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This thesis is concerned with the applicability of model reference adaptive 

control to the control of robot manipulators under a wide range of configuration 

and payload changes, and a comparison of the performance of this technique with 

that of the non-adaptive schemes. The dynamic equations of robot manipulators 

are highly nonlinear and are difficult to determine precisely. For these reasons 

there is an interest in applying adaptive control techniques to robot manipulators. 

In this work, the detailed performance of three adaptive controllers are studied 

and compared with that of a non-adaptive controller, namely, the computed torque 

control scheme. Computer simulation results show that the use of adaptive con

trol improves the performance of the manipulator despite changes in the payload 

or in the manipulator configuration. Making use of these results, a rule-based 

controller is developed by dividing a given manipulation task into portions where 

a particular adaptive control scheme, based on a specific linearized subsystem 

model, performs best. This strategy of selecting the proper controller during each 

portion of the overall task yields a performance having the least deviation from 

the desired trajectory during the entire length of the task. 
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CHAPTER 1 

INTRODUCTION 

Robot manipulators are being used in various fields such as industrial pro

cessing, space and underwater research, medicine, and nuclear power generation 

in ever increasing numbers. The necessity of using these devices in hazardous 

environments, the need to perform precision tracking tasks, and the difference be

tween the employee wages and the cost of operating a robot are the main factors 

influencing this growth rate. 

An industrial robot is a general-purpose, computer-controlled manipulator 

consisting of several rigid links connected in series by revolute or prismatic joints 

and belongs to the class of nonlinear, multi-input multi-output (MIMO) large-

scale systems. Generally each of the joints provides one degree-of-freedom motion. 

Basically a robot needs six degrees-of-freedom of motion to reach an arbitrary 

point with a specific orientation in space. Structurally, robots can be classified 

according to the coordinate system of the main frame as Cartesian coordinate 

robots (three linear axes), Cylindrical coordinate robots (two linear and one rotary 

axes), Spherical coordinate robots (one linear and two rotary axes) and Articulated 

or revolute robots (three rotary axes) [17]. 

1.1 Approaches to Robot Control Problem 

The extensive use of robotic manipulators in various types of industrial 

tasks has increased the importance of the problem of controlling these devices 

such that the end effector tracks some desired trajectory in a precise fashion. The 

control problem, then, is basically to find appropriate forces to be applied to all 

joints to track a given trajectory as closely as possible. 



10 

The historical development of robot control algorithms can be divided into 

three generations. The first generation algorithms are non-adaptive. Robots using 

these algorithms are capable of repeating specified sets of operations without any 

information about the external environment. The second generation algorithms 

are adaptive to environmental changes. Robots using these algorithms are able 

to perform a set of operations defined in advance under variable or partially un

known conditions. Algorithms employing certain features of artificial intelligence 

belong to the third generation. These algorithms enable robots to define instanta

neous tasks and to change their action with respect to the variations in operating 

conditions. 

Most of the current commercial manipulators use relatively simple constant 

gain linear feedback control systems. These control techniques ignore the fact that 

the dynamic characteristics of manipulators are highly nonlinear and complex 

functions of the manipulator configuration. 

The first attempt to develop a control scheme that accounts for the non-

linearity of the manipulator is the so-called computed torque control technique. 

The major difference of this scheme from the previous ones is that it includes the 

dynamical model of the robot in the control loop. But the disadvantages of this 

scheme are : i) a large real-time computational effort required for the calculation of 

full dynamics and, ii) the infeasibilty of obtaining an accurate model for the robot 

dynamics due to unknown loads or changes in payloads, friction effects, sensor 

noise, and disturbances. This problem of model-plant mismatch also arises while 

implementing optimal and nonlinear controllers based on an explicit manipulator 

representation. 

A way to achieve improved manipulator performance is to develop better 

control algorithms. Adaptive control algorithms have been receiving an increas

ingly large attention of researchers during the last few years. These techniques 
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attempt to adjust control system characteristics to compensate for the changing 

dynamic properties based on the measured performance. 

Like other control techniques, adaptive controllers can be developed either 

within a centralized or a decentralized framework. A single centralized MIMO 

model, based on the availability of the complete information of the global state of 

the system, requires a fast and powerful processor. On the other hand, a decen

tralized scheme treating the system as n SISO subsystems and yielding relatively 

simpler control schemes can be implemented by using distributed processing tech

niques. 

The real-time computer implementation of the abovementioned control al

gorithms can be done by using discrete-time models. However, it should be noted 

that this is not trivial. The objective is to design a control algorithm which gives 

a good tracking performance, and at the same time is relatively simple enough 

to be implemented within a sampling interval. The resonant frequency of most 

mechanical manipulators is about 10 Hz. In order for the control inputs not to 

excite this structural frequency, the sampling frequency of the digital control sys

tem should be at least 5 times the resonant frequency [10]. This implies that we 

have at most 20 ms. sampling period to compute the necessary control inputs. It 

is also known that when the sampling period becomes very large compared to the 

dominant time constants of the plant, the closed loop poles approach or leave the 

unit circle, resulting in stability problems. 

1.2 Outline of the Thesis 

The objective of the thesis is to evaluate the applicability of model reference 

adaptive control technique in the control of robot manipulators under a wide 

range of configuration and payload changes, and to compare the performance of 

this technique with that of the non-adaptive schemes. The organization of the 

remaining portion of the thesis is as follows. 
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In chapter 2, the dynamics and modelling aspects of robot manipulators are 

briefly discussed. Several modelling approaches are given along with the required 

number of numerical operations for performing the computations needed to solve 

the model equations. 

Chapter 3 highlights the various facets of adaptive and non-adaptive control 

techniques. Two specific control schemes, the computed torque controller and a 

model reference adaptive controller, are explained in detail in this chapter. 

A computer simulation study of the control schemes presented in chapter 

3 has been conducted for performance evaluation and comparison. In order to 

save computing time, the dynamical parameters of only the first three joints of 

the Stanford manipulator have been talcen into account. The details and results 

of this simulation study are presented in chapter 4. 

In chapter 5, a rule based control algorithm is developed by making use 

of the results obtained in the previous chapter. The efficiency of this scheme is 

demonstrated through a computer simulation. 

Contributions of this work and some directions for further investigations 

are outlined in chapter 6. 
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CHAPTER 2 

MANIPULATOR DYNAMICS AND MODELLING 

Robot modelling methods have been extensively studied in the last two 

decades. These methods are used in robot design, control algorithm design, and 

simulation. In on-line control, the calculation of model parameters must be re

peated at each sampling period. For this reason, the simplicity and the accuracy 

of the model are of importance. In this chapter, some numeric and analytical 

robot modelling methods will be discussed with a brief introduction to manipula

tor kinematics. 

2.1 Manipulator Kinematics 

The kinematics problem is to find a method to compute the position and 

the orientation of the manipulator's end effector relative to the base of the ma

nipulator as a function of the joint variables. By convention, the joints of the 

robot are designated numerically, starting at the base and proceeding out towards 

the gripper. Thus, joint 1 in a typical six-joint manipulator designates the joint 

connecting the base to link 1, and joint 6 designates the final wrist joint. To deal 

with the complex structure and the geometry of a manipulator, coordinate frames 

are usually attached to these joints as shown in figure 2.1 and then the relation

ships between these frames are described. This procedure breaks the kinematics 

problem into n subproblems, where n is the number of degrees-of-freedom. 

A manipulator can be kinematically described by giving the values of four 

quantities to each link. Two of these quantities describe the linlf itself and the 

other two describe the link's connection to the other link. This description, called 
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the Denavii-Hartenberg convention, further breaks the subproblems into four sub-

subproblems. Once the link parameters are associated with the links according 

to this convention, by making use of the transformations, joint variables can be 

related to each other and also to the universal (base) coordinate frame. 

The transformation matrix that relates the (i—l)-th frame to the z-th frame 

can be given as follows [10]: 

Tj1-1 = rot(xi, ai-i)trans(xi, a,i-i)rot(zi,Oi)trans(zi, d{) (2.1) 

where 

rot(xi , tp)  = 
1 0 0 
0 cosip —simp 
0 sinip costp 

; rot(z i , ip)  = 
costp —sirup 0 
sirup costp 0 

0 0 1 

trans(xi ,c i i )  = 
1 0 0 a,-
0  1 0  0  
0  0  1 0  

trans(z i ,di) = 
1 0  0  0  
0  1 0  0  
0 0 1 di 

and a,- is the distance from z,- to z,+i measured along x,-, a,- is the angle between z,-

and Zi+i measured about x,-, rj represents the distance from it+i to ij measured 

along Zi, and 0, is the angle between Xj+i and Xj measured about z,-. 

According to this convention, the z axis of frame i is coincident with the 

joint axis i. Also x,- points along a,- in the direction from joint i to joint i +1 (See 

figure 2.1). 

The link transformations can be multiplied together to obtain the single 

transformation that relates frame [n] to frame [0]: 

jtO jiOjil jin—1 (2.2) 



joint t — 1 joint i 
link t — 1 

Jink t 

Vi-i  

Figure 2.1. Definitions of the link parameters and the coordinate frames. 
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This transformation, which is a function of all n joint variables, is of the 

form 

rpO ^ r» 

rn ri2 ri3 Px 

r21 r22 T23 Py R P 

**31 **32 T33 Pz 
. 0 1 

. 0 0 0 1 . 

(2.3) 

where R and p are the rotation matrix and the displacement matrix, respectively. 

After forming the transformation matrix, the Jacobian, which maps 

joint velocities into cartesian velocities, can be obtained by using the columns of 

this matrix: 

(2.4) 

r dpi dp 1 flPi -1 

dp dp 

dq ~ dPn 3p„ dPrt 
L dqi dg3 Sgv J 

and 

(2.5) P = 3(q)q 

where q € SR*1 is the generalized (angular or linear) joint coordinates vector, (i.e. 

vector of or dj), p € 9£n is the generalized cartesian coordinates vector, q 6 dtv 

represents the joint velocities vector, p G Si" is the cartesian velocities vector, n is 

the number of degrees-of-freedom in the Cartesian space, and tj is the number of 

joints of the manipulator. (In most industrial manipulators, n = r/). 

If the Cartesian velocity vector is given, the necessary joint rates at each 

instant along the path can be calculated by using the relation 

q = 3 (g)p - (2.6) 

Most manipulators have values of q where J-1 (9) does not exist. Such 

locations are called singularities of the mechanism. The equation 

de<[J(g)] = 0 (2.7) 
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can be used to determine the singularities of the mechanism. When a manipulator 

is in a singular configuration, it has lost at least one degree-of-freedom. This 

indicates that along some direction it is impossible to move the hand of the robot 

regardless of the joint rates selected. 

In the multidimensional case, work is the dot product of force vector, T, or 

torque vector, r, and displacement vector: !FT6p = rTSq and 6p = 3{q)8q. 

Using these relations one can write 

TT3(q)8q = rTSq 

=> T = 3T(q)F . (2.8) 

Here, the Jacobian maps cartesian forces acting at the end effector into 

equivalent joint torques. 

2.2 The Lagrange Equations 

In order to take a systematic approach to analyse complicated manipu

lator dynamics, perhaps the first attempt was to use the Lagrangian mechanics 

[12]. The Lagrangian, £, is defined to be the difference between the kinetic energy, 

£ki and the potential energy, £p, of the system, 

C = £k — SV • (2.9) 

The dynamical equations for a given system axe of the form 

d ,d£. dC 

• a W - s t " * 1  ( 2 ' 1 0 )  

or 

dt dq{ 
}  dqi 

+ 8qi ' 1 ' 

where Mi is the generalized force vector of dimension n. 
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Several methods for constructing dynamic robot models have been devel

oped. Using the Uicker-Kahn's method and assuming that all the joints of the 

arm are revolute and 77 = n, the dynamical equations for an n-degree-of-freedom 

manipulator are of the following form [12). 

n k 
r' = EE 

k=i j= 1 
trace { f - +  

(2.12) 

d2Tl , ,8Tt 

+ £ 9l 
dT£ 
d6i 

mkrk 

where r,- is the torque required at joint i, Tj? is the transformation matrix that 

relates frame [k] to frame [0], 6{ is the relative angle of joint i, J* is the augmented 

inertia matrix of link i, mjt is the mass of the &-th link, r* is the distance from 

the origin to the center of mass of link k. 

For convenience in control system design, these equations can be rewritten 

using (2.3) in terms of the joint coordinates vector q € St" as 

or 

Ti = Yl #0(9)9; + EE Cijk{q)qjqk + G,(§) 
j=i  3=1 *=1 

r = H(q)q + f(q,q) + g(q) 

(2.13) 

(2.14) 

where t £ 31" is the torque vector, H(q) G 9fcnxn is the positive-definite and 

symmetric inertia matrix, f(q, q) € 9Rn is the coriolis and centripetal forces vector, 

and g(q) 6 9?" is the gravity forces vector. 

By defining f(q,q) = C(q,q)q , g(q) — G(q)q and x = [qT qT]T , equation 

(2.14) can be expressed by the state equation 

x = A(x, t)x + B(x, <)u (2.15) 

where 

A(x,t) = 0 I 
ff-1G -H^C 

; B(x,t) = 0 
H-1 



and A € 9fc2nx2n , B € 82nXn , ® € »2n , u € £n . 

Robot joints axe generally powered by actuators such as dc motors. The 

inclusion of the actuator dynamics in the system model does not change the form 

of the model. 

The equations axe compact but it was shown by Hollerbach that they axe 

computationally of the order n4, where n is the number of degrees-of-freedom 

[3]. Thus, even for a 3-degree-of-freedom manipulator, this method does not seem 

to be real-time implementable. Hence there have been a number of attempts at 

reducing the complexity of this method aimed at reducing the computations. Non-

recursive algorithms given by Mahil, Megahed, and Renaud are of this class[l3], 

but none of them has resulted in a considerable reduction of the number of nu

merical operations. As a specific case of the Uicker-Kahn's method, Waters and 

Hollerbach have developed an algorithm that requires 412n — 277 multiplications 

and 320n — 201 additions and T\irney, Mudge and Lee have given a method to 

reduce the complexity to the order n3 operations [12]. All these equations require 

more computations than the Newton-Euler methods described in the following 

section. 

2.3 The Newton-Euler Equations 

The Newton-Euler methods do not provide closed form solutions but are 

computationally more efficient than the methods based on the Lagrange equations. 

A typical algorithm based on the Newton-Euler methods is composed of two parts. 

In the first part link velocities and accelerations are iteratively computed from 

link 1 to link n. Then, in the second part, forces and torques axe computed 

iteratively from link n to link 1. Under the assumption that all joints are rotational, 

the equations axe summaxized below for a six-joint manipulator. In the following 

equations, r,- is the required torque at joint t, /,• is the inertia matrix of link i, f, 

and Si are the force and the torque exerted on link » by link (t — 1), respectively, Fi 
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and Ni are the inertial force and the torque acting at the center of mass of link i, 

Ui and 0i are the angular and the rotational velocities of link i, res 

represents cross product operation, and 0f+1 = 
0 
0 

#i+l 
f 8 "  =  

pectively, "x" 

Forward iterations: 

w»+i = i2|+1u;i + <?*+ J (2.16) 

ui+i = x e*i+1 + 6^1 (2-17) 

Ui+1 = R)+1 [w,- x pj+1 + L}i(u)i x pj+1) + v,] (2.18) 

va+i = Wi+i x pj+1 + ui+i x (wi+1 x p'i+1) + vi+1 (2.19) 

Fi+i = mi+it;Cl+1 (2.20) 

Ni+1 = Ji+jWi+i +w,+i x /i+iu;,+i (2.21) 

where i = 0,1,2,3,4, and 5. 

Backward iterations: 

f,- = ii,-+1fi+i + Fi (2.22) 

s  i = Ni + R\+1si+1 +  p  j x F i  ( 2 . 2 3 )  

n = sf (2.24) 

where i =6,5,4,3,2, and 1. 

Luh,Walker and Paul have proposed a method for an efficient calculation 

of joint torques using Enter's dynamic equations [8]. Their algorithm requires 

150n — 48 multiplications and 131n — 48 additions. Another algorithm by Vuko-

bratovic, Li, and Kircanski requires |n3 + + 9n — 16 multiplications and 
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|n3 + ̂ n2 + ̂ n—28 additions [13]. Turney, Mudgeand Lee have given a modified 

Newton-Evler algorithm requiring 90n — 27 multiplications and 88n —24 additions 

[12]. These numbers are significantly less than the corresponding numbers using 

Lagrange's approach. 

2.4 Other Modelling Methods 

There are several other methods that have been employed to model the 

robot dynamics. The Gibbs-Appel method solves both the direct dynamics prob

lem of determining joint positions and velocities from the given values of torques 

and forces applied at each joint, and the inverse dynamics problem of determin

ing external forces and torques required at each joint from the given values of 

joint positions and velocities. This method has almost the same computational 

complexity as the Lagrange method. The number of multiplications required to 

form the dynamic model is |n3 + 27n2 + ^~n + 9 and the number of additions 

is jn3 + 4pn2 -f t^jr-n + 6 [14]. Hence, this algorithm is also inconvenient for 

real-time implementation. 

Analytical methods for robot modelling using computers axe also being 

developed. Because of the complexity of mathematical functions that describe 

robot dynamics, none of the existing software packages for symbolic analysis are 

suitable for modelling the dynamics of robots. Vukobratovic and Kircanski gave a 

hybrid method, called numeric-symbolic method, and it was shown that this class 

of methods requires the least number of numerical operations among the existing 

methods[14]. But the complexity of the modelling algorithm, an expert program, 

is itself extremely high. 
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ROBOT CONTROL TECHNIQUES 

The manipulation task can be regarded as transferring the system state 

from one region to another region following a given desired trajectory. Since 

the manipulator itself is a nonlinear dynamical system, the control problem is 

inherently nonlinear. There have been many attempts to develop a useful control 

scheme for this complex mechanical system. 

In this thesis we will confine ourselves to a comparative evaluation of the 

properties of two of the schemes, namely, the computed torque control scheme [10] 

and a decentralized model reference adaptive control scheme proposed recently by 

Sundareshan and Koenig [11]. We, therefore, present the salient features of these 

schemes in the following two sections. 

3.1 Non-adaptive Control Schemes 

There exist several non-adaptive control schemes such as PID controllers , 

the computed torque controller and the optimal state feedback controllers based on 

the exact and explicit representation of the manipulator. An important drawback 

of the above approaches is that accurate dynamic models are very difficult to 

obtain. Manipulator dynamics vary over the time due to such factors as variable 

joint friction and payload mass. 

In the following section, the computed torque control scheme, used for sim

ulation experiments in chapter 4, will be explained. 



3.1.1 The Computed Torque Controller 

It has been shown that it is very hard to obtain an acceptable and simple 

control law by standard optimization techniques [15]. Paul has investigated the 

computed torque control or the inverse problem technique which uses the complete 

dynamic model of the robot in the control scheme. In this approach, the model 

representing the dynamics is computed on-line and these terms are then fedforward 

in an open-loop fashion. It is shown that the robot is asymptotically stable around 

the reference trajectory if the control law is given by 

T  = #(?)&• + Kv{q r  - q) + Kp{q r  - q)] + f(q, g) + g(q) (3.1) 

where H is the computed inertia matrix, f(q,q) is the computed centripetal and 

coriolis torques vector, g(q) is the computed gravity torques vector, and q r(k), q r(k) 

and qr(k) are sequences of desired position, velocity and acceleration setpoints for 

the controller [9]. For the closed loop dynamics, substituting (3.1) into (2.14) 

yields 

H(q)q + f(q, q) + g(q) = H(q)[q r  + Kv(q r-q) + Kp(q r  - ?)] + /(?, q) + g(q) (3.2) 

where Kp  and Kv  are the position and the velocity feedback gains, respectively. If 

the modelling is exact, i.e., H(q) = H(q),f(q,q) - f(q,q), asd g(q) = g{q), (3.2) 

becomes 

(?V - ?) + Kv( q r  - q )  +  Kp( q r  -q) = 0 . (3.3) 

Defining the positional error, e, as e = q — qr, the error dynamics are given by 

e + Kve + Kpe = 0 . (3*4) 

Kv  and Kp  can be chosen such that the solution of equation (3.4) is asymptotically 

stable. A block diagram of the computed torque controller is shown in figure 3.1. 



The Newton-Euler 
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Figure 3.1. The computed torque control scheme. 
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The implementation of the control law requires the accurate dynamic model 

of the robot. The main difficulty with this technique is the on-line computation of 

this model. This is particularly true of friction and transmission mechanism eiFects. 

In fact it is usually extremely difficult to know the structure of the friction model. 

Also, in many applications, the mass properties of objects that the manipulator 

picks up are not generally known, so that finding an accurate model is almost 

impossible. In this case, the error dynamics become 

e + Kve + Kpe = [/(?,«) - /(«,*)] + (g(g) - *(«)]} (3.5) 

indicating that a steady-state error will exist. The accumulation of this error along 

the trajectory may not be acceptable for precise tracking tasks. 

3.2 Adaptive Control Schemes 

It has been noted often that the parameters of the manipulator are not 

known exactly. When the parameters in the model do not match the parameters of 

the real system, servo errors result. These errors can be used to drive an adaptation 

scheme which attempts to update the model parameters until the errors disappear. 

Adaptive control design approaches can be classified into three catagories: 

i) Model reference adaptive control (MRAC), 

ii) Self-tuning adaptive control (STAC), 

iii) Pole placement adaptive control. 

System models used in the development of these schemes would be typically 

autoregressive moving average (ARMA) or state space models. The schemes also 

differ in terms of adaptation algorithms that are used to update the parameter 

estimates. These algorithms can be divided into four major groups on the basis 

of the technique used in the design of the adaptation algorithm : 

i) Gradient method, 

ii) Recursive least squares method, 
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iii) Recursive maximum likelihood method, 

iv) Extended Kalman filter method. 

Some desirable goals for the design of adaptive robot controllers are : 

i) Insensitivity to parameter uncertainties, 

ii) Insensitivity to unknown payload variations, 

iii) Low demand of on-line computations, 

iv) Decoupled joint response. 

3.2.1 An Overview of Adaptive Robot Control Approaches 

In this section, some adaptive algorithms that are developed for the robot 

control problem will be outlined. 

MRAC Approach 

The basic idea of MRAC design is to find a control input to the equation 

(2.15) which forces the manipulator to behave in a manner as specified by the 

reference model. The reference model is generally a linear, time-invariant, and 

stable system having the following structure: 

xm — Amxm + Bmu r  (3-6) 

where 

with Li € 8inXn being a diagonal matrix with terms 's along the diagonal, 

2/2 G &n*n being a diagonal matrix with terms 2fjWj 's along the diagonal and 

«r G 9£nxl is the reference input vector. Thus, (3.6) represents n decoupled second 

order differential equations: 

Xmi + ZtiUiimi + w\xmi  = u;?ur (3.7) 

where t = 1,2, ...,n. 
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An approach using Lyapunov's stability theorem is to synthesize the control 

as 

u = —Kxx + Knu r  (3.8) 

where Kx  € 5ftnx2n and Ku  6 9?nXn are feedback and feedforward matrices. Defin

ing x = [xf xf]T ; Kx = [K^i Kj2}T and substituting (3.8) into (2.15) yields 

where 

A„ = 

x = Aa(x,t)x + B,(x,t)u r  

0 I 
-H-1(G' + Kx l) —H-\C' + K t 2) 

(3.9) 

BK = 0 
-H-iKv 

It is obvious that a proper choice of Kx  and Ku  can match the system to the 

reference r 

satisfying 

reference model. Solutions for Kx  and Ku  to have lim e(t) = 0 , where e — xm — x 
t^OO 

c — Amc -f- "H (Bffi B9^Ur , (3.10) 

can be found by defining an appropriate positive definite Lyapunov function and 

malting use of the Lyapunov theorem for asymptotic stability [6]. 

ii) Hyperstability MRAC Design: 

This approach divides the control into an adjustable and a fixed part as 

u = $(v,z,t)x + $(t;,ur,i) — K sx + K„u r  (3.11) 

where $ € SRnx2n and £ SRnxn are adaptive gain matrices, and v = V e ; 

V 6 5Rnx2n is a linear compensator. Using equations (2.15), (3.6) and (3.11), the 

MRAC system dynamics can be written in terms of the state errors as 
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• ^ . 0 
e = Ame + j wi 

tii = B[B\AM  -A) + KX-  «]x + B[B*BM  -KU-  ®]u (3.12) 

where B = and B t = (BTB)~1BT  .  

By making use of Popov's hyperstability theory, solution of equation (3.12) 

can be found [3]. 

STAC- Pole Placement Approach 

The objective is to find a proper controller such that the closed loop system 

for each joint, tracks a desired joint motion, xm, with a required transient 

behaviour described by a reference model transfer function, This 

implies that, 
X(z-') 
Y(z-')-G°Am{z->) • (313) 

The integrated dynamics of actuator-manipulator system contains a zero 

extremely close to the unit circle, as will be explained in grater detail in sec

tion 3.2.2.a. In this case, should contain this zero to avoid a pole-zero 

cancellation by the controller. 

There is no unique solution to equation (3.13) and several solutions are 

reported in the literature [5]. 

3.2.2 The Decentralized MRAC Scheme 

An effective design to avoid the problem of having a zero of the transfer 

function near the unit circle, when designing an adaptive position controller, is 

to use an adaptive control loop feeding back the joint velocity. A decentralized 

model reference adaptive robot control scheme making use of this fact is introduced 

below. This scheme yields a simpler velocity controller. 
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3.2.2.a System Linearization and Modelling 

To provide a framework to develop a decentralized controller, the following 

distributed system dynamics are used [4]: 

+ (.Bv i  + Kb iK t i/Rmi)qi(t) + Pi(<) = (Ku/NiR^mit) (3.14) 
ivi 

In (3.14), Ji denotes the total inertia at joint t given by 

Ji = Jmi + ihuiq) (3.15) 
JV,' 

where Jmi- denotes the combined moment of inertia of motor drive shaft and ar

mature assembly and hu(q) represents the effective inertia of joint i .  Also, Bv{ 

denotes the combined friction coefficient of the motor shaft and joint i, N{ is the 

gear, pulley or lead-screw transmission ratio, Ka is the motor back e.m.f. con

stant, Kti is the motor torque constant, Rmi is the resistance of armature circuit, 

Uj(t) is the control signal, and P,(<) is the disturbance torque at joint i given by 

n 

•PiOO = 5Z + /<(«» ?) + 9i(q) (3.16) 

•Vj 

where hij is the (tj)-th element of matrix H(q) and fi(q,q) and jfi(g) denote the 

s-th elements of vectors f(q,q) and g(q), defined by (2.14), respectively. 

In order to find a linear controller, the nonlinear subsystem dynamics can 

be linearized and discretized under the assumption that the adaptation speed of 

the controller is sufficiently fast compared to the variation of the nonlinear terms. 

It may be noted that this assumption is verified by the simulation results in chapter 

4. In this case, the nonlinear system is treated as a linear, time-varying system 

and changes in the linear model parameters correspond to changes in the operating 

point of the nonlinear system. 

The decentralized scheme has several advantages over a centralized con

troller. The possibility of parallel processing lets decentralized controllers require 
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fewer computations than the single centralized algorithm and the computational 

delay in decentralized controllers is generally less than that for the centralized 

controller. 

The design of the MRAC scheme is based on Lozano and Landau's scheme 

given for minimum phase systems [7]. The discretized position transfer function 

Gpi(z) = Yi(z)/Ui(z) contains a zero very close to the unit circle, but the velocity 

transfer function Gvi(z) = Yi(z)/Ui(z) has no zeros, however. For this reason the 

MRAC scheme is used for velocity control. The reference input to the velocity 

controller is modified as 

9d(k + 1) = Qr(k + 1) + c[2r(&) - q(k)] (3.17) 

where q r  and q r  are the reference velocity and position inputs to be tracked, q& 

is the reference input to the controller, q is the actual joint position, and c is a 

proportional gain constant. 

For the t-th subsystem, linearization and discretization of (3.14) yields the 

following difference equation: 

n 

qi{k +1) = aiqi(k) + b0Ui(k) + ^ Ci,j(d~ l)vi,j(k) + hi (3.18) 
i=i 

where 

gl = —e-"t 

60=a/(/?(l-e-"T) 

a = K t i/(JiRmiNi) 

/3 = (l/J i)[Bv i  + (K t iKBi)/Rmi] 

CiAd'1) = 1 + Cijd'1  + ... + c\jd~ l  

= 9j(k) or VjjCfc) = qj(k) 

and d~k  and T represent k step time delay and the sampling period, respectively. 
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In equation (3.18), the coupling inertia and gravity terms are represented by 

the moving average of either the positions or velocities of other joints. This leads 

to the possibility of selecting three different subsystem models each ultimately 

resulting in a specific control law. 

Model 1 

This model represents all the coupling terms as moving averages of the joint 

positions. For a three degree-of-freedom manipulator, model 1 is of the form 

j=1,2,3. 

Model 2 

In this model, all coupling terms are lumped into one parameter: 

Model3 

In model 3, coupling inertias and velocity terms are represented by moving 

averages of the other joint velocities and all gravity terms are lumped in the param

eter hi. For the first joint of a three joint manipulator, the model 3 representation 

lS, 

Model 1, requiring 11 parameters to be identified, is the most complex 

and accurate representation followed by model 3 and model 2, requiring 7 and 3 

parameters to be estimated, respectively. 
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3.2.2.b Development of the Control Algorithm 

To design the control algorithm, note that all the three linearized subsystem 

models are special cases of the general model 

n 

Md-1  )4i(k +1) = Bi{dr x  )ui(k) + ]t Cijid-1  )v i t j(k) + hi (3.19) 
j=i 

where 

Ai(d 1) = l + al(id 1 + (li^d 2 + ... + a,)S<f * 

= 1 + d~1A(d~1) 

Bi(d 1) = 6^0 + bi t\d 1  + ... + bi i t nd~m , fe»,o 7^ 0 

= b i t 0+d-1B{d~1) 

Ci,j(d 1) = l + cj)jd 1 + ... -f c[jd ' 

and 

v 'Ak) = 9/(*0 or  vij(k) = 4j(k) .  

It is assumed that the zeros of Bi(d~1 ) Eire all inside the unit circle. 

The design procedure suggested by Lozano and Landau starts with initially 

assuming that the plant parameters are known and specifying the desired tracking 

objectives to develop a linear model following controller (LMFC). The scheme is 

then extended to the case of unknown parameters by requiring that the controller 

objectives in the adaptive case are asymptotically attained. 

Therefore, let us temporarily assume that the polynomials Ai, Bi and Cij 

and the parameter hi are known. The control objective is for the velocity tracking 

error to decay with the dynamics of a designer specified polynomial Dj(<i-1), i.e., 

w^fc + i) - Qdi(k +1)] (3.20) 
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where 

D,(d - i) = 1 + fi.icT1  + cr i i 2d~2 + ... + <Ti, ,d~' 

= 1 + d~1D(d~1) .  

Now adding Dj(d~1)qj(k+1) to both sides of (3.19) and defining a new polynomial 

Riid'1) = r^d-1 + rii2d~2 + ... + rit.d- = Diid-1) - i^cT1) , (3.21) 

equation (3.19) may be written in the form 

n 

Diid-^qiik + l) = bi(d-1)ui(fc) + iji(d~1)9i(fc) + Sc».i(<i"1ki(fc) + '1' (3-22) 
j=l 

By introducing a parameter vector, and a measurement vector, < j >i( k ) ,  defined 

as, 

@7 — [6i1o6i,i...6i,m-,riilri)2...ri)S;c?ilcJ)1...c|il-,c?i2cJi2...cj)2; c°ncjn...c' n; /i,] (3.23) 

and 

<l>f(k) — [u,-(fc)tt;(fc — 1 )...Ui(k — m)\q{k — l)...g(& — s); 

Vi ,i(k)...viti(k - I); vit2(k)...Vil2(k - I);...; viin(k)...vi>n(k - /); 1] , (3.24) 

equation (3.22) may be rewritten as 

P,(d_1)g,(fc + 1) = ej<f>i(k) .  (3.25) 

Since the control objective is defined by (3.20), the desired control can be obtained 

as 

D i(d-1)qd i(k + l) = eT<f>i(k) .  (3.26) 

This equation gives the expression for the control if the parameters are known. 

However, the subsystem parameters are unknown, and the control objective is 

hence modified as 

lim Diid-1  )[g,-(fc -f 1) - qd i(k + 1)] = 0 . (3.27) 
fc^oo 
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In this case the control signal can be obtained in terms of the estimates as 

a(d_1)?d.(fc + 1) = (3.28) 

or more explicitly 

m{k) = i [iw1 )«*•(* + 1) " )«,•(* - 1) - Riid-^ik) 
"i, 0 L 

— >i(d lvi,j(k) — hi ] (3.29) 
i=i 

where the notation " " " denotes an estimated value. 

The parameter estimates can be obtained by a standard recursive least 

squares procedure. Defining the adaptation error as 

e<(fc) = A-(OI?i(*)-««(*)] 

= a-(09i(ft) ̂  ~ - 1) , (3.30) 

the updating algorithm is given by 

0i( k )  = §i( k  - 1) + Fi( k  -  l ) < t >i(k -  1 )£,(*) 

.[1 + <t>T{k - 1 )Fi(k - 1 ~ l)]-1 (3.31) 

and 

Fj(k -  1 )h(k -1 )jf(k -  l)fl(fc -  1) 1  
Fi{ k )  =  

A i ( f c - l )  Fi{h  1 }  ai ( k -  1) + 4>T(k - 1 )Fi{k -1 )4>i(k -  1)j 
(3.32) 

where Aj(fc), chosen to satisfy 0 < A,(fc) < 1, is a forgetting factor generally used 

for tracking slowly time-varying parameters by exponentially forgetting the old 

input/output data in making the new parameter estimates. The smaller the value 

of Aj(fc) is, the faster the algorithm forgets. 
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Figure 3.2 : The decentralized MRAC Scheme. 
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PERFORMANCE EVALUATION OF THE CONTROL SCHEMES 

In this chapter, details of several simulation runs conducted to study dif

ferent aspects of the control algorithms are described. The performance of the 

adaptive controllers and the computed torque controller under the influence of 

coupling torques, rapid changes of effective inertia terms and when manipulat

ing objects of unknown inertia properties are studied and are compared with one 

another. 

The simulation methods were programmed in FORTRAN and then exe

cuted on a VAX 11/780 computer using the dynamic parameters of the first three 

joints of the Stanford manipulator as descibed in the Appendix. Since the orienta

tion of the end effector is not as demanding of the control scheme as the position 

of the end effector, the last three joints were neglected to save computer time. 

4.1 General Structure of the Simulation Routines 

The simulation consists of two sections - a control section and a dynamics 

section. Implementing the schemes given in sections 3.1.1 and 3.2.2 the control 

section calculates the armature voltages by using either the computed torque con

trol or the adaptive control techniques. In the dynamics section, these control 

signals are applied to each joint and the dynamic coefficients are calculated using 

the Newton-Euler technique as described in section 2.3 and [16]. Equation (2.14) 

is then numerically integrated using a fourth order Runge-Kutta routine with an 

integration step size of 2.5 msec. 

In order to simulate the inaccuracy in representing the real plant model for 

the study of the performance of the computed torque controller, the inertia matrix 
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Figure 4.1. Flow chart of the computer simulation routines. 
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Compute e°(fc) using equation (3.30) 

No 

Measure qi(k ),Vi(k ) 

Compute 8i(k) using equation (3.31) 

Compute Ui(k) using equation (3.29) 

Compute F ( k )  using equation (3.32) 

Figure 4.2. The sequence of the MRAC scheme. 
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Figure 4.3. The Stanford Arm and the Coordinate Frames. 
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of equation (2.14) is perturbed by 10% and the term -y(q,q) = f(q,q) + g(q) is 

represented by a fitted curve using Lagrange's fourth order interpolation method. 

The numerical values used in these simulations were K, = 100 , Kv = 20, 

c was experimentally ranged from 0.3 to 0.6 to obtain a critically damped system 

response, Fi(O) = 10000 and .,\i = 0.98 where i = 1, 2, 3. The flow sequences of 

the simulation routines and the adaptive control algorithm are shown in figures 

4.1 and 4.2, respectively. Figure 4.3 shows the configuration and the coordinate 

frames of the Stanford manipulator. 

4.2 High Speed Parabolic Motion and Step Response 

To compare the convergence rate of the three adaptive controllers and the 

computed torque controller, two different reference trajectories were designed. 

In the first part, the end effector tracks the parabolic trajectory of figure 

4.4, given in the joint coordinate system. These trajectories are characterized by 

large joint displacements and velocities. The position error profiles for the adaptive 

controllers based on models 1,2, and 3 and for the computed torque controller are 

shown in figure 4.5. 

In the second part, a step input shown in figure 4.6 is applied to the system 

to see the convergence speed of the controllers. Figure 4. 7 shows the responses 

resulting from the various controllers examined. 

During the tracking of above trajectories, model 2, based on the least ac

curate model but with the least number of parameters to estimate, gives the best 

performance. 
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4.3 Inertia Tracking and Manipulation of Unknown Masses 

To analyze the effectiveness of each decentralized MRAC scheme to com

pensate for the dynamic interactions among the joints, to track varying effective 

inertias and in handling situations where the load is unknown, different trajectories 

are designed and studied. 

4.3.1 Effective Inertia Tracking 

One of the criteria of interest is the ability to compensate for rapidly varying 

effective inertia, ha. The changes in inertia parameters are shown in figure 4.9 as 

the reference trajectories of figure 4.8 axe followed. This 1.2 second motion causes 

a great change in d\\. A learning signal, enabling the adaptation algorithm to 

converge to the proper parameters before the trajectory of interst starts, is applied 

during the first 0.2 seconds of the trajectory. Position error results are shown in 

figure 4.10. Note that control 2 and control 3 give superior performance over 

control 1 and the performance of the computed torque controller is poorer than 

everyone of the adaptive schemes. It may be noted that the error profiles of control 

2 and control 3 exibit a noticeable deviation compared with the performance of 

control 1 at t=0.85 sec. and this is caused by the discontinuity in acceleration at 

this instant. The reason for this will be explained in chapter 5. 

4.3.2 Coupling Inertia Tracking 

The continuous path objective requires the regulation of independent joint 

control. That is, in order for the joints to precisely track their individual tra

jectories, the closed loop system must compensate for any disturbance torques, 

including those caused by interactions between the joint dynamics. 



Figure 4.8 : Desired joint trajectories to test effective inertia disturbance rejection. 
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As shown in chapter 2, the joint dynamics are significantly coupled. Con

sider the dynamics of joint-i in equation (2.14) 

n = huqi + + + • t4"1) 
jssl •y; 

This equation may be rewritten as 

Ti = ha{qi + Y^(hi}/ha)V + vm/ifai ?) + ff.(9)]} (4-2) 
iel 

Thus, large hij/hu ratios and rapidly varying qj impose a large demand on the 

adaptive feedforward component of the control. 

Figure 4.12 shows the changes in inertia parameters when the joints of the 

arm follow the reference trajectories of figure 4.11. Here the joint 1 reference tra

jectory is specifically designed to create large coupling inertia torques on joint 3. 

A small learning signal of 0.2 seconds duration is initially applied to the system to 

enable the adaptation algorithm to drive the parameter estimates. Position errors 

for the adaptive controllers and the computed torque controller are shown in figure 

4.13. Figure 4.14 shows the position errors resulting from only the adaptive con

trollers after the learning period. Note that control 1 gives the best performance 

for this simulation run. 

4.3.3 Manipulation of Unknown Masses 

One of the common industrial robot tasks is to approach an object, grasp 

it and move it to a new position. In contrast to non-adaptive schemes, adaptive 

manipulator controllers do not have to be provided with a complete information 

about the load grasped. When the manipulator grasps an unknown object to 

move to a new position, there is a discontinuity in inertia and gravity forces at 

the moment the object is grasped. In order for the controller to be robust to 
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sudden changes in these forces, the new dynamical parameters of dynamics should 

be estimated as quickly as possible. 

To simulate this motion, while the manipulator is following the reference 

trajectories of figure 4.8, the mass and inertia parameters of link 3 are suddenly 

changed to represent the grasping of a 5.4 kg. cube at t = 0.6 seconds. The 

inertia profiles are shown in figure 4.15. The position errors of figure 4.16 show 

that control 1 gives the best performance. Note that this simulation run is not 

performed for the computed torque controller since it does not account for the 

mismatch between the model and the plant. 
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CHAPTER 5 

A RULE-BASED CONTROL STRATEGY 

The number of levels in the hierarchical design of a robot control system 

depends on the complexity of the task and the robot type. Most often, four 

hierarchical levels are encountered [15]. The highest level makes decisions on 

how the task should be accomplished with respect to operating conditions and 

obstacles. In the second level (strategical level) the operation is divided into 

elementary movements and each movement is prescribed according to external and 

dynamic conditions. The third control level (tactical level) generates the reference 

inputs for each joint. This can be done using machine vision and image processing 

techniques. The lowest level (executive level) executes these trajectories by means 

of actuators at each joint. 

Algorithms given in chapter 3 are mainly concerned with the problem of 

synthesizing the two lower control levels. In this chapter, a rule-based robot 

controller, which may be implemented at the second hierarchical level by choosing 

the proper linearized control scheme with respect to a given task, will be developed. 

5.1 An Overview of Rule-Based Systems 

Expert systems were first introduced in 1977. Today numerous expert 

systems are in use or are being developed [2]. 

Every system has its own knowledge base which is a set of rules. An example 

of such a rule base may be the following: 

Rule i: If < condition — 1 and condition — 2 and ... > 

Then do < action — 1 and action — 2 ... > . 



In addition to the knowledge base, there might be general facts. Such a 

system can be used either in forward or backward chaining. In forward chaining, 

the process starts from the facts and rules, for which the premises are satisfied by 

the facts, are applied to them and this gives new facts. The application of rules to 

facts continues until either the goal is reached or there are no more rules that can 

be applied. If at some stage of this process, there is more than one rule that can 

be applied, in order to make a choice, a conflict-resolution strategy can be used. 

Some possible conflict-resolution strategies would be 

i) Rule ordering: This method is based on the arrangement of all rules in 

one priority list. The rule that appears earliest in the list has the highest 

priority. 

ii) Size ordering: This strategy assigns the highest priority to the rule with 

the requirement that has the longest list of constraining conditions. 

iii) Recency ordering: This strategy assigns the highest priority to the most 

or least recently used rule at the designer's request. 

iv) Context limiting: This strategy reduces the likelihood of conflict by sepa

rating the rules into groups, only some of which are active at any. time in 

conjunction with a procedure that activates and deactivates groups. 

v) Specificity ordering: This strategy uses the rule whose the conditions are 

a superset of the conditions of all the other triggering rules that can be 

applied to the current situation. 

Backward chaining looks at all these rules that have the desired goal in their 

consequences. If one of these has all its premises in the facts, we have succeeded; 

otherwise we take the various premises in order as new goals and start again. This 

procedure leads us to a search algorithm, which is generally finite. 

Each of these chaining methods has its own particular advantages. Which 

is the better one to use in a given case depends on the structure of the problem. 
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5.2 Interpretation of the Simulation Results 

It has been seen through the simulation studies that the choice of the lin

earized model in the design of the decentralized MRAC scheme has a dramatic 

effect on the performance of the system and no one model is superior for all types 

of motions. 

Model 1, offering the most complex and accurate representation of the cou

pling disturbances, requires identification of 11 parameters. Model 2, the simplest 

model lumping all coupling disturbances into one term h{, requires the control to 

identify 3 parameters. Model 3 is a compromise between the complexity of model 

1 and the simplicity of model 2 and requires to identify 7 parameters. 

Simulation results and the method of model development indicate the fol

lowing : 

a) The convergence rates are slower when there is a large number of parameters 

to be estimated. This can be seen by comparing the responses of the three 

controllers in figure 4.7. Thus, for motions in which there are rapid variations 

in the trajectory, model 2 yields superior performance. 

b) The most accurate representation of coupling inertia and gravity terms is in 

model 1. 

c) Since they all have q(k  + 1) = anq(k)  + bi 0 u(k)  terms in common, all three 

models represent effective inertia terms with the same accuracy. 

d) When both the tracking of rapidly varying coupling inertia terms and conver

gence rate are of importance, the model with the least number of parameters 

performs best. This concludes that, in this case, the convergence rate decides 

the selection of the controller.(See figure 5.3). 

e) When power failures occur or there is a discontinuity in inertia terms, control 

1 gives the best performance. Thus, it is possible to say that control 1 is the 

most robust one in this respect. 
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The failure of model 2 during dominant coupling with discontinuous or rapidly 

varying joint accelerations can be explained as follows. In the model 2 represen

tation, all the coupling inertia disturbances axe lumped into one parameter, /i,. If 

the trajectory includes a discontinuity in acceleration, then the parameter hi will 

also be discontinuous. During the time that it takes the parameter adaptation 

algorithm to converge to this new value of hi, performance will be degraded. 

5.3 Design of a Rule-Based Controller 

By making use of the facts given in section 5.2, an appropriate selection of a 

control scheme according to the specification of manipulation task can be made 

to give an improved performance. Figure 5.1 illustrates a control scheme using 

this concept. The decision making block monitors changes in model parameters 

and the reference trajectory. Rules for the decision making unit are the following: 

Rule 1: 

If controli(k — Ii) = control j 

Then, controli{k) = control j where 0 < /i < mj and j = 1,2. 

Rule 2: 

tf gdi(k + x) ^ n 

ww 
Then, control^) = control 1 where l2 = k + 1, k + 2,..., k + m2-

Rule 3: 

If «i(fc) = 0 

Then, controli(h) = control 1 where J3 = k +1, k + 2,k + 1713. 



Output Demand 

control 3 control 1 control 2 

Manipulator Reference Trajectory 
Planner 

Rule Based Decision Making Unit 

Figure 5.1 : Block Diagram of the Rule Based Controller. 

o> 
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Rule 4: 

If s*(k) > s0 and q* < q0 

S i ( k )  
Then, control{k) = control 1 where s*(k) = — 

Si(k — m4) ' 

g*(fc) = 811(1 + 1) — cti.igC*:) — 6,,0w«(fc) 

Rule 5: 

controli{k) = control 2 . 

With this set of rules, different joints of a manipulator might be controlled 

with different control strategies. The purpose of Rule 1 is to prevent changes in the 

control strategy too often. When the control switches from one mode to another, 

the new model parameters should be identified as quickly as possible. Rule 2 is 

fired when there is a discontinuity in acceleration. Rule 3 is for the cases where 

there exists a power failure. When tracking of rapidly varying coupling inertia 

terms axe of importance but not the convergence rate, rule 4 is fired. Rule 5 takes 

care of the cases which are not covered by previous rules (i.e. default selection). 

It is important to note that the selection of the constants qo, so, mi, m2, m^, 

nn and ms should be based on the type of the manipulator and the trajectory. 

During the abovementioned simulation runs using the Stanford manipulator, these 

parameters were experimentally found to be go = 3.80, so = 1-80, mi = 5, m.2 = 

18, rri3 = 12, nxj = 3, and ms = 3. 

The application of these rules and using a rule ordering conflict-resolution 

strategy having a priority list of 1 through 5 yields the following control policy: 
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Objective 

Past convergence rate 

Tracking of rapidly varying coupling inertia terms 

Tracking of rapidly varying effective inertia terms 

Both fast convergence rate and tracking of 

rapidly varying coupling inertia terms 

Robustness to discontinuities in model parameters 

Robustness to power failures 

Robustness when grasping unknown loads 

Default case 

control 1 

control 2 

Control Type 

control 2 

control 1 

control 2 

control 1 

control 1 

control 2 

To demonstrate how this scheme works, the reference trajectories of figure 5.2 

are followed with mismatched initial positions and all the joints are controlled with 

the same control policy. This simulation represents the following motion. During 

the initial moments, the convergence rate of the parameters is of importance while 

the end effector approaches the reference trajectory. Then, the robot follows the 

trajectories similar to that considered in figure 4.11 where the changes in coupling 

inertia terms are significant and approaches an unknown object. The object is 

grasped at t = 2.4 sec. and carried along the trajectories where the change in 

effective inertia terms are significant. After the load is grasped a power failure 

takes place at t = 3.0 sec. To simulate this phenomenon, input torques that axe 

applied to the joints are set to zero for 4 sampling periods. The position error 

profiles resulting from the application of the two adaptive controllers, control 1 

and control 2, for joint 3 axe shown in figure 5.3. Figure 5.4 gives the magnified 

version of the error curve to show the errors in detail. Since the rule base does 

not refer to control 3 and the computed torque controller, these control laws axe 

not included in this simulation rim. 
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The decision making unit selects control 2 during the period 0 < t < 0.4 

sec. while the position of the end effector converges to the reference trajectory. 

During 0.4 < t < 2.58 sec. the control selected is control 1 since the changes in 

coupling inertia terms are significant. The peak on figure 5.6 at about t=0.4 sec. 

occured when switching the controls. The manipulator grasps an unknown object 

at / = 2.4 sec. Between 2.58 <t< 3.0 sec. the control selected is control 2. In 

this part of the trajectory, both the effective inertia changes and the convergence 

rate are of significance. During the period of 3.0 <t < 3.6 the control is chosen to 

be control 1 because of the occurance of a power failure at / = 3.0 for 4 sampling 

periods. The position error of the end effector using this control strategy is given in 

figure 5.5 and to a magnified scale in figure 5.6 verifying that the decision making 

unit has adaptively chosen the control strategies to yield the minimum error. 
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CHAPTER 6 

CONCLUSIONS 

Conventional manipulator control schemes, such as the PID control and the 

computed torque control, are based on an exact model of the manipulator. Due to 

undeterministic dynamics, some model parameters may not be exactly determined 

a priori. To overcome this problem of modelling uncertainties, adaptive control 

schemes are proposed. 

The other problem is the complexity of the robot model. Even though 

a complex manipulator model may be obtained as an accurate representation of 

the system dynamics, it should be simple enough to permit the controller to do 

required computations in one sampling interval. In contrast to a centralized ap

proach, decentralized control schemes require fewer computations. For these rea

sons decentralized adaptive control schemes seem attractive for the robot control 

problem. 

The major contributions of this work can be outlined as follows: 

1. The application of the decentralized adaptive control to manipulator 

control is demonstrated through some simulation studies and compared with that 

of the computed torque controller. The results indicate that the use of adaptive 

control improves the performance of the manipulator despite changes in the pay-

load and in the manipulator configuration. The performance of the computed 

torque controller can however be improved by locating the poles of the controlled 

system given by equation (3.4) farther in the left half of the 8-plane, but this 

procedure requires very high feedback gains that may cause saturation. 

2. Based on the simulation runs and the model development, the detailed 

performance of three different adaptive controllers were studied and a rule-based 
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controller was developed. Such a rule-based strategy permits the selection of a 

proper adaptive control during portions of an overall manipulation task and yields 

a superior performance during the entire length of the task. 

An application of the decentralized MRAC scheme to robotic manipulators 

is explained in chapters 3 and 4. Even though this approach gave successful results, 

the following might be worthwhile tasks for further investigation. 

1. The adaptive controller given by equation (3.29) is a velocity tracking 

controller. The position is controlled by a proportional feedback loop obtained 

by equation (3.17). An adaptive position controller, if obtained using a different 

model for the dynamics, can be expected to give a better performance. 

2. The controller given in section 3.2.2 assumes linear, time-varying sub

system dynamics. Some modern manipulators move so fast causing great changes 

in effective inertia terms. Therefore, employing a nonlinear system model in the 

controller development may result in improved performance in such cases. 



APPENDIX 

DYNAMIC PARAMETERS OF THE STANFORD MANIPULATOR 



Link 1 Link 2 Link 3 

Mechanical Parameters 

Link Inertias [ifcj.m2] 

Irx 

Iyy 
/„ 
Link Center of Mass [m] 

x 
V 
z 
Link Mass [fcj] 
m 
Motor Inertia [t^.m2] 

Jm 

Dynamic Friction [N.m.sec/rad] 
Bv 

Gear Ratio 

N 

Electrical Parameters 

Torque Constant [N.m/amp] 

kt 

EMF Constant [V.«ec/rad] 

Kb 

0.276 0.108 2.51 
0.255 0.018 2.51 
0.071 0.100 0.006 

0.0 0.0 0.0 
0.0175 -0.1054 0.0 
-0.1105 0.0 -0.64 

9.29 5.01 4.25 

5.65 x lO"5 2.33 x 10"4 2.05 x 10" 

8.09 x 10-5 3.03 x 10"4 3.11 x 10" 

100:1 100:1 82.9:1 

4.3 x 10"2 1.02 x 10"1 2.83 x 10" 

4.2 x 10"2 1.01 x 10"1 3.03 x 10" 
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