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Robust Nonlinear Decentralized Control of Robot

Manipulators

I. INTRODUCTION

The highly nonlinear dynamics and the joints interaction that
characterize Robotic Manipulators, and especially the difficulties that these
features embody in the control design, have received the attention of many
researches during the last two decades. In the past, robot applications were
rather elementary, and linear control procedures were widely used [9],[17],
because of the fact that the coupling effects between joints due to Coriolis,
centripetal, and gravitational forces for slow speed motion with high gear ratios

do not appear to affect drastically the dynamics of the manipulator.

This decoupling-like dynamic property of manipulators when acting at
slow speed has also been used in most of the work available today concerning
the application of adaptive theory to solve the problem of robustness in robotic
control [8],[14],[21]; which indeed, has been characterized by the use of
perturbation theory to obtain suitable linear models and, therefore, apply
adapfive concepts originally derived for linear systems. The common drawback,
though, is that to obtain the control law and the adaptation scheme, it is
assumed a time invariant inertia matrix, making it difficult to ensure robustness
to unmodelled dynamics. One of the latest applications of adaptive control to
manipulators that investigates time variations of the inertia matrix can be found

in [18].

These previous control strategies started to fail when, later on, high
performance tasks demanding characteristics such as precise trajectory tracking,

high speed response for fast trajectories, global asymptotic stability,
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computational-time efficiency and robustness against unmodelled dynamics and
unknown disturbance became part of the robot specifications. Moreover, the use
of direct-drive actuators and the lack of high gear ratios demanded new control
schemes that would take into account the nonlinearities of the manipulator

dynamics [18].

In pursuing this high performance, researches have applied control
methods such as Variable Structure Control, Adaptive Control, Computed
Torque, and Lyapunov theory. In most of the cases, these technics are employed
in conjunction with nonlinear cancellation methods (see for instance [15]),
where the basic idea is to cancel the nonlinear part of the dynamical
performance of the particular manipulator, and use a better known control
theory to solve the tracking problem for the resulting linear system. The main
drawback in this case is that it is commonly assumed that the mathematical
model of the plant is precisely known. Although, mathematical models for
robotics can be, in most of the cases, well specified by a rich robotic modelling
theory [2], exact information of the model parameters, task specifications, and
the environment the manipulator is to work in, are not always perfectly known.
Payload Variations, for instance, in picking up or dropping actions may vary
the inertia matrix substantially.

With few recent exceptions, these concepts have been applied to obtain
centralized algorithms, that is, considering the robot as one system.
Consequently, complex, and in some cases even impractical control laws have
resulted. Recently, some authors [4], [10], [12]-[14], [19], [20], [22] have
obtained rather simple control laws by considering the manipulator as a set of
interconnected subsystems where each joint is controlled independently and the
coupling effects of one joint on the others are treated as perturbations. This
approach has been named "Decentralized Control" or "Independent Joint

Control". Some of the characteristics that make this new method appealing to



control designers are:

1. Due to its decentralized structure, it can be implemented by a parallel

processing architecture.

2, Not being a model-based control, it is robust to a wide range of
uncertainties such as time-varying parameters, unmodelled dynamics and

external perturbations.

3. In contrast to stochastic approaches, no statistics of the uncertainties are

required, but only the bounds of a set to which the uncertainties belong.

4, Contrary to centralized control, it is possible to design and adjust the
control parameters based on specific representation of joint coupling effects,

joint actuator limitations and joint motion objective,

In this thesis, we present a decentralized scheme based on the application
of Lyapunov stability theory and some ideas of Variable Structure Theory. The
idea appears to have been originally conceived by G. Leitmann, M. Corless and
J. Martin [7]. Other related work can be found in [3] and [S]. Here we prove
that this theory can be extended to design robust decentralized control of
manipulators with very satisfactory results, according to the desired

characteristics enumerated above.

In a standard application of Variable Structure Control, the system states
are driven to a switching surface, containing the manipulator trajectories. Once
the states cross this surface, the system remains within a sliding mode which
makes it insensitive to parameter variations and external disturbances [1]. The

main disadvantage of this approach becomes evident when we look at the control
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action, which virtually oscillates at infinite frequency, producing then an
undesirable chattering effect [2] and the possibility of exciting high frequency

resonant modes.

In this work, the chattering problem is overcome by ensuring asymptotic
convergence to a neighborhood of the equilibrium state, rather than requiring
the same stability of the equilibrium point itself. Therefore, we obtain a set of
controllers which guarantee global ultimate asymptotic stability within some
arbitrarily small neighborhood of the equilibrium state. Moreover, the
synthesized control law is continuous in the states which makes possible its

physical realizability.

Our approach can also be viewed as a modified Linear Multivariable
Approach (LMA) according to [1], where no exact linearization of the robot is

needed. That is, in LMA the globally linearized error system given by

z =1z 3]
%, =474,
5 =1

. 01 1
Z = +| v
00 0
v = MPQIT - UO]
is utilized to find v , usually a linear control, such that some specified closed

loop performance can be achieved. However, due to the presence of the

uncertainty elements in M(-) and U(-), it is impossible to cancel precisely the
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nonlinear terms. Some authors [1], [8], [21] employ adaptive methods and
identification algorithms in either centralized or decentralized structures to
obtain the estimates of these matrices, but again, giving rise to drawbacks such
as lack of robustness when fast trajectory tracking are required, in which
unknown parameters in M and U are no longer slow time varying, and high

computational complexity.

In the approach discussed here, we do not need estimation algorithms.
Moreover, since it is not a model-based control, we do not have to worry about
matching a exact linearized model. The only information that is required is the

knowledge of the possible size of the uncertainties.

This work is organized as follows: Chapter 1l contains a brief account
of the manipulator dynamics. Chapter III includes the derivation of the robust
nonlinear decentralized control. It also includes a Stability analysis of the
composite system. In chapter IV, control laws for a two-link robot manipulator
are derived and some simulations results of the closed loop system are shown.

Finally, in chapter V some conclusions are drawn and open problems are stated.



I1I. MANIPULATOR DYNAMICS

By using the Lagrange-Euler equation [17], the dynamics of a multiple
link manipulator can be represented by the second order nonlinear vector

differential equation

M(t,q,w)ﬁ + U(t’quyw) =T, 1D

where

q(t): § — R* is the joint angular position vector.

M(+): Rx%"xR' — R™» is the positive definite inertia matrix.

U(-): RxR°xR°xR! — R* contains Coriolis and centrifugal torques as well as
gravity loading and frictional torques.

w ¢ R is a vector of uncertainties such as unknown constant or time varying
parameters and inputs. It is assumed that these perturbations belong to a closed

bounded set.

T ¢ R is a vector of control inputs.

The system modelled by (1) can also be viewed as a collection of n

second-order subsystems of the form

mﬁ(t’q’w)q.i + u,-(t,q,q.,iye) =T, i =12..m, @)

» 3

u(6,9,4,d:%) =Y, mtgwi® + Ulta.4,»),
i=1
inj
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thus, m;(-) is the varying effective inertia seen at the i™ joint and uy(-) is a
scalar function that accounts for torques from the interaction of joint i with the

others.

For our purpose, all information coming from other subsystems will be

considered as perturbations at subsystem i. That is, {, g, dp q‘j} av €V are

perturbation variables for subsystem j=j

Let’s now obtain a state model representation for subsystem (2)

Define
x = [q,' qi]T @)
and
Gltgw) & m; (ta,w) ®
(6)

h(t,0,4,d%) & —m; tq,w)ut,g,4,G:W),

where m'lii(-) exists due to the positive definiteness of M(-). Then (2) can be

written as

% = Ax + Blh(txy) + GltxWTI, Y
e fiexv, D),

where



0
00




II1. ROBUST NONLINEAR DECENTRALIZED CONTROL OF ROBOT
MANIPULATORS

This chapter contains the description of the control design objectives in
terms of some suitable stability criterion, general sufficient conditions to attain
these objectives, and the synthesis of a control law satisfying the conditions for

that desired stability.

Problem Statement

It is our goal to design controllers T, = p (tx):RxR*-R% for each

subsystem (7), using only that information realistically available at the

subsystem, e.g., joint position and velocity, so that the local state vector x(t)
asymptotically tracks some desired state motion x (t) € ®2 within an
arbitrarily small constant d, according to definition 1 below. Furthermore, to

facilitate physical realizability of the controller, the function T = p(f,x) isto

be continuous with respect to the state.

Definition 1: x(t) asymptotically tracks x (t) to within d if and only if the error
state model (8) defined by

2(0) = x(® - x,(0)

i = fez@+x,Om,T) - (0 a Ftz@®)m,D) )
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is "globally uniformly ultimately bounded" with respect to a set S ¢ 2 whose

Euclidean norm || S| < d. Hence, the system (8) must have the following

properties:

i. For each uncertainty realization v ¢ v, for each t.€R, zoefﬁz, there

exists a solution to (8) defined as z(t);[to,tl)._)j{z, t, 2 t,z(t) =z,

ii. For any real number ¢ > 0, there exists a real number d(é) > 0 such
that, for any solution z(t), with z(t,) = z,and || z,| < ,then | z(t) | < d(J)
for all te[t,t,).

iii. For each zZ, € %2, , there exists a real number s(z,,S) > 0 such that,

for all z(t) solution to (4) and with z(t)) = z,, then z(t) € S for all
t 2 t, + o(z,S). Thus, || z(t) || < d for all
t 2 t, + o(z,,d).

Assumptions

The following properties are to be satisfied in order to sufficiently show

the existence of a class of controls previously described.

i. For each v € V, G(-,v) and h(-,v) are continuous functions. This is a

sufficient condition for existence of solution to system (7).

ii. There exist continuous bounding functions g , B,, B, such that
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|h(t.q,4,G,w) | < By(t.g0d) = B,(6:X), 9)
IG(6g:w)| < By(tg) = B,@), (10)
(11)

min  G(t,q,w) > B,(6g) = B,(&x) > 0.
allveV

iii. The state reference x(t) € C. Then by defining

T,() 2 4,0,

T,(t) is a continuous function and a reference model for each subsystem can be

written as

i(® = Ax, () + BT,(0), (12)

with A and B as in (7).

Notice that assumptions i and iii together guarantee existence of a

solution to (8).

Remark 1. Based on physical limitations of every robotic mechanism, it is
possible to assume the existence of positive constants C, and C, for each joint,

such that
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Iq.1| < Cvj j = 1,...,",

|q'j | S Caj j = 1,...," .

Remark 2. For a revolute joint, q appears in M(.) and U(-) only as argument

of either sines or cosines; therefore, the perturbations due to g; at joint i are

always bounded for j = L..,n, i = L..,n, j#

Remark 3. For a prismatic joint, the joint variable is a linear displacement
which can also be assumed to be physically constrained. That is, if d is the
displacement, there exists a positive real constant C, so that |d | < C, for

every prismatic joint.
From these remarks and also by taking into account that w belongs to a

closed bounded set W by assumption, then V is also a closed bounded set; hence,

there exist bounding functions g (t,x), f,(t,x) and B,(tx) that satisfy (9)-(11).

Theorem 1. Sufficient Conditions for Stability

Assume there exist symmetric, positive-definite matrices P,Q ¢ £*¢ and
non-negative real numbers a, b, ¢, a>0, such that V(z) = z'Pz is a Lyapunov

function for the error model (8)

z = F(tzy,I), ®

with
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z'PF(tz,yv,T) < —anzﬂ? + bk, + ¢, (13)

forall t e R, z e %%, and v € V,
where ki, = zT Q .

Then (¢(s),4(») asymptotically tracks (4,(0,4,(9)

14

[A'max(o-lp) r (14)
= d,,
X in(P) I ¢

within a tolerance d given by

where

do . [_b+(b2+4“)1f2] . (15)
| 2a

Loosely speaking, we then want to design a continuous control law T(t,x)
such that (13) is satisfied. Also, we would like that b and ¢ be chosen arbitrarily

so that d is arbitrary too.

Proof: We obtain a set for which asymptotic stability in the sense of Lyapunov

is guaranteed.

Assume

V(z) = z7Pz,
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V(z) = 2z7P; = 2z TPF(tz,v,T).

Assuming also that (13) holds, then

V(o) < 2[-akly + bkl, + c]

and V(z) is negative definite for all ¢t > ¢ if

kl, > d, (16)

i

with d,, defined by (15). Inequality (16) implies that

z TQP-II)Z S dé’

or Ay (QP D2 TPz > df,
or 2Pz > [A QP HId2 = A (0 P2,
Hence,

V@) > A, (Q7P)dy,
2T, Pz > A (Q7Pd),

A_.(@7'P)
7%z > L__dé,

hia®)
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and
A @]

Therefore, for | z(t) | > d, the error model (8) is asymptotically stable in
Lyapunov sense and, therefore, [¢(s) -¢,(9, 4(0-4,(0] asymptotically converges

to a set S whose norm || S| < d.

Feedback Control Synthesis
A feedback control law for joint i is proposed here, which will be shown
to satisfy theorem 1 and so it achieves the requirements proposed in the problem

statement.

From (7), (8), and (12), we obtain

V@) = 2z TPF(tz,v,T), 7
V(z) = 2zTP[Az + B(h(9 + GOT - T)].
Let the control T(t,x) be of the form
T = p°(tx) + p°(t,x) + p°(t,x). (18)

Then the closed loop error model can be written as
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i = Az + BGOp*(tx) + Ble() + GOp ¢:0)], (19)

where e(tx,v) = h(:) - T, + G(-)p°(t,x) (20)

Construction of p°(t,x)

Let p°(+):RxR?>>R be any continuous function. It can be chosen to reduce

the effect of e(-) in the system (19). Thus, choose p° to reduce | e(-) |.

Construction of p°(t,x)
We choose p°(t,x) so that the system

i = Az + BG(tg,w)p (%) 210

is globally asymptotically stable with respect to zero for all v € V. To be able to

apply theorem 1, we must find positive definite symmetric matrices P, Qe ®?°

and p*(t,x) such that, for V(z) = z'Pz, the following inequality is satisfied

_Y;_’_Z_)_ =zTP[Az + BG(t,q,w)p°] < —IZIZQ
or zTPAz7 + ZTPBG(')ps + ZTQZ <0, (22)

Lemma 1. For any symmetric positive definite matrix Q, any Real positive
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constant ¢ > 0, and any continuous function I'(t,x) which satisfies

T(x) > o(min,,.,Glgw)™, (23)

there exists a symmetric positive definite matrix P, solution of the algebraic

Riccati equation (24)
PA + ATP - 20PBB™P + 2Q = 0 24)
such that with
P(tx) = - T(t,x)B Pz « (25)
equation (22) is satisfied.
Notice that assumption ii guarantees the existence of the function I'(t,x),
and that since the pair (A,B) is controllable the existence of matrix P is

guaranteed.

Proof: Let p’(t,x) = -I'(t,x)BTPz, with I'(t,x) a continuous function satisfying
(23). The left hand side of equation (22) becomes

2TPAz - z7 PBG(t,q,w)T(t,x)B Pz + z7Qz
< zTPA7 - zTPBoB TPz + 7 7Qx.

Choose P for the critical case when
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zTPA7 - zTPBoB*Pz + 77Qz = 0,

then,
%zT[PA + A™Plz - oz"PBBTP; + z7Qz = 0,
or zTPAz + zTATP; - 20z TPBB"Pz + 2770z = 0,
which must be satisfied for all z¢32 . Consequently, P can be obtained by solving
PA + AP - 20PBB'P + 2Q = 0.

Using this matrix P and the function I'(t,x) as defined in (23), we obtain

the desired stability of (21), that is

z'PAz + z'PBG(-)p* + z'Qz < 0.

Construction of p°(t,x)

The control p°(t,x) is designed to overcome any destabilizing effect from

the term e(t,x,v) in (19). Hence, p°(t,x) is chosen so that

Z'PB [e(t,x,v) + G(Lgw) p°(tx)] < € (26)

forall t ¢ %, x e R%, v € V.

Lemma 2. Assume p and k are any two continuous functions satisfying



p(tx) 2 (miny, ,G(t,g,w)™? |etx,v) ],

k(tx) = |e@tx,y)| forall veV.

Let §¢(.):R—»R be any continuous function which satisfies

MISsm) = |S¢(n)|n

and for any € > 0,

In|>0 = |Sm)| 21 - [n|"e forall nes.

Then the control

pe@tx) = —p(tx) S(k(tx)B7Pz)

with z = x - x, guarantees the satisfaction of inequality (26).

Proof: Let

« & BTP;

L a z"PBle() + G()p‘(tx)]
= ae() + aG)p(tx).

19
@7

(28)

(29)

(30)

(1)



Assume

pe@tx) = —p(tx) S(k(tx)B "Pz)

thus,

PO = -pS<(ka).

Assume | ka | > 0, then from (29)

Sé(ka)

(k| |SE(ka)| ka
la | |Ska)] «

and

aGp¢ = —aGpSe()
-pla|?|S¢() |aGa

-ple|?|$0)| G
< -pla] |S0)|G

< -p |e| |S¢() | min_, , G(t,q,w).

If we now use (27), we get

aGp® < - le| |a| [S<C-

Applying (30), results in

20
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aGp* < -le| || + |e] || [ka|™e

and from (28)

aGp® < —|e| |a] + e

Therefore,

L aae +aGp® <e

or zTPB[e + Gp*] < e.

In case Ka = 0, from (29), and taking into account that S¢(n) isa
continuous function, we obtain §<(0) = 0 . Hence, p°(t,x) = 0, which implies

L < |a]le} > thus, L < k|a| = 0 and consequently, (26) holds.

Applying the control laws previously defined for subsystem (19) and

choosing V(z) = z'Pz as a Lyapunov function, we then obtain that

2TPF(tzy,T) < -kl + € 32)

and by theorem 1, with a=1,b=0 and c¢= ¢ , that the desired tracking, as stated

in the problem statement, is achieved.
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Composite System Stability
The stability of the composite system is based also on Lyapunov theory
and consists of constructing a Lyapunov function as the sum of the ones used
for each subsystem whose time derivative is proven to be negative definite to
within some tolerance when evaluated on the error state trajectories of the

respective composite error system.

The composite system is obtained by defining the following vectors [20]

X® & [954,9p 959wl >
X0 21q,,4,4,,4,,w4, 4,1
Z@) o X0 - X0,

A & diag(A), B 2 diag(B),
T & [Ty T,)7,

G() & diag(G()),

H a [hl,...,hn]T,

w & [wyew,17,

D & [dye.d],
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d e h() + GOT, - T,  i=1lu.n,

D = HO + GOT - T,

then, the composite error system can be written as

Z@® = AZ@®) + BD. (33)

From the assumptions made for each subsystem, each of the components

of the vector H and matrix G is bounded. Therefore, there exist continuous

functions Bo’ Bv Ez such that

IHEX, W) < B,6X),
IGeX,w)] < B,&X),
A owin GBXW) > B,1,X)>0,
all weW )

for all teR, XeR*™ and weW -

Defining a new Lyapunov function for the composite system (33) as

n (34)
vz =Y. 2Pz,
i=1

then from (32) we obtain
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. » 35)
VZ) <Y -IZ] + €,

i=1
where

Z,' = [q,' - q,‘ ’ qi - q‘,‘]T

and P, satisfies (24) for each joint i= 1, .., n
Therefore, theorem 1 can be applied to the composite system to show that it is

globally asymptotically stable within a tolerance d given by

36
[Alm(o_lp) r (36)
d = ——] dy,

with d, given by

and P = diag (P), Q = diag (Q).
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IV. SIMULATION OF DECENTRALIZED CONTROL OF TWO-LINK
PUMA 560 ROBOT MANIPULATOR

We apply the concept previously developed to a two-link manipulator

depicted in figure 1, [20] and mathematically described by

T = M(g)j + Nig,g) + G(g) + H(G) 37)
+ mJ T(QU@)§ + J(g,d)d + gl,

a
a,+a,cos(q,) a, +?2cos (q)

M(g) = ’
a
ay+—-cos(q;) a
. .. 4
-asin(g;)(dyd, + —-
N (q’q.) = .2 4
. 4
a,sin(q,)—
a,c0s(g,) + ascos(g, +q,)
Glg) =
ascos(q, +q,)

H(g) =

Vg, + V,sgn(q,)
Vi, + V,sgn(g)!|

~1;sin(g,) L sin(g; +q;) -I,sin(g,+q,)

J (q) = ’
l,cos(q,) +l,c0s(q, +q,) Lcos(q,+q,)
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Jo
& = los1/

~1,c0s(g,)§; -1,c05(q,,)4;, ‘12005(912)412]
’

Jad= . . .
’ [-llsm(ql)ql—lzsm(qu)q12 -1,sin(q,,)4,,

4y Aql t 4,

4u Adl +q.z~

Figure 1 Two-link manipulator

In this example we consider m, V,, V,, V., V,, as part of the uncertain elements

with the following given bounds

me [0, m_,],

Vi € [Vmin’ Vmax] i= 19"‘94'

From (37) we obtain the scalar equations for each joint as
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. 38
T, =M, + mJj + 1221)]‘11 >
+ [M12 + m(JuJu + 121‘,22)]&2
+ Ny+mlUyyJy + Ty, + Uy 1+ 0 )4
+ Gy + 9.81mJ,, + H,,
& 1, g, + ug.
(39)

T, =M, + "’(-’122+ +Jzzz)]52
+ [My, + mUyJ,, + T4,

+ N, + m[(szju*erizl)dl+(Jujn+eri22)q2] '
+ G, + 9.81mJ,, + H,,

& Mg, + u,.

The following relatinships can be verified

J121 + 1221 < (ll + 12)2’
Ty + ) < + 1540,

. : I . .
Jidu Iy < (71 + 2L + 122) l4,] + @1, + 122) 4,15

Jujlz + J21j21 < L5LL (14, + 14,15

Jopdyy + Jyidy < 1501041,
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2 2
Jiz +Jz =1,

Juju + Jzzjzz =0,

m, <a +a, + (1 +1)m

max?

m 2a -a,>0,

Py 12
m, < &My

m, > a; > 0.

The numerical values for the manipulator parameters are

a, = 3.82, a, = 2.12, a, = 0.71, a, = 81.82, a, = 24.06,
11.36kg, m_, = 10kg,
L, = 1, = 0.432m,
Vimex = Vamae = 1 Nt m/rad s7,
V. =V = 1 Nt m.

2max 4max

m, = 15.91kg, m,

For these parametric values, it can be proven that

u, < 7364,| + 6.532(4,|F + (8.653)|d,| + 1)|d,] (40)

+3.3|4,|* + 124.2|cosq,| + 67.44 & u,_,

. . e > 41
u, < 2.237|q1| + I-MISIHQ2| lq1 I2 +2.8 |q1 |2 “h

+67.44 + |g,| e u,, .
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Assume for joint 1 that ld,] < C%, l4,1 < C, > and for joint 2 that
V2

|‘11| < Ca1 , |ql| < CV: where Caz’ C"z’ Cal’ C"l are real positive constant given

by the manipulator physical constrains.
Then the control functions for joint 1 can be chosen as follows
(42)

P°0) = -13.410,(p;,2, + P2

P
where P & E“ | solves (24) and o, > 0.

12 P2

(43)

-pS[kBTPz],

—pS (k(Py,z, + Ppzy),

petx)

where S¢(+) satisfies (30). From (20),

k() > letxy)],
letxw)| = |R(-T, + G()p°(I],
< [RO| + [-T, + GOPp°O|.

Since
a -1
h(.) = _ml ul,

GO = m,

then
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leO| s | 'u | + |-T, + i p°]|
< max(i;) |uy| + |-T,+m; ' p°|

= (min ) ju,| + |-T,+m; p°|.

Let
. 44
p°() am T, 44
where
A 1 A -1 o ron ~I\\7-1
m, e [—2—(max(m1 ) + min(d, ))]
T = §,()
and let
- 4
k(tx) & (minsm,)u, + |-T, + min(h, 1)n‘zloTrl “5)
= 059z, + .79|T|.
To satisfy (20) let
(46)

p() & (max 1) %k() = 13.4k().

Then the control law for joint 1 is
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T,(tx) =p°() +p() +p°0)

with p° p%, and p°, given by (44), (43) and (42) respectively.

The control law for joint 2 is obtained in a similar way, that is

° 5 47
p,0) = mon'z’ 47)
o 1 A -1 3 a -1 -1
m, & [E(max(m2 ) + min(m, )]7,
sz = q.rz(t),
; ' 48
pz(') = ‘1.86602(P122z12 + P222z22)’ 02>0 ( )
k() = 1.43u,,, + 453,
p,(9 = 1.866k,(),
(49)

Pze(') = P2(°)k2(')sze(k2(')(P122z12 + Pzzzzzz))9

where

Py, Py
BE=lp p
1, T2,

solves (24) for some symmetric positive definite matrix Q, and o, > 0, and u,

is given by (41).
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In both equations (43) and (48) the function S¢(#) is chosen as S¢(g) =
(|m| + o'y, which satisfies conditions (29) and (30).

Simulation Results

In the following simulations, the manipulator is to track these reference

signals

t € [0,3](sec).

The design parameters are adjusted to the following values.

b _[F70 201
12~ 1501 .532

The boundary values for velocity and acceleration of each of the joints are

assumed as follows

12 sec



33

However, it is important to point out that these variables are not restricted to

these bounds during the simulations.

The control variables (torquel and torque2), position error, and velocity
error shown in the following plots are given in Newton.meters, radians, and

radians/sec.

Simulation 1. A constant mass of 5§ kg is considered in this case. Figures 2 and
3 show the respective joint tracking of the desired trajectories, the tracking

errors and the control action required by each joint.

0 x1(1) ref1(t) ‘s x2{t) ref2(t)

-0.5 1
ot 0.5
1.5 g

L4 T 1 1 T 1

u] 1 2 3 0 1 2 3

torquei(t 50 torque2(t)

100 40
30
50 20
10
o 0]

T T 1 T T 1

0 1 2 3 0 1

Figure 2. Simulation 1. Tracking results using a constant
payload of § kg.
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8] pos error 1 o pos error 2
1.E-3
2. E-3
2.E-3
4.E-3 -3.E-3
4. E-3
6 .E-3
T T T
o] 1 2 3 o] 1 2 3
2.E-3 vel. error 1 ’ vel. error 2
5.E-3
0
2.E-3 2}
4. E-3
6.E-3 5.E-3
T 1 T
9] 1 2 3 c 4 2 3

Figure 3. Tracking errors from simulation 1.

Simulation 2. In this simulation the initial state of joint 1 differs from the one

given by the reference as follows

x () = [-1.5708, 0]  =x(z) = [-1, 0].

The convergence of the error model of each subsystems becomes more

noticeable in this case as it is shown in figures 4 and 5.



0 x1{1) refi(t)

torquel(t)

- 100

-200

-300

x2(t) ref2(t)

S0

40

30

20

T T

torque2(t)

w

Figure 3. Simulation 2. Mismatch in initial conditions.

0.6 pos. error 1
0.4
0.2
0
T T 1
0 1 2 3
[s) vel error 1
0.5
-1
1.5
-2 T T 1
0 1 2 3

-0.02

.04

pos. error 2

0B

w4

w4

Figure 5. Tracking errors from simulation 2.
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Simulation 3. In the subséquent simulation, the mass of the payload is

changed from § kg to 0 at t=1.5sec., as in the case of an end-effector dropping

the payload. Simulation results are illustrated in figures 6 and 7.

o x1(t) reft{t)

T T 1
1] 1 2 3

torquet(t) 50
100
40
30

50 20

x2(1) ref2(t)

T
1

torque2(t)

T
2

Figure 6. Simulation 3. Payload of 5 kg is dropped at t = 1.5

sec.

Simulation 4. Another interesting situation is the case in which the mass of the

payload varies linearly with time according to

m

5
=t +5 (kg
3 (kg.)

That is the case, for instance, when the end-effector pours its payload

throughout the reference trajectory.



o pos. error 1 Is] pos error 2
E-3
2. E-3
LE-3
4.E-3 E-3
E-3
6. E-3 . . , v v 1
o] ki 2 3 0 1 2 3
vel error 1 ve | error 2
S.E-3
E-3
0
5.E-3 E-3
T T Al T T 1
0 1 2 3 D 1 2
. . . .
Figure 7. Tracking errors from simulation 3.
[s} x1(t) ref1(t) x2(1) ret2(t)
0.5 ’
o1 s
1.5
T T 1 0 T T L}
4] 1 2 3 2 3
100 torquei(t 40 torque2(t)
30
50 20
10
o] 0
T T 1 T T 1
D Al 2 3 2 3

Figure 8. Simulation 4. Time varying payload.
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Figures 8 and 9 show how the tracking is hardly affected by the time varying

nature of the payload.

o pos. error 1 fu] pos. error 2

T T 1 T T )
s} 1 2 3 o] 1 2 3

vel. error 1 vel. error 2

[e]
n
w
o
N
w

Figure 9. Tracking errors from simulation 4.

Simulation 5. We now consider a combination of perturbations. The initial state
of the manipulator are set as for simulation 2, and we let also the payload be
time varying as in the previous case. The simulation results are illustrated in

figures 10 and 11.

Simulation 6. To illustrate the robustness of the closed loop system to the
unknown viscous and Coulomb friction coefficients V1, V2, V3, and V4, we would

let these parameters have any constant values within the bounds



0 x1{t) refi(t)

0.5
-1
1.5

T T N

3] 1 2 3

torquei(t)

100
0
-100
-200
-300

T T 1

0 1 2 3

40

30

29

x2(1) ref2(t)

T T 1

4 3
torque2(t)

= N Y

1 2 3

Figure 10. Simulation 5. Mismatch in IC. and time varying

payload

pos. error 1

wJ

w4

.02

.04

08

pos. error 2

1 2 3
vel error 2

T T 1

4 2 3

Figure 11. Tracking errors from simulation 5
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assumed to derive the controller. However, in this simulation, these parameters
are set as random variables with normal distribution, mean .5, and standard
deviation equal to .1666. Although, random friction coefficients do not occur in
most real situations, by assuming so, we account for most real cases in this
regard. The smoothness of the control action is degraded by doing so though, as
can be observed in figure 11. Figures 12 and 13 show the respective errors and
the values of the friction coefficients during the simulation. The payload m is set

to a constant value of 5 kg.

o] x1(1) reti{t) s x2(t) ref2(1)

Y T 1 T T 1
Qo 1 2 3 o] 1 2 3
torquei(t 50 torque2(1t)

100 40
30

S0 20

Figure 12 Simulation 6. Random friction coefficients.
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error 0.01 . error 2’
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Figure 13. Tracking errors from simulation 6.
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™
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w

vigt) 0.8,V3(t)
0.8
0.6
0.6
0.4
0.4
0.2
0.2
T t "
o 1 2 3 0 3 . 2 3
va(1) va(t)
0.8 0.8 (
0.6
0.6
0.4
0.4
6.2
0.2
T T 1 0 T T 1
0 Al 2 3 2 3

Figure 14. Viscous and Coulomb friction coefficients used in
simulation 6.




an example the following simulation.

15.0179 1.1147
P, =

1.1147 2126

6, =10, o, =10, ¢ =53, ¢=50.

D. x1(1) refi(t) x2(1) ref2(t)

-0.5

w
o

0 1 2 1 2

w

torquet(t) 50, torque2(t)

100 40

S50 20

o
~
w
=)
~
w

Figure 15. Simulation 7. Simulation 6 with controller

parameters given by (50).

42

The controller design parameters for all the previous simulations were the
same, thus reassuring in this way the robustness of this control scheme. It is
important to note that the control effort, the smoothness of the control action
and the magnitude of the tracking errors could be improved if these controller

parameters were properly adjusted for each one of the simulations. Consider as

Simulation 7. In this instance, we simulate the same situation as described in
simulation 6, however, we now adjust the parameters of the controller to the
following values so that the tracking errors are smaller in magnitude (see figures

15 and 16).

(50)



o] pos. error 1t Q pos. error 2
S. E-4 1.E-3
1. E-3 -2.E-3
1.5E-3 3.E-3
T T 1 T T 1
0 1 2 3 0 1 2 3
1.E-3 vel. error 4 vel. error 2
4.E-3
0 2.E-3
¢]
1.E-3
2.E-3
2 E-3 4.E-3
T T 1 T T 1
o 1 2 3 o 1 2 3

Figure 16. Tracking errors from simulation 7.
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V. CONCLUSIONS

By means of Lyapunbv theory, and by taking advantage of physical
constraints, such as limited velocity and acceleration, of every real manipulator,
we obtained a continuous nonlinear decentralized controller for which
perturbation bounds and joint position and velocity is the only knowledge
required to drive the joint position and velocity to desired reference trajectories

within an arbitrary small error.

The control law obtained is composed of three parts, one defined as an
arbitrary continuous function, another defined to overcome any possible
instability effect due to the perturbation variables present in the inertia matrix.
The third part ensures stability against perturbations from both the inertia

matrix and the coupling terms among joints.

The scheme considers the coupling effects among joints as perturbations
and accounts for any model uncertainty or external disturbance, thus ensuring
its robustness. Moreover, the designed controller is also memoryless and

computationally very simple.

The control scheme obtained in this work, guarantees physical
realizability through continuous feedback control laws and offers design

flexibility through parameter adjustment.
In contrast to a centralized structure, the controller can be designed and
adjusted according to the specific joint dynamics, joint actuator limitations and

joint task specifications optimizing the control effort at each joint.

Simulations employing a two-link manipulator shows the simplicity and
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efficiency of the controller when a fast reference trajectory is to be tracked by
the manipulator under time varying uncertainties such as payload mass changes

and unknown joint friction constants.

The dependence of the controller on physical constrains can be viewed as
a limitation, for example, in cases where the boundary values are very large, a
relatively large control effort would be required to mathematically ensure
stability. However, it is important to keep in mind that the condition used in
Lyapunov theory are only sufficient and as it has been shown through
simulations, in many cases, these conditions can be violated and still obtain the
desired stability. Nevertheless, in regard to this issue, further research needs to
be done to make the controller of a particular joint independent of the velocity
and acceleration of the other joints. We think that by establishing a closed
bounded domain for the initial state within the physical constrains of the joint
variables, and employing upper and lower bounding functions of the Lyapunov
function defined for that joint, it may be possible to prove the existence of a
control which does not depend explicitly on physical constrains of other
subsystems state variables. In this case our approach could be used to control
other complex nonlinear systems where either the bounds for velocity and

acceleration are too large or in the case that they are not constrainable.
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