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a PD feedback component of constant gain to improve the speed of
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tracking is achieved despite the non-linearities.

The scheme requires only the measurement of angular speed and

displacement of each joint, and it does not require any knowledge about

the mathematical model of the manipulator. Due to its decentralized

structure, it can be implemented on parallel processors to speed up the

operation.



The main advantages of the proposed control scheme over similar
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conditions of-two of the joints of the PUMA 560 robot arm.
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Improved Lyapunov-Based Decentralized

Adaptive Controller

I. INTRODUCTION

The problem of designing an adequate control system to accurately

follow a desired fast trajectory has been of concern to many re-

searchers. There are many control techniques for controlling robotic

manipulators, and each of these techniques has its own unique impact on

the performance of the manipulators.

In general, designing a perfect trajectory controller for demanding

tasks like plasma welding and laser cutting is quite challenging and

requires precise knowledge of the system dynamics. For these tasks the

model-based techniques such as the computed torque technique [19] which

explicitly accounts for the nonlinear system dynamics are used

extensively.

However, for tasks where high-speed operations are required the

model-based controllers are not adequate any more, because the

controller is complex and involves intensive on-line computations.

Moreover, a precise knowledge of all parameters such as payload

variation and friction should be available to the controller and often

the measurement of such parameters slows down the process.

The other type of controller commonly used is the adaptive

controller which implicitly accounts for non-linear system dynamics.

The significance of adaptive control of any system originates from

uncertainties in the system's internal structure and critical parameter

values. Large-scale systems are more likely to be sensitive to these
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uncertainties because the mathematical model may not precisely represent

the true system plant.

The stability of the current adaptive schemes is based on the

assumption that all data processing and computations are centralized and

occur at a single place. However, in dealing with large-scale systems

this assumption fails due to lack of centralized information.

Furthermore, the computation often consumes a long time and reduces the

speed. An alternative approach to overcome such difficulties is to use

a decentralized strategy. By doing so, the whole system is viewed as

an interconnection of several subsystems and a localized controller is

used for each subsystem. Decentralized schemes have been recently

discussed in some papers because of ease of implementation, and will be

the prime focus in this work. One advantage of the decentralized method

is that only local information is required and the nonlinear

interconnection of subsystems is treated as a disturbance signal. The

other advantage is that due to its nature, the scheme can be implemented

on parallel processors and produce a faster computational mechanism.

The decentralized adaptive controller of manipulators which

sometimes is referred to as independent joint controller has the

simplest type of control strategy. In this type of control each joint

is controlled as a single input/output system and the coupling effects

of the other joints are treated as disturbances. Such a controller can

be easily implemented on a parallel processor, the knowledge of the

manipulator dynamics is not required and the controller uses only the

local information of its corresponding joint.

An improved decentralized adaptive controller is first presented in

this work. We then review the approaches of (6,12,13,15,16] and compare

their performance and robustness with the proposed method under the same
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simulation conditions. The organization of this work is as follows.

In Section II, the dynamic model of manipulator and controller of each

joint are described. In Section III, a Lyapunov based function is used

to determine the controller terms. The proposed model is then simulated

using a very small sampling time under sudden variation of the load and

torque in Section IV. Next, in Section V, we introduce two other

controller schemes and compare them with the proposed method. In

Section VI, the discretization effects are discussed and verified via

computer simulation. Finally, in the last section, the conclusion is

given along with the advantages of the proposed method versus other

methods.
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II. DYNAMIC MODEL

Consider a manipulator that consists of n links and n joints whose

dynamic equations of motion are obtained from the Euler-Lagrange

equation [1,2,18]. The set of second order nonlinear equation of the p-

link manipulator at no load is given by

m(e)0 + 0,0) + G(e) Ke) = (t)

where

0(t) = nxl vector of joint angular positions,

T(t) = nxl vector of applied joint torques,

M(0) = nxn symmetric positive-definite inertia matrix,

N(0,0) = nxl coriolis and centripetal force vector,

G(0) = nxl gravity loading vector, and

H(0) = nxl frictional torque vector.

In absence of payload, equation (2.1) simplifies to

mo(e)0 + N0(e,e) + G0(0) + HA - T(t)

(2.1)

(2.2)

where

M0(0) = M(0) - mJT(0)J(0)

No(e,0) = N(8,o) - mr(o)do,00

G0(0) = G(0) - mJT(0)g.

J(0) = nxn Jacobian matrix, and

g = nxl gravitational vector

Equation (2.2) shows that the input (applied torque) is directly

affected by the payload m. Any reliable controller scheme should be

insensitive to the variation of the payload.

To utilize a decentralized adaptive controller scheme, it is

convenient to consider the manipulator as a system and view each link

as a subsystem. Let us rewrite equation (2.1) in the form
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n

mii(e)ei(t) 1E:mii(e)ei(t) bro,e) Gl(e) Hi(8) =Ti(t),
(2 . 3)

= 1,2, ...,n

The summation term in equation (2.3) represents the coupling of the i-th

joint with other joints. Applying independent joint control, each link

of the manipulator is controlled as a single input/single output system,

and any coupling effects due to motion of the manipulator are treated

as disturbances.

In this work, the disturbances are implicitly accounted for and

equation (2.3) is expressed as

ma(e)ei AT0,0,0) = Ti (t) i = 1,2,...,n (2.4)

Here the disturbance torque consists of coupling effects of other

joints, gravity, centrifugal, and coriolis forces acting on the

corresponding axis of the manipulator. A basic block diagram of an

individual link of a manipulator is illustrated in Figure 2.1.

Reference 4,

Trajecl.ory Compensator

Feedback

Disturbance

Out utPlant

Figure 2.1. Basic block-diagram of a controller with compensator.

The main objective is to design the compensator such that the

output (joint angle) follows the desired reference trajectory. However,



6

the disturbances directly influence the output of the plant. Therefore,

one of the design objectives should be to neutralize or to reduce the

effect of disturbances.

In the next section, the design of an improved adaptive independent

joint controller will be discussed.
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III. CONTROLLER DESIGN

As stated before, our controller is designed in a decentralized

manner and consists of a feedforward, a feedback and an auxiliary

signal. The feedforward signal is used to track the desired trajectory,

the feedback signal to close the loop and stabilize the system, and the

auxiliary signal to compensate for the unmodeled dynamics and

disturbances.

To obtain the controller terms, we use Lyapunov's first method to

ensure closed-loop system asymptotic stability and high performance

tracking. The proposed method is then simulated in a digital computer

and is tested under sudden variations of payload and torque disturbances

to make sure that good performance is achieved and to quantify its

degree of robustness.

A. Controller Scheme

1. Feedforward Control Signal

To obtain the feedforward control term, consider the nonlinear

manipulator dynamics

M(0)0 + C(0,0)e + G(0) = T

where

(3.1)

0 E R"1 = joint angular position,

T E R"1 = applied joint torque,

M(0) E R"n = symmetric positive-definite inertia matrix,

C(0,0) E R"n = coriolis, centripetal, and friction forces, and

G(8) e R"1 = gravity loading force.
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Using the linear multi-variable model, the linearized model of equation

(3.1) around a nominal trajectory is given by

'A 80 + e 80 + t ae = a-r (3.2)

where SA and ST are the deviations of the joint angle and joint torque

vector, respectively, and A, C, and d are constant matrices evaluated

at the nominal trajectory. Using the Laplace transform, we obtain the

transfer function of the linearized model

s2 + GZ s 8 yse (s) = W-1(S) ae(s) = 8T (S) (3.3)

To utilize the decentralized adaptive controller, we will view each

joint as a subsystem and the coupling effects will be treated as

disturbances. Rewriting equation (3.2) in terms of decentralized

interconnected-subsystems we get

where

aei ei 88i + aei + di = aTi

n

i=1,2,...,n.

di = TA, 8e, eij aej aej)

(3.4.a)

(3.4.b)

Now, the transfer function of each subsystem in the absence of the

coupling effects and disturbances d is represented by1

[fil s2 + e s g ]ae(s) = w-1(s) 80(s) = 8T (S) . (3.5)

By definition, the feedforward controller of each link is the inverse

of w(s), that is,

1 Since all joints are treated the same way, so the subscript i which
denotes the i-th joint will be dropped from now on.



9

Flr(s) = wi(s) = 41, s2 + s + qd (3.6)

where the coefficients of the controller will intentionally be altered

to reveal the difference between the system and the feedforward

controller.

2. Feedback Control Signal

The inverse feedforward controller of the previous section would

generate an exact control signal if no disturbances were present.

However, in practical applications the disturbances are unavoidable and

to compensate for them an additional controller, namely, a feedback

controller, is required. This feedback controller provides a closed

loop and stabilizes the system.

A PD-compensator based on pole-placement for stabilizing each joint

of the manipulator is a function of the position and velocity error.

Let the feedback controller be described by

K(s) = kv + kd s (3.7)

where kp and kdS are the proportional and derivative terms, respectively.

3. Auxiliary Control Signal

The auxiliary signal is introduced to compensate for the unmodeled

dynamics and disturbances. As shown in the previous section, a PD-

compensator was chosen, however, PID-compensators are more robust

because PID-compensators reject the steady state error caused by torque

disturbances. However, the introduction of an auxiliary signal can help

compensate for the disturbances and improves the overall tracking

performance. Thus, the integral term of the feedback controller need

not be included. The general form of this signal is



f (t) = a ft r (t)cit ,

where a is a positive constant, and

r(t) =pie(t) +p2e(t)

e(t) = 0r(t) e(t) .

10

(3.8.a)

(3.8.b)

Now, by combining the feedback, feedforward, and auxiliary signals,

the controller of each link is described by

T = f(t) + k,e + kde + gdez + + qaer , (3.9)

and the structure of each joint of the manipulator is illustrated in

Figure (3.1).

'fir

feedforward

controller

feedback

controller

auxiliary

controller

interjoint coupling
a

disturbances

joint i dynamics

Figure 3.1. Structure of adaptive independent joint control of each
link.

Equation (3.1) was used in computing the torque given in (3.9).

Alternatively, equation (2.1) could also be used. In this case,

equation (3.4) could be replaced by

8ei + di = Evi

where

i =1, 2,...,n (3.10)



di = beil + fi + §i + fii ,

J-1

then the torque would be simplified to

T = f(t) + kpe + kde + q6e (3.12)

n

11

(3.11)

Next, we discuss the design of the Lyapunov function and will show

that by using proper controller terms equation (3.9) reduces to equation

(3.12).

B. Lyapunov Function Design

In this section the development of the Lyapunov function is

presented. Consider the nonlinear equation of motion of each link of the

manipulator described by

me + d =

where

m is the inertia seen at the corresponding joint,

0 is the corresponding joint angular position,

d is the corresponding coupling disturbance, and

T is the corresponding torque.

(3.13)

Then the proposed independent joint controller is described by

T(t) = f(t) + kp(t)e + kd(t)e + gd(t)e, + q,(t)er + q.(t)Or . (3.14)

Substituting (3.14) into (3.13) yields



+ d = f + k.e + kt6 + cider + Or + Or

Dividing both sides of (3.15) by m and subtracting the reference

acceleration from both sides (it is assumed that all parameters are time

dependent, then

where

[1(de +1(1,1 [cider +gver (qa -m) OA d

6
de and 6 d2edt2dt

(3.16)

By defining x = [e de/dtiT, the state space form of (3.16) is given by

0 1
6

k = [] = kr, _kdix +

m m

0

d f -cider -qv°, (cia-m) er (3.17)

In the MRAC framework, the reference model expresses the desired

performance of the manipulator in terms of the tracking error, e(t).

Hence, the desired tracking error of each decoupled joint is represented

by

6.(t) + 2Coen,(t) + w2em(t) = 0 (3.18)

where C is the damping ratio and w is the natural frequency and the

model reference in terms of the state model is

em 0 1
x
m dm ,2 -2(

cax
m 7

Dx.

We already know that

(3.19)



'cra(t) =eptxra(0) .
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(3.20)

Now, since the initial values of the "reference model" are equal to

those of actual model, the initial error can be set to zero and, without

loss of generality, equation (3.20) reduces to

xra(t)=eDtU=ti . (3.21)

Now, by defining the adaptation error as E(t) = x.(t) - x(t), we obtain:

0 0 0

f-d qder qv 0r cza-m ez
m m

E (t) =[
0 1

..2c6JE+

0 0

x+

(3.22)

To derive the controller terms, we need to select a Lyapunov

function for E such that,

x(t) = a(t) I (t) =e(t)

One such Lyapunov function candidate is

where Q0,

em(t)
Cm(t)

.

2

V ETPE +00(1r2 + -6)2) +Q2(1÷ `11-2C4))
)2

4 5M ) )

Q 1 I Q2,

(3.23)

(3.24)

Q3, Q4, and Q5 are positive constants. Also, for the

stable reference model of (3.19), there exists the symmetric-positive

definite constant matrices P and Q such that the continuous Lyapunov

equation



PD + DTP = -Q

14

(3.25)

is satisfied2. If we further assume that the controller terms are

updated at high speed, then m and d can be considered as slowly-time-

varying parameters and their rates of change are approximately zero.

In this case, the time derivative of the Lyapunov function candidate

represented by equation (3.24), after some simplifications, becomes

= -E TQE + 2 (V) [Qorn + 2 (7: (02) {Q1-t--17- -re]

+ 2(-T:k -2C6))[02-7--:1c -re] + 2(7-c1:)[(:)31d -red

+ 2 (5-r-id [04-'t -red + 2(V) [Q5t -red .

Once again in deriving (3.26) we assumed that the effective moment of

(3.26)

inertia, m, and disturbances, d, are not time varying. In order to get

a negative definite dV/dt, which yields a very fast on-line computation

and requires no knowledge about the dynamics of the manipulator, we set

the following terms in equation (3.26) equal to zero, i.e.,

= -ETQE , (3.27.a)

provided that

The independent joint controller of the manipulator given by equation

(3.14) then simplifies to

T(t) = f(t) + kp(t)e + kd(t)e + q,(t)°, . (3.28)

This adaptive controller is somewhat faster than the controllers

proposed in [12,13,15,16]. However, the torque performance remains the

2. See Appendix.



Q0 -I = or f = ,

00

= 0 or =11 r e ,

Qi

and
Q, -r = 0 or = re ,

m W2

= 0
m

n
m

or old=0 ,

or q,=0 ,

ela -.1.v,Ar = 0 or ela=
Q5

15

(3.27.b)

same. Extensive simulation of the proposed controller indicates that

if the feedback terms kp(t) and kd(t) are kept constant, then the torque

performance will significantly improve, however, at the expense of

having to tune them. Hence, the decentralized adaptive controller of

each joint is obtained from

where

T(t) = f(t) + kve + kde + ga(t)e, (3.29)

f (t) = af r cit

cia (t) = afo IOZdt

and kp, kd, a, and 0 are proper positive constants.

The important points about the proposed decentralized adaptive

controller are:

1. The independent joint controller can be implemented on a

digital computer using a simple trapezoidal integration

formula.
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2. The structure of each joint controller is very simple and

does not require extensive computations. The gain

settings or constant parameters of (3.29) depend on the

reference trajectory and the payload.

3. Each joint controller utilizes the corresponding actual

joint and reference angles.

4. The auxiliary signal, f(t), compensates for any unmodeled

dynamics.

5. Each joint controller requires the on-line measurement of

the actual joint angular displacement and joint angular

velocity, and the measurement of the actual angular joint

acceleration is not required.

6. A Lyapunov-based function is used to derive (3.29) which

expresses a single joint controller. Global stability of

the sistem is assured if each subsystem Lyapunov function

is satisfied.

In the next section equation (3.29) is used as the controller of a

two-link manipulator and its performance is compared with those of other

comparable controller schemes.
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IV. COMPUTER SIMULATION

The proposed control scheme is now simulated on two links of the

PUMA 560 robot manipulator. Consider the robot manipulator of Figure

(4.1) that moves in the vertical direction with no constraint. The

dynamic equations of motion of a two-link manipulator have been derived

in many robotics journals and books, and it is repeated here for

convenience. It should be noted that the dynamic equations of

manipulator are not necessary for the independent joint controller.

By utilizing equations (2.1) and (2.2), the dynamic equation is

given by

= Mo (e)e + No (9, $) + Go (e) + H(8) + noT (e) p(e)e ce, ,

Figure 4.1. Two-link robot manipulator.

X

(4.1)



where

No(@, e) =

Go (e)

H (0)

al+a2C2

a
3
+=C

22

a2
a3+ --2- C2

a3

(a2S2) key +-2-14

(a2S2) (el)
2

]a4Ci+a3C12

a5 C12

V302 +Vdsgn (e2)

-12s12

Si = sin (8i) , and Ci = cos aid

J (e) sij = sin (8i +8 j) , and

,

1101+12012 12012
Cij

18

= cos (81., 8i)

(8142) c12 -12 (e1+62)

-1101s1-12 (@1+02) S12 -12 (e1+02) S12

0
, and

9.81
= mass of the payload

(4.2)
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All the "a" coefficients in equation (4.2) are constants that are

obtained from the masses and lengths of the robot links. The numerical

values of these coefficients for the Unimation PUMA 560 arm' are (12]:

al = 3.82, a2 = 2.12, a3 = 0.71, a4 = 81.82, and a5 = 24.06 .

The generic independent joint controller is therefore given by

'rift) = fi(t) + kviei(t) + kdie2(t) + cui(t) , i = 1,2.3)

where the updated controller terms are expressed by

ei(t) = 6=i (t) 6i (t)

rift) = 8000ei(t) + 800éi

fi(t) = lOrri(t)dt

gai(t) = 2 ft ri(t) -eii(t)dt

= 3000

kp2 = 1500

= 300

kd2 = 75

(4.4)

The above controller is continuous-time in nature. In order to

discretize this controller, we use the trapezoidal rule to compute the

integral. Hence, at time index n fi(t) and q,i(t) are

'The masses (rn1,m2), length (11,10 and the coefficients of viscous and
Columb frictions (V1,v2,v3,v4) for the PUMA 560 are (15.91, 11.36) kg,
(0.432, 0.432) m, and (1.0,0.5,1.0,0.5) Nt.m/rad.s-1, respectively.
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fi (n) = fi (n--1) + 10 * [r (n) -r (n-1)
(4.5)

cii(n) = qi (n-1) + 2 * [r (n) ezi(n) r (n-1) eii (n-1) ] ,

where T is the sampling period and the input torque is assumed to be

constant during each sampling interval.

To avoid drastic conditions of the end effector at the end points,

the joint trajectories are prescribed as smooth functions of time with

zero velocity and acceleration at both ends. These trajectories are

chosen based on functions used by Kane and Levinson in [8], i.e.,

where

Ori(t) = eri(to) + eri(tp)
2x

eri(to)
[Qt - sin (Qt) ] (4.6.a)

2n
P

i = 1,2, and to s t s tp . (4.6.b)

p is the time period elapsed to trace the whole trajectory, Ori(to) is

the initial joint angle and Ori(td is the final joint angle.

In our simulation we change

the robot configuration from

initial joint angles (01 = -90,

02 - 0) to final joint angles of

(02 - 0,02 = 90), as shown on

Figure (4.2). The time period,

p, which controls the speed of

the arm movement is set to 3

seconds.

0.5

(Link nk 2: 0. 4320

1

Figure 4.2. Movement of arm from
initial position to final position.
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Therefore the equation of the desired trajectory along with its

first and second derivatives are expressed by

The desired

eri -

e
rz

ori

/

position,

+e=2

r irt 1 2nt s t sp
(4.7)

i = 1,2

trajectories are

2P 4 p
)1

2ntcos12p
2p

[ n2 sin( 2ntl

p

and acceleration

p2 P /

velocity,

illustrated in Figure (4.3).

ISO
Degree

Figure 4.3. Curves labeled 1, 2, and 3 correspond to desired position,
velocity, and acceleration respectively.

The equation of desired motion (3.18) along with equation of

controller (4.3,4.4), and the nonlinear equations of motions (2.1,2.2)

are simulated on a digital computer to determine the performance of the
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control system. The non-linear equations are computed using a Runge-

Kutta algorithm of order 4/5 due to Fohlberg with a variable step size,

and error tolerance of 10-3. The damping ratio and the natural frequency

of the reference model are:

( = 1, and w = 10 rad/s (4.8)

The time period elapsed p is set to 3 seconds, which correspond to a

fast movement of the PUMA robot. Furthermore, it is assumed that the

end effector is carrying a constant mass of m =. 10 kg. The control

scheme is tested under following conditions:

1. Normal operating condition, i.e., arm moves without any

external disturbances.

2. Sudden variation of load, i.e., the load is dropped at

time t = 1.5 sec.

3. Sudden variation of the gravity, i.e., the table on which

the arm is located is tilted by 30 degree, and therefore,

g = 9.81 sin(30°).

4. Sudden variation of the applied torques. A disturbance

torque of 10 N.m is applied to both joints at t = 2.5 s.

5. Combined variation of load, gravity, and torque. Equation

(3.13) is repeated here for convenience. Note that any

variation of payload and gravity appears as a disturbance

torque.

Mo (e) e No(e, e) + Go (6) Ke) nur (e) [LT (e) o ,Y(e, e)e

(4.9)

The effect of sampling time will be considered separately in another

section.

In Figure 4.4, the time period elapsed is lowered to 1 second,

which corresponds to a very fast movement of the PUMA arm. It will be
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shown that the other controllers fail when the time period elapsed is

lowered. The parameters used are

= 5000, kdl = 210, kp2 = 3000, k42 = 100

where subscripts 1, and 2 correspond to parameter of controller of link

one and link 2, respectively. In this figure and subsequent figures x

means the actual joint angle, ref means the reference joint angle,

torque means the input torque obtained from the decentralized adaptive

controller, and Error expresses the difference between the actual and

the reference trajectory.
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In Figure 4.5, the time period elapsed is increased to 6 seconds

and the controller parameters are kept constant. As can be seen in the

figures the torque varies very smoothly and the reference and the actual

trajectories coincide with each other and can not be distinguished from

one another.

In the derivation of the controller terms from the Lyapunov

function we assumed that m varied slowly with time. However, the

simulation illustrates that the controller performs very well under the

violation of this assumption. Here, we set the time period elapsed

equal to 3 and drop the payload at t = 1.5 seconds. As shown in Figure

4.6 the controller performs very well. To appreciate the nice behavior

of the proposed controller, let us examine the effect that the moment

of inertia has on the performance of this system. Consider the inertia

matrix

M (e) =

a,
+a2C2+2m12 (1 +C2) a3+1- C2+m12(1 +C2)

(4.10)
a,

a
3 2
+ = C

2
+m12 (1 +C2) a3+M12

where m is the mass of payload and 1 is the length of each link and C2

= cos02. Then at t = 1.5 seconds, and 02 = 45 degree, the inertia matrix

of equation (4.7) changes

from
(11.70 4.65)

to
4.65 2.57

(5.32 1.46

1.46 0.71

) (4.11)

The sudden change of inertia matrix is in contradiction with our

assumption. Hence, it can be concluded that the controller is fairly

insensitive to payload variations.
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We could also change the gravity as well and study its effect.

Figure 4.7 shows the system performance under a sudden variation of

gravity. The gravity is halved at t = 1.5 seconds and remains constant

thereafter. Again, the simulation shows that the controller can nicely

cope with the variation of gravity.
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Figure 4.8 illustrates the effect of torque disturbance. A

disturbance torque of 10 N.m is applied to both links in the interval

of (1.4,1.6] seconds. The controller readily manages to neutralize the

disturbance.

Figure 4.9 shows that the controller is insensitive to variation of

gravity, payload, and torque disturbances. The gravity is reduced to

one half at t = 1 seconds, payload is set to zero at t = 1.75 seconds,

and a torque disturbance of 10 N.m is applied to both links in the time

interval of (2.4,2.6]. To compare the torque performance of the

proposed controller with the some of the other proposed decentralized

adaptive controllers, we used a total trajectory time of 3 seconds.



e.

- 0.5,

-1

- 1.5

150

100

50

xl and refl

1
Torque 1

2 3

O 1 2
Error 1 (radian)

x2 and ref2

1 2
Error 2 (radian)

29

Figure 4.8. A disturbance torque of 10 N.m is applied to both link for
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V. PRESENT CONTROLLERS

Recently, there has been a trend to use decentralized adaptive

controllers due to their ease of implementation [3-7,9-17,20]. In this

section we again restate some of these controllers and compare them with

the proposed controller of Section III by numerical simulation. In

order to demonstrate the significance of the proposed controller, these

controllers are tested under the same conditions as the proposed

controller.

More precisely, the controller proposed by [6,13,15,16], which

utilizes an adaptive gain algorithm, and another controller which only

uses constant gains. In the first set of controllers the gains are

unknown a priori and they have to be computed on-line. In the second

controller, however, the gains of the controller are set to constant

values.

A. On-line Gain Controllers

In [6,13,15,16] an independent joint controller which consists of

a PID feedback controller and a position-velocity-acceleration

feedforward controller is designed. The adaptive independent joint

controller for each joint is given by

si(t) = fi(t) [kio(t)ei(t) kii(t)ei(t)]
kio(t)eri(t) + qii(t)ezi(t) + qi2(t)eri(t)] ,

where the controller terms are based on the weighted error [13]

auxiliary signal

(5.1)

ri(t) = wpiej(t) + irrviei(t) , (5.2)
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fi(t) = fi(0) + 8i f: ri(t)dt + piri(t) , (5.3)

feedback gains

kij = kij (0) + aij fo ri(t)eli) (t) dt + (t) (t) ,

and feedforward gains

j= 0,1 ,

(5.4)

qij = qij(o) + yii fo ri (t)Ow (t)dt + 1ijri(t)0R)(t), j = 0,1,2

(5.5)

where { 8i,ccii,yji} are positive adaptation gains, (pi,f3jj,Xii} are zero or

any positive proportional gains, and flaw wvi) are positive scalar

weighting factors which reflect the relative significance of the

position and velocity errors in forming the weighted error.

B. Simulation

The controller of Section V.A is simulated on this section. The

joint angles are controlled by two identical and independent adaptive

control laws of the form given in equation (5.1). For this purpose we

set the initial values of the controller terms equal to zero, and use

a simple trapezoidal integration formula to update them in discrete

time.

For the purpose of comparison, we use equations (5.1-5.5) for a

computer simulation of the same two links of the PUMA 560 manipulator.

The reference trajectories are the same as before. The controller gain

settings depend on the reference trajectory and the payload. Its terms

are explicitly given by



xi (t) = 6000 ei(t) +600ei(t)

fi(t) = 10 ri(s)th

kio(t) = 10 fa ri(t)ei(T)ds + ri(t)ei(t)

kilt) = 10fotri(t)ei(T)cit + ri(t)ei(t)

gio(t) = 2f t ri(T)eri(T)dt

gilt) = 2 f0 ri(t)eri(t)dT

cl12(t) .2jrt0 .iwei(T)dt
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(5.6)

The controller gains of (5.6) remain the same throughout the

simulation. Figures 5.1 and 5.2 represent the behavior of the

manipulator when the time period elapsed is 1 second. As shown, the

system variables drift to large numbers when the time period elapsed is

reduced and the torque performance has not improved when the time period

elapsed is increased.

Figure 5.3 shows the operation of the system when the payload of

mass, m = 10 kg, is dropped at time, t = 1.5 s. Figure 5.4 shows the

system behavior when a disturbance torque of ST = 10 N.m is applied to

both links in an interval of t = (1.4,1.6]. The disturbance torque is

not clear on the picture because the scaling factor of y-axis is very

large. Figure 5.5 illustrates the system behavior under variation of

payload, gravity, and applied disturbance torque.
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The main advantage of this controller is that it does not require

known constant gains which are normally hard to fine tune. The

disadvantage of this method versus our proposed method is that with ours

we can achieve a very accurate trajectory tracking and reduce the error

by adjusting the constant gains. Another disadvantage is that the time

elapsed period is somewhat long.
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Figure 5.5. Gravity g is halved at t = 1 s, payload is dropped at t
1.5 s, and disturbance torque is applied at the interval t = [2.4,2.6].

C. Constant Gain Controllers

Consider, again the robot parameters are changing very slowly, then

the non-linear equation of motion of each joint is represented by

mel + d =

where

m is the moment of inertia,

0 is the joint angular acceleration,

T is the applied torque, and

d is the coupling disturbance

and let the controller be given by

(5.7)



T = f + kpe + kde gder gvez gifir
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(5.8)

Substituting, equation (5.7) into (5.8), we obtain the closed loop

system

Therefore,

me + d = f + kpe + kde + ofpr + cjA + cOr .

ogas2 +(qv + kd)s + (4

kp

4d kid) f

kds + kp

Now, by setting q, = 0, qd = 0, and f = 0 we obtain

ms2 kds kp

= kpe + kde + C/ver .

1

ms2 + kds + kp
d(s)

(5.9)

(5.11)

We can further simplify (5.11) by setting qv= -kd. Then (5.12) reduces

to

e(S) k er(S)
MS2 + kds + kp

= kpe + kd(er e) kdez

= kpe kde,

MS2

1
+ kds

d(s)

(5.12)

From the transfer function, .it can be concluded that the closed loop

system is stable if the characteristic equation is stable. The

stability of the characteristic equation is ensured if all the

coefficients have the same sign. Since m is always positive, then kd,

and kp should be positive. Moreover, the disturbance attenuation can be

adjusted by choosing proper gain constants.

For simulation purposes, we use (4.22). After several trials the

best valuesof gain constant were found to be



tilt) = 20000e1 750e1 , i = 1,2 .
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(5.13)

Simulation studies of the performance of this controller under the same

test conditions show that the torque performance is very similar to the

torque performance of the proposed method and that the errors are almost

of the same order. So, to save some space we will not show all the

simulation cases here.

Figures 5.6 and 5.7 show the performance of the constant gain

controller when the elapsed time period is one and six seconds,

respectively. Illustration shows that the error starts to deteriorate

when the time period elapsed is lowered. The proposed controller

behaves satisfactorily compared to the constant gain controllers. The

main advantage of this algorithm is that it is very fast, because it

utilizes constant gains. But, the disadvantage of this method is that

it does not compensate the unmodeled dynamics of the system.

In comparison to present decentralized controllers, several

advantages about our proposed adaptive independent joint controller can

be pointed out.

1. The time period elapsed during which the whole trajectory

is traced can be reduced without losing any accuracy in

the path tracking of the reference trajectory.

2. A very high sampling rate can be used because the on-line

computations are very simple and do not involve rigorous

mathematical computations.

3. At low sampling rate, the system parameters are not

considered slowly time varying and our assumption in

deriving the controller terms does not hold any more, and

the system performance deteriorates. However, the

simulation studies show that, in spite of some
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deterioration, the system variables do not get large

drastically.

4. Each link uses a separate controller and the ideal gain

setting of each controller depends on the payload and

reference trajectory.
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VI. EFFECT OF SAMPLING TIME

In every simulation that was performed, we used a sampling time of

1 ms. At such sampling rate all three methods that we compared work

fine. However, there is a limit on how small the sampling rate can be

before the system variables drift to infinity. In this section, the

effect of sampling rate on all three methods is discussed. T h e

simulation of the method presented in section V.A shows that the maximum

sampling rate should be less than T, = 0.00315 second. Figure 6.1

depicts the behavior of the system at sampling rate of equal to T.

Also, the simulation of method presented in Section V.B

demonstrates that the maximum sampling time should be less than 1 ms.

Figure 6.2 shows the system behavior at the sampling rate of 1.1 ms.

As we can see, the system variables drift to infinity. In spite of the

fact that this method behaved rather well under test conditions, it is

very sensitive to the choice of sampling time.

The simulation of the proposed scheme shows that the system

variables drift to infinity at a sampling period higher than 5.7 ms.

Figure 6.3 illustrates the behavior of the proposed controller at the

sampling time of 5.0 ms. Even though the system variables do not

approach infinity at relatively higher sampling rate, the system

performance is not acceptable. The simulation study shows that the best

result is obtained at sampling rate of smaller than 2.2 ms. Figure 6.3

illustrates the system performance at the sampling rate of 5 ms for the

controller parameters.

1(101 = 2500, 1Cp2 = 1000, Kcji = 250, Kd2 = 40 .
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Figure 6.3. Operation of the proposed controller at a sampling rate of
5 ms.
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VII. CONCLUSION

In spite of extreme nonlinear coupling effects and parameter

variation of the manipulator, a very simple and fast on-line

computational algorithm for decentralized adaptive control of robot

manipulators is proposed. The scheme only requires the measurement of

the angular position and velocity of the each joint. The controller

structure of each independent joint is characterized by an auxiliary

signal, a feedback and a feedforward controller, and does not require

any knowledge about the dynamics of the manipulator.

The gains of feedback controller are constant and those of

feedforward and auxiliary controllers are adapted using a reference

model adaptive control in a decentralized manner. Due to its

decentralized nature, the scheme can be implemented in a parallel

processor for high speed operations.

To illustrate the performance of the proposed controller, we

simulated the scheme on a 2-link-robot arm and examined the algorithm

under several different test conditions. Simulations showed that, in

spite of clear violations of our assumptions, the controller scheme can

still handle sudden variations of payload, gravity, and disturbance

torque.

One significant advantage of the proposed decentralized algorithm

versus similar schemes is that the whole trajectory can be traced at a

very short time period. As a consequence, a very high speed operation,

which is of vital importance in robot applications, can be achieved.

One other advantage is that the error between the actual trajectory and

reference trajectory is actually smaller than other proposed

decentralized controllers.
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Furthermore, the simple structure of the controller suggest that

our proposed decentralized scheme is more desirable in practical

applications. Also, the stability of our proposed independent joint

controller for a single joint is proved based on a single Lyapunov

function. A similar Lyapunov function can be defined for other joints

of an n-link manipulator and, therefore, the global stability is assured

as a by-product of these Lyapunov functions.
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Appendix

In establishing the Lyapunov's equation, we used the reference

model given by:

0 1

-302 (-0)2 -2C(0
X. = D

Since the reference model is stable, then there exists symmetric

positive-definite constant matrices P, and Q such that they satisfy the

Lyapunov's equation. That is,

PD+DrP=-Q

Now, to determine P let Q be

0

0 2q2
; q2>0

then using the equation above we get

(
Pi P2 0 i. 0 1 PI P2 2q, 0

P2 p3 -0)2 -go)
)

-0)2 -2Cco P2 P3 0 2q2

Then elements of matrix P are obtained from

P2 = coli

P, -
g2 + q1

-3-7g-05 2ca?

P = (1+4 V) qi -1-(02q2]


