 5, 6
and 7 give results for pumping water out of the ves-
sel. Notice that we assume no knowledge of the initial
payload, i.e. k1(0) = 0. Recall that k; represents the
constant rate of change of mass.

TVPAC: TVMS payload kO+k1°t estimation - Pump-in

o 5 10 15 20 25
Time (sec)

TVPAC: TVMS parameters k1 estimation — Pump—in

o s 1 15 20 25
Time (sec)

Figure 3: TVPAC - payload estimation, pump-in

The desired trajectory for the robot end-effector is
a circle with a period of four seconds. Servo sampling
rate of four milli-seconds 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 we use six cycles for each experiment. The
ky estimate is initialized to zero at the beginning of
every cycle. After every cycle we add a mass of 4k; kg
to ko. The top graphs of Figures 4 and 6 show the esti-
mate of the payload mass for pump-in and pump-out
operations, respectively. The payload estimate con-
verges to its true value in both cases. Initial estimates
of the constant robot parameters are assumed to be
about 50adaptation gain values for both pump-in and
pump-out operations were chosen to be exactly same.
Similar results were obtained with the TVDAC algo-
rithm. These are not shown due to lack of space.

Remarks:

e Parameters estimates are influenced by low ve-
locity friction at the beginning and the end of
each cycle. Also, peaks in constant parameter
estimates correspond to peaks in desired accel-
eration.

e Each cycle period is mapped to a unit time inter-
val, i.e. [0,1], and this scaled time is used in the
regressor Yk, (-) instead of absolute time . This
is crucial to the stability of the algorithms dur-
ing implementation, which is may not be clear
from the theoretical analysis. This aspect will
be explored in future research.

e We have also conducted experiments with typi-
cal robot adaptive control algorithms designed
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for the constant parameter case, ignoring the
time-varying payload mass, hoping that the
adaptive estimates for constant parameters will
pick up the time-varying payload. This was not
the case and the robot went unstable.

TVPAC: Robot parameter estimations - Pump-in
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Figure 4: TVPAC - parameter estimation, pump-in

10 TVPAC: Joint position error 1 - Pump-—in

] 5 10 15 20 25
Time (sec)

TVPAC: Joint position eror 2 - Pump-in

o 5 10 15 20 25
Time (sec)

Figure 5: TVPAC - joint errors, pump-out

5 Conclusions

Adaptive control designs for time-varying mechan-
ical systems are proposed based on the model devel-
oped for the time-varying parameter case. An exper-
imental platform that mimics filling/pouring opera-
tions using robot manipulators has been designed to
test the proposed adaptive controller designs. Exper-
imental results validate the effectiveness of the pro-
posed adaptive control designs. The experiments con-
ducted in this paper use linear rate of change of pay-
load mass. Our future research in this area will focus
on different rates of change of payload mass.
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TVPAC: TVMS parameters k1 estimation ~ Pump-in
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Figure 6: TVPAC - payload estimation, pump-out

TVPAC: Robot parameter estimations - Pump-in
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Figure 7: TVPAC - parameter estimation, pump-out
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