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ABSTRACT 

This study presents a new analytical controller design strategy for the tele-

operation of mechanical manipulators aboard the U.S. space station. This controller 

design strategy emphasizes on the stability of a closed-loop control system involving 

time delay. Simplified dynamic equations of the Stanford arm are considered as the 

manipulator model. A local linearizing and decoupling control algorithm is applied 

to linearize and decouple the dynamic equations. Once the linear form of the manip

ulator is obtained, a model prediction control loop is constructed and implemented 

as a digital controller to provide the predictive states information, and a particular 

model reduction method is applied to yield a reduced-order digital controller. This 

reduced-order digital controller is a highly self-tuned controller which can control 

the closed-loop system with time delay by following a specified performance. 

ix 



CHAPTER 1 

INTRODUCTION 

In recent yeaxs, mechanical manipulators have become important tools in 

both scientific and industrial endeavor. With the urgent need for increased produc

tivity, uniform quality, and flexible manufacturing in industry, and for safe science 

processing in dangerous environments, a considerable amount of engineering work 

has been devoted in developing a computer controlled robot with hand, eye and 

intelligence. 

Criteria for accepting mechanical manipulators to perform a task are as 

follows: (i) the task requires perceptual abilities or computing abilities outside the 

range of human limits, (ii) the task involves safety risks outside tolerable human 

limits, (iii) the operation involves routine, repetitive, and/or precise steps, (iv) the 

task requires detection of infrequent events or continuous monitoring. On the other 

hand, the criteria for rejecting mechanical manipulators in a task are as follows: (i) 

the task requires need for skill, judgment, or ability to improvise, (ii) the task is 

limited or specific to only one experiment, (iii) the mechanical manipulators would 

require excessive weight, volume or power. 

The tasks of the forthcoming U.S. space station include life science exper

iments, which need repetitive and precise operations for specimen measurement, 

specimen transfer, and waste collection under hazardous circumstances. For these 

purposes, a teleoperated mechanical manipulator arm seems to be the right choice. 

Today, there are a couple of robot models available both in industry and re

search laboratories, for example, the T3 robot built by Cincinnati/Milacron Corp., 
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the PUMA robot built by Unimation Inc., the Stanford arm at Stanford Artificial 

Intelligence Laboratory, and the MIT arm at MIT Artificial Intelligence Labora

tory. Meanwhile, there are also several low-cost educational robots available on the 

market, like the Microbot built by Microbot Corp., the Hero-2000 robot built by 

Heathkit/Zenith, and the Rhino robot built by Rhino Robots Corp. 

Although several commercially available industrial mechanical manipula

tors have been widely used in manufacturing and assembly tasks for many years, 

these mechanical manipulators are basically just simple position controlled ma

chines, controlled by mini- or micro-computers. Most of these mechanical manip

ulators are used in relatively simple repetitive tasks, and are equipped with simple 

control systems which have few or no external sensors. So, more research effort 

is still being directed toward the kinematics, dynamics, trajectory generation, con

trol, sensing, programming languages, and artificial intelligence as applied to robot 

technology. 

1.1 Motivation 

Our goal in this research is concerned with the development of an efficient 

controller for a teleoperated mechanical manipulator. Some scientific processes are 

taking place in hostile environments, such as nuclear power plants, deep undersea 

exploration, and space research. For such operations, a remotely controlled mechan

ical manipulator seems to be the right answer. However, the control problems to be 

mastered in remote mechanical manipulator control are formidable. One of the most 

serious problems is concerned with the control loop stability due to time delay in the 

loop. Especially if the mechanical manipulator is located aboard a space station, a 

long time delay resulting from relaying the control signal via geostationary satellites 

is inevitable. Because of this long time delay (roughly 0.4 seconds per way) for the 
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control signal to pass between the human operator on earth and the mechanical 

manipulator control system aboard the space station, problems with overall system 

stability occur. The long time delays can make the closed-loop system unstable, or 

make this system at least very inaccurate at high frequencies. These difficulties can 

be avoided if high frequency control is performed locally aboard the Bpace station 

while human interaction (teleoperation) is restricted to infrequent transmissions of 

new directions. However, this is not always possible, e.g. in Telescience where the 

outcome of an experiment may not be known in advance, and where the scientist on 

the ground must be able to intervene quickly, e.g. to prevent a disaster. Therefore, 

it is essential to study the stability of a closed-loop mechanical manipulator control 

system involving time delay, and to develop an efficient controller for such a system. 

1.2 Equipment 

For our research, we chose the Stanford arm as our mechanical manipulator 

model, which is a six degrees of freedom manipulator. It consists of five revolute 

joints and one prismatic joint. The first three joints are used to determine the 

desired wrist position, while the final three joints are used to determine the desired 

end-effector orientation. 

For analysis and design of the system, we used the CTRL-C (System Con

trol Technology, Inc.,1986) software, while the simulation was performed using 

DARE-INTERACTIVE (Cellier,1986) and ACSL (Mitchell & Gauthier Associates, 

Inc.,1981). All programs execute on VAX/VMS. 

1.3 Research Issues and Organization 

In order to analyze the stability problem for the teleoperated mechanical 

manipulator arm aboard the U.S. space station, and to develop an efficient controller 

for this closed-loop system, major research issues are the following: 



(1) to obtain the dynamic equations governing the motion of the Stanford arm, 

and apply a local control scheme to make the model from the outside look 

like a linear decoupled continuous system; 

(2) to analyze the system stability of a closed-loop mechanical manipulator 

control system with time delay; 

(3) to place delays before and behind the local mechanical manipulator model 

to reflect the control signal transport to and from the space station; 

(4) to construct a state predictor and incorporate it in the control loop to 

reduce the destabilizing effects of the time delays; 

(5) to place a sample-and-hold device at both ends of the controller, so that 

the controller can be implemented as a digital remote controller, to prevent 

the need for transmitting continuous control signals; 

(6) to apply model reduction techniques to reduce the digital remote controller 

from a high-order system to a low-order system, while preserving the main 

functionality of the original high-order system; 

(7) to use simulation to demonstrate the effectiveness of this overall control 

scheme; 

In Chapter 2, we introduce the basic kinematic and dynamic equations for 

the Stanford arm. The simplified dynamic equations are chosen as our control model. 

A brief literature review about existing control algorithms is also presented. Then, 

we introduce a control scheme to linearize and decouple the nonlinear dynamic 

equations. 

In Chapter 3, we employ graphical techniques in the frequency domain, the 

root locus plot, the Bode plot, and the Nyquist plot, as tools to analyze the influence 

of a time delay on the stability of the closed-loop system. Some approximating 
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methods for time delays are also introduced, and the Padd approximant is used in 

a program to simulate the response of a closed-loop system with time delays. 

In Chapter 4, we introduce a Smith(1958) predictor for our system with 

time delay, and discuss the effectiveness of the predictive feedback loop in this 

system. The design procedure for and the implementation of this feedback loop as 

a digital controller are also presented in this Chapter. 

In Chapter 5, we introduce the original Eitelberg(l979) model reduction 

technique for continuous systems and a revised model reduction technique for dis

crete systems. The application of this model reduction to our digital controller and 

complete simulation results are also presented. 



CHAPTER 2 

KINEMATICS AND DYNAMICS OF THE MANIPULATOR MODEL 

In general, a robot arm can be described as a series of links connected by 

revolute or prismatic joints driven by actuators. At the free end of the chain of 

links is the end-effector. In this research, the Stanford arm is chosen as the robot 

model. It consists of five revolute joints and one prismatic joint. The first three 

joints determine the desired wrist position, and the other three joints determine the 

desired end-effector orientation. A picture of the Stanford arm is shown in Fig. 2.1. 

The kinematics and dynamics of this robot arm have been widely dis

cussed in numerous journals, proceedings, and textbooks (Paul,1981; Asada and 

Slotine,1986; Craig,1986; Wolovich,1987; Fu, et al.,1987). Therefore, this chapter 

can be confined to briefly present those topics related to the construction of our 

robot- arm model and to existing control algorithms. The main point of this chapter 

is adopting Ko and Cha's(l983) control algorithm to linearize the nonlinear robot 

arm dynamic equations. 

2.1 Kinematics of the Stanford Arm 

The kinematics of robot arm motions can be represented as an forward or 

as a inverse problem(Paul, et al.,1981). The forward kinematics problem is to find 

the Cartesian configuration of the end-effector corresponding to a given set of joint 

angles, and the inverse kinematics problem is to find joint angles corresponding 

to a desired Cartesian Configuration of the end-effector. The state variables in 

robot aim models are usually the joint variables, but tasks are usually described in 
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Cartesian coordinates. So, it is necessary to determine values for the joint variables 

that lead the end-effector to its desired position and orientation. Therefore, the 

inverse kinematics representation is used more frequently. In this section, we limit 

our discussion to the problem of setting up the joint coordinate systems, and to the 

problem of determining the position and orientation of the end-effector relative to 

the base reference coordinate system, as a function of the joint variables and the 

related geometrical parameters. This is called the forward kinematics problem. 

Denavit and Hartenberg(l955) and Peiper(1968) introduced a systematic 

method to describe the kinematic relationship for one coordinate system relative 

to another coordinate system by using a 4 X 4 homogeneous transformation matrix. 

The homogeneous transformation matrix for frame 1 with respect to frame 0 is 

rp i _ 
•*o — 

Rb Dl
0 

P S 

where 

Rq =3x3 rotation matrix for frame 1 relative to frame 0 

Dq =3x1 translation vector for the origin of 

frame 1 relative to frame 0 

P = 1 x 3 perspective transformation vector. In robotics, that is 

not important, so it is set equal to zero 

S = scaling factor. In robotics, always set equal to 1 

Since any robot arm can be characterized by a series of movable links, 

every two adjacent links are connected by a joint, except the end-effector. We can 

associate a fixed Cartesian coordinate system with each joint, and define joint i as 



the intersection of link t — 1 with link i. Consider joint t as depicted in Fig. 2.2, 

and define the coordinate system as follows 

Zi-i = a fixed axis at the end of link t — 1, directed along joint i, 

about which or along which link i moves 

.Xi_i = axis directed from Zi-i to Z{ being perpendicular to both 

Yi_i = the unique axis that completes a right-hand Cartesian coordinate 

system with Xi-\ and Z,-_i 

0,_ i = the origin of the frame t — 1 coordinate system 

With these coordinate systems fixed to joints t and i +1, four link param

eters may be defined to specify the configuration of the frame i coordinate system 

relative to the frame * — 1 coordinate system 

= rotation angle about Zi-i of X,_i into Xi, taken in the right 

hand sense about Z{-\ 

di = distance from X%-\ to Xi, measured along Z,-_i 

a,- = distance from Z,_ i to Zi, measured along Xi 

a4- = rotation angle about Xi of Zi-1 into Zi, taken in the right 

hand sense about Xi 

By following the order of these four operations, the overall D-H coordinate 

transformation matrix for frame » relative to frame i-1 can be expressed as 

rotation translation translation ' rotation 
A\ — i— 1 — about along along about A\ — i— 1 — 

Zi-1 axis Zi-i axis . Xi axis 
• 

Xi axis _ 

i -S0i 0 01 1 0 0 0 1 ri 0 0 a,-' -1 0 0 
i COi 0 0 0 10 0 0 10 0 0 Cat -S 

0 1 0 0 O l d ;  0 0 10 0 Sai Cc 
0 0 1. .0 0 0 1. .0 0 0 1. 0 0 0 
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'COi -SOiCoti S0{Sai aiCOr 
_ SOi COiCcti —COiScti aiSOi 

0 Soti Ccti di 
.0 0 0 1 . 

where COi denotes cos and S6{ denotes sin 0,-. 

So if a point P is fixed in the t frame and is expressed in coordinates with 

respect to the i frame coordinate system as 

'P*t' 
r- = py> 

Pzi 
. 1 . 

then 

r,-i = -A;-jr.-

and r,_i is the coordinate vector of point P with respect to the t — 1 frame 

coordinate system. 

The joint coordinate system and the four link parameters for each link of 

the Stanford arm are depicted and listed in Fig. 2.3 and Table 2.1, respectively. 

The position and orientation for the coordinate system on link t (frame *) 

with respect to the base coordinate system (frame 0) can be obtained via a chain 

product of the A matrices and can be expressed as 

= (2*1) 

Specifically for t=6, T§ describes the position and orientation of the end-effector 

with respect to the base coordinate system. Equation (2.1) is referred to as the 

kinematic equation of the robot arm, and it describes the fundamental kinematic 

behavior of the arm. 

Paul(1981) derived the complete and Tq matrices of the Stanford 

arm by assuming d\ and de to be zero. These matrices are listed in Table 2.2. A 
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variety of kinematic models for other robot arms have also been presented, Lee(l978) 

specified the kinematic equations of the MIT arm, Bazerghi, et al.(l984) derived 

those of the PUMA 600 manipulator. 

2.2 Dynamics of the Stanford Arm 

The dynamic equations of a robot arm are mainly related to the input joint 

torques and the responding motions, i.e. the position, velocity and acceleration of 

the joint variables. In general, three approaches have been investigated to formulate 

robot arm dynamics: Lagrange-Euler (L-E), Newton-Euler (N-E), and a generalized 

d'Alembert (D-A) principle formulation. Lee(l982) evaluated these three ways to 

formulate robot arm dynamics. 

The derivation in the Lagrange-Euler formulation is systematic, and the 

resultant equations are compact and explicit in terms of joint torques and joint 

variables. These resultant equations are also easily expressed in state equations 

and can be utilized for control strategies design. So from the control point of view, 

the L-E formulation of robot arm dynamics is very desirable. 

For an it degree of freedom robot arm, the L-E equation is 

d 
Ti ~ dt 

dL 
dqi 

~ — * — 1,2,. . . ,  it (2-2) 
dqi 

where 

L = Lagrangian = K - P 

K = total kinetic energy of the robot arm 

P s= total potential energy of the robot arm 

9» = generalized coordinates of the robot arm 

Ti = generalized force applied to the generalized coordinate 
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Based on the transformation matrices Ai, and following a tedious but 

straight forward procedure, the L-E equations take the following form: 

n n n 
n = 53  Ay (?)?.- + IatQi + + Gi{q) i =  1 ,2 ,n  (2 .3 )  

j=l i=i fc=i 

where 

I?,-,- = effective inertia at joint i 

Dij = coupling inertia between joint i and j 

Iai = actuator inertia at joint i 

Cijj — centripetal forces at joint i due to velocity at joint j 

Cijk = Coriolis forces at joint i due to velocity at joint j and k 

Gi = gravity loading at joint i 

q = generalized coordinates of the robot arm, i.e., the joint angles 

Bejczy(l974) first used this L-E formulation to derive the dynamic equa

tions for the Stanford arm. These equations are highly nonlinear and time depen

dent. In that report, Bejczy also presented a set of simplified equations which could 

describe total inertia and gravity load variations with an average error of less than 

5%. Paul(l98l) simplified the dynamic equations for the Stanford arm again by 

neglecting centrifugal and Coriolis terms, because these terms are important only 

when the robot arm is moving at high speed. We use Paul's results as our dynamic 

model; the details of these dynamic equations are listed in Appendix A. 

Equation (2.3) can be expressed in a much more compact matrix form as 

r(<) = q(t) + C(q(t), q(t)) + G(q(t)) (2.4) 

By defining 

*(0 = I«T(<).9T(0lr 



12 

as the 2nx 1 state vector, Lee(l978) showed that the equation (2.4) can be expressed 

as the state equation form 

i(f) = 
0 I 
0 0 

*(*) -
!>(«)-* (G(x) + C(*)) 

0 
r(t) (2.5) 

The computation cost for the applied force, r, from the L-E equations is 

of order 0(n4), where n is the number of degrees of freedom of the robot arm. 

The cost is very high, and may be unrealistic for use in a real-time control appli

cation. Therefore, Luh, et al.(1980a), Walker and Orin(1982) developed recursive 

algorithms based on the N-E equations; Hollerbach(1980), Aldon and Li£geois(l984) 

exploited recursive algorithms based on the L-E equations. The computation cost 

for evaluating these recursive algorithms for the applied force can be reduced to the 

order 0(n). However, for the control analysis, we preserve Paul's results as our 

model so that an appropriate controller can be designed. 

2.3 Control Algorithms 

The problem of controlling a robot arm can be conveniently divided into 

two subprobjems - the trajectory planning subproblem and the motion control 

subproblem. The trajectory planning problem deals with interpolating the desired 

path by a sequence of time-based polynomial functions in either Cartesian or joint 

space. The motion control problem is concerned with the specification of the control 

algorithm which sends torque commands to the actuators, so that the end-effector 

moves along the desired path. In this section, we concentrate on the second part of 

the control problem, i.e., the motion control. 

The motion control problem of the robot arm is complicated due to the 

high degree of nonlinearity of the system, so that much of linear control theory is 
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not directly applicable. Yet many control algorithms have been proposed. These 

joint motion control algorithms can be divided into the following: 

(1) Individual joint PID control 

(2) Resolved motion control 

(3) Linearizing and decoupling control 

(4) Adaptive control 

In the rest of this section, we shall present a brief literature review of these 

control algorithms. 

(1) Individual joint PID control 

At present, the operating speeds and performance indices of most industrial 

robot arms are still relatively low, and relatively simple PID controllers are used, 

with each joint controlled by a separate controller. The performance of this kind 

of controller is difficult to analyze, since it ignores the interacting forces caused by 

other joints, and it always sets the gains quite high such that the controlled joint 

has high stiffness. An, et al.(l986) presented an experimental result for trajectory 

tracking errors by applying various PD controllers to the MIT Serial Link Direct 

Drive Arm. 

(2) Resolved motion control 

In many applications, we need to move the end-effector of a robot arm along 

a desired trajectory, and follow a specified moving rate in the Cartesian coordinates. 

The resolved motion control deals directly with the motion of the end-effector, 

i.e., the motions of various joints are combined in order to achieve the desired 

motion of the end-effector in Cartesian coordinates. Whitney(l969) controlled the 
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joint velocities such that each joint would run simultaneously at different time-

varying rates in order to achieve the specified position and velocity of the end-

effector. Luh, et al.(1980b) extended Whitney's concept to include acceleration 

control. Wu and Paul (1982) developed a resolved motion force control. Based on 

the relationship between the resolved force from a wrist force sensor and the joint 

torques at the joint actuators, we can determine the needed torques to each joint 

actuator by counterbalancing these forces, and need not evaluate the complicated 

dynamic equations. 

(3) Linearizing and decoupling control 

Because of the nonlinear and coupling characteristics of the dynamic equa

tions of the robot arm, the known methods from linear control theory for controller 

design cannot directly be applied. Therefore, several control algorithms have been 

proposed to use a nonlinear control term to cancel the nonlinearity in the robot 

arm dynamic equations so that the overall closed-loop system is linear. Besides, 

the feedback gain matrix can be chosen carefully to decouple the controlled system. 

Based on this ideal, Falb and Wolovich(l967), Freund(l982) computed a nonlinear 

decoupled controller for the robot arm with the Newton-Euler equations of mo

tion; the final decoupled input-output controlled system of a six joints robot arm 

is six independent, second-order, time-invariant subsystems. Ko and Cha(l983) 

developed a similar control algorithm based on the L-E equations. Craig(1986) 

proposed a control law partitioning technique which decomposes the controller into 

two parts. The first part is a model based control law that linearizes and decouples 

the controlled system; the second part is an error based control law that forms an 

error driven control system, in which the conventional control design theory can be 

applied. Bejczy, et al.(1987) proposed an alternate algorithm based on nonlinear 

feedback and diffeomorphic (state) transformation which externally linearizes the 
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whole system and provides simultaneous output decoupling. The nonlinear feed

back is augmented with an optimal scheme for the correction of errors. We shall, in 

the next section, discuss Ko and Cha's linearizing and decoupling control in more 

detail. 

(4) Adaptive control 

Adaptive control has been extensively reported in recent years. It is rec

ognized as an effective approach for robot arm controller design due to the non-

linearities and uncertainties in robot arm dynamic models. The adaptive control 

has the following advantages: (i) insensitivity to model parameter uncertainties 

(ii) insensitivity to unknown payload variations (iii) decoupled joint response. 

Generally, the adaptive control design approaches for a robot arm can be 

classified into two categories: 

a) Model-reference adaptive control 

The basic idea of model-reference adaptive control is to synthesize the con

trol input, which will force the robot arm system to behave in a desired manner as 

specified by a reference model. The reference model is chosen to be stable, linear, 

and time-invariant. By comparing the states of the robot arm system and those of 

the reference model, the state error is used to derive the adaptation algorithm, which 

will keep the state error converging to zero. The route of research was followed by 

Dubowsky and DesForges(1979), Horowitz and Tomizuka(1980,1982), Balestrina, 

et al.(1983), Nicosia and Tomei(l984), Sastry(1984), Elliot, et al.(1984), and Craig, 

et al.(l986). 

b) Self-tuning adaptive control 

In the self-tuning adaptive control, the robot arm model is represented by 

a linear discrete-time model, which is established through system identification, 

so the controller is inherently digital. Based on an assumed known robot arm 
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dynamic model, we design a controller for this system with a desired performance, 

then estimate the actually unknown model parameters on-line, and substitute the 

estimated parameters into the controller design equation to recalculate the control 

algorithm. This route was pursued by Astrom and Borihson(l977), Walters and 

Bayoumi(l982), Lee and Chung(1982) , Koivo and Guo(l983), Sundareshan and 

Koenig(1985), and Leininger(1984). 

2.4 Linearized Dynamic Model 

Based on the idea of linearizing and decoupling control, Ko and Cha(l983) 

proposed a position control algorithm, in which the controlled input torque r(i) 

compensates the nonlinearity in the dynamic equations, and which has the form 

r(t) = - [ C'{x) + G'(x) ] - D'{x) [ Si S2} {x - xd) (2.6) 

where 

C'(x),G'(x),D'(x) = the computed C(x), G(x), and D(x) matrix based 

on the robot arm dynamic model in equation (2.5) 

Si,S2 = position and velocity feedback gain matrix 

Xd — reference input vector (desired position and velocity) 

Substituting r(<) from equation (2.6) into the state equation (2.5), we 

obtain 

x{t) = 

where 

e = modeling errors, and disturbances arising from any unmodelled 

and unexactly modelled terms in the dynamic equations 

0 J 
-Si —5a 

*(') + 
0 0 
Si S2 

xd(t) + 
0 
e 

(2.7) 
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The closed-loop system can be stabilized and decoupled by choosing suitable 

diagonal matrices Si and S2 as follows: 

Si = 

"cci 0 ... 0 " 
0 <*2 ... 0 

L 0 0 J 

s2 = 

Pi 0 ... 0 
0 /?2 ... 0 
• • • " 
• • • • 
• • • • 

. 0 0 ... ^6. 

Then, equation (2.7) can be expressed in the input-output relationship form for 

each joint 

9. + Piii + otiqi = aiqdi  + /?,• gd. + e,- » = 1,2,..., 6 

From a position control point of view, the 1/O equations become 

Qi + Piii + a.<7» = aiqdi + e» » = 1,2,..., 6 (2.8) 

The value of a,- and Pi will be computed corresponding to the suitable natural 

frequencies un{ and damping ratios ft for each joint, in the form of 

= w'j Pi ~ 2fiWni • = 1>2, ...,6 

The damping ratios ft for each joint should be chosen such that the closed-

loop system shows no oscillation and no overshoot. The chosen natural frequencies 

wn. should not excite structural oscillations and resonances of the joints. Paul(l981) 

suggested the natural frequencies to be chosen no larger than one-half of the joint 

structural resonant frequencies, i.e., wni < 0.5wri. According to our dynamic equa

tions of the Stanford arm, simulation shows that a suitable choice of ft and un{ 

is 
? = [1.415 1.415 1.415 1.415 1.415 1.415 ]T 

w„ = [7.633 11.568 58.649 31.146 32.519 62.598 ]T 
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For computational efficiency, we use the recursive algorithms to generate 

the dynamic equations, apply advanced system identification techniques to update 

the system parameters, and assume all modeling errors e,- in equation (2.8) to 

be zero. Thus, in the closed-loop system, we have six second-order, linear, and 

time-invariant subsystems, one for each joint. These equations are much easier to 

handle, and allow us to apply a wealth of results from linear system theory, and 

choose among many elaborate control algorithms designed for the control of "linear" 

systems as e.g. outlined in Kailath(l980). 

In our computations, we assumed that the robot arm does not carry any 

load. 
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Figure 2.1 Picture of the Stanford Arm 

Joint / + I 
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Link i + 1 

* / -

Figure 2.2 Joint Coordinate System for Joint i 
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Hand center y6  (Sweep) 

(Reach) z6  

Origins 

coincide 
(dA = ds = 0) 

(Lift) x6  

Figure 2.3 Complete Joint Coordinate Systems for the Stanford Arm 

Table 2.1 Link Parameters for the Stanford Arm 

Links parameters for Stanford Arm 
joint i 6i di a,-

1 01-90 di 0 -90 
2 02-90 di 0 90 
3 -90 dz 0 0 
4 0* 0 0 -90 
5 05 0 0 90 
6 06 de 0 0 
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Table 2.2 Complete Coordinate Transformation Matrices for the Stanford Arm 

and 

where 

AQ — 

A5 = 

Tn 

Ci 0 
Si 0 
0 -1 
0 0 
10 0 
0 10 
0 0 1 
0 0 0 
C5 0 
S5 0 
0 1 
0 0 

-Si 
Ci 
0 
0 

0 1 
0 
dz 
1J 

s5 
-C& 
0 
0 

A\ = 

Ai = 

A\ 

Ca 

S2 

0 1 
L 0 0 
c4 
S4 

0 
L 0 

CQ —SQ 
S6 C6 

0 0 
0 0 

0 S2 0 1 
0 -Ci 0 

0 d.2 
0 1 . 
-S4 0 
C4 0 
0 0 
0 1 
0 
0 
1 

0 
0 
-1 
0 

01 
0 
0 

0 lj 

rn r 12 ri3 dx
m 

T21 V22 T23 dy 

f31 TZ2 *"33 dx 

0 0 0 1 

rn = Ci [C2 (C4C6C6 - S4S6) - S2SBC6] - Si (S4C5C6 + C4S6) 

r2i = Si [C2 (C4C5C6 — S4Se) — S2Ss(7e] + C\ (S4C5C6 + C4Se) 

r3i = —S2 (C4C5C6 — S4Se) — C2S5C6 

rji = Ci [—Ca (C4C5S6 + S4Ce) + SjSsSg] — Si (—S4C5S6 + C4C&) 

r22 = Si [—C2 (C4C5S6 + S4C6) + S2S5S6] + Ci (—S4C5S6 + C4Ce) 

r23 = S2 (C4C5S6 + S4C6) + C2S5S6 

r3i = Ci (C2C4S6 + S2C5) - SiS4S6 

f32 = Si (C2C4S5 + SaCs) + C1S4S5 

T33 = —S2C4S5 + C2C5 

dx = CiS3<f3 
— Sid2 

du = SiSidz + C\d2 

d„ = C2ds 



CHAPTER 3 

STABILITY OF THE SYSTEM WITH TIME DELAY 

In practice, time delays are encountered in every type of system. They can 

be as short as several nanoseconds, e.g. in electric transistor switching circuits; 

they can also be as long as several days, e.g. measurement delays in environmental 

pollution control. Other representative systems which include delays are mechani

cal systems with hydraulic or pneumatic transmission, computer controlled systems 

with calculating or sampling operation, chemical processes with thermal or distil

latory processes, and control systems with remote or manual control. 

Time delays can be caused by three different processes: the control algo

rithm, the measurement technique, and finally the plant itself. In this research, we 

are concerned centrally with time delays caused by signal transmission. When a 

remotely controlled, human operated robot arm is located aboard the U.S. space 

station in earth orbit, control is affected by long time delays of the control and mea

surement signals between the operator and the robot arm. As shown in Fig. 3.1, 

the two TDRS geostationary satellites are 35578 km above the earth surface and 

are 120° separated. The control signal is transmitted to the space station from the 

human operator via ground station, geostationary satellite(s). The longest trans

mission path is shown in Fig. 3.1, and it will take almost 0.52 seconds. These long 

time delays will hamper the performance of the closed-loop control system, and can 

ultimately destabilize it entirely. 

There also exists a roughly 10 minutes silence period once per orbit when 

the space station is in the shadow region of Fig. 3.1. In this silence period, neither 
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of the two geostationary satellites can reach the space station, and the space station 

is out of control from the human operator on the ground. This silence period will 

jeopardize continuous scientific experiments under ground observation that last for 

longer than two hours, but there is little a control engineer can do about this 

problem. If such long-time experiments are considered important, we shall need a 

third TDRS satellite. 

In this chapter, we shall use an average delay time of 0.4 seconds, and 

analyze the stability of a closed-loop control system with this time delay, using 

graphical methods in the frequency domain. In reality, we shall be confronted with 

a man-in-the-loop situation. However for the purpose of analysis, we shall replace 

the human operator by some feedback gain in the control loop. 

Another related and fruitful research study involving the same control con

figuration was recently performed by Nayes and Sheridan(l984), and Conway (1987a, 

1987b). However, that research was more concerned with the human element in the 

remote control loop and less with system stability. 

3.1 Pure Time Delay 

If a signal x(t) is delayed by time Tj, its output can be described as 

x(t — Td), and the Laplace transform is 

L {x(t - T<j)} = e~'Tdx(s) 

So, the Laplace transform of a pure time delay is G?d(s) = e~'Td, and the frequency 

response is given by magnitude and angle of e~*Td\,-ju, that is, 

|Gd(iw)| = \e~'Td\a=ju = | cos wTd — j sin w2d| = 1 

lGd{ju) = Le~'Td\,=jw = L {cosuTd - j sin wTj} = -uTd 
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which means a pure time delay merely shifts the phase angle in the lagging direc

tion in proportion to the frequency u, but a pure time delay has no effect on the 

magnitude. 

From a stability point of view, it is immaterial whether the time delay 

occurs in the forward or the feedback loop of a closed-loop system. Consider the 

closed-loop system with pure time delay as shown in Fig. 3.2, which has the closed-

loop transfer function 

T(*\ -Xifl- KG{s)e-T* 
W R(s) 1 + KG{s)e-T* 

Notice that the system characteristic equation 

1 + KG{s)e—Td = 0 (3.1) 

is no longer a simple algebraic equation. 

In our controlled robot arm model, which is expressed in equation (2.8), 

joint 6 has a smaller phase margin than the other joints. Its transfer function with 

a loop gain K is 
, 3918.510 K 

^ ~ s2 + 177.152s + 3918.510 ^ ^ 

In the following sections, we shall use this loop transfer function to explore how the 

0.8 seconds time delay will affect the closed-loop system stability. 

3.2 Root Locus of System with Pure Time Delay 

The root locus method is used to show the pole locations of a closed-loop 

system, by finding the roots of the corresponding characteristic equation . The 

locations of these poles are a function of the gain K. When any poles are located 

in the right-half s plane, this closed-loop system is unstable. This method was 

developed by Evans (1948). It constitutes a very useful technique to design a suitable 
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loop gain K, and to investigate system stability. The original Evans root locus 

method is not valid for systems with time delay, since the characteristic equation in 

equation (3.1) is no longer of a polynomial type. Chu(l95l) presented a modified 

root locus method which applies to the time delay case. 

The characteristic equation in equation (3.1) can be rewritten as 

C(«)«-*T' = ^ 

To satisfy this equation, the followings magnitude and phase conditions must be 

met: 

lG(s) = ~(2n + l)?r + wTd 

where a is the real part of s. 

The main differences in the rules for plotting the root locus of systems with 

time delay are as follows: 

1. When K = 0, the loci are at the poles of G(s) where a —• —oo. 

2. When K —• oo, the loci are at the zeros of G(s) where a —* oo. 

3. Since the characteristic equation in equation (3.1) is transcendental, 

i.e. it has an infinite number of roots, the number of branches of 

the root locus is infinite. 

Therefore, even for a very low order system with time delay, the root locus 

will have an infinite number of branches. The same result can be obtained by 

developing the term e~*Td into a Taylor series in 3 around s — 0. In this way, 

we obtain a characteristic equation of the polynomial type that is of infinite order. 

However, from a system analysis point of view, only the principal branch, i.e., 

the nearest branch to the real axis, constitutes the dominant root locus, since the 
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critical value of K for stability is on this principal branch, and the system's transient 

response is dominated by the roots on the principal branch for any value of K less 

than the critical value. 

The root locus for the closed-loop system which has the loop transfer func

tion in equation (3.2) is shown in Fig. 3.3. The root locus for the same system but 

with time delay of 0.8 seconds is shown in Fig. 3.4. Notice that only the principal 

branch and some branches close to the real axis are sketched. This shows that it 

is necessary to reduce the loop gain in order to obtain a stable response when the 

system is affected by pare time delay. However, the price to be paid for stabil

ity by reducing the loop gain consists of an increase in steady-state error, i.e. a 

deterioration of steady-state accuracy. 

3.3 Bode Plot of System with Pure Time Delay 

The frequency response of a system with transfer function G(s) can be 

represented by two curves; one is the magnitude of G(jw) versus logo;, and the 

other is the phase of G(ju) versus log w. This is called the Bode plot of the system, 

which was developed by H. W. Bode at Bell Laboratories between 1932 and 1942. 

The Bode plot is a powerful tool to design compensators for a closed-loop system, 

and it is also a useful method to realize how pure time delay affects the stability of 

a closed-loop system. 

Consider the root locus of a closed-loop system without time delay ; the 

critically stable point always lies on the imaginary axis, that is, where s — jw. 

Then, the magnitude and phase condition will be 

\KG(ju)\ = 1 

LG{ju) = -180° 
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This is exactly the frequency response magnitude and phase of a system. Therefore, 

the critically stable point is visible in the Bode plot. It is represented by the 

particular value of gain K, for which the magnitude passes through 0 dB and, at 

the same frequency, the phase passes through -180°, as shown in Fig. 3.5. In a 

minimum phase system (no zeroes in the right half s plane) of at least 3rd order, 

an increase in gain K has a tendency to make the system less stable. In the Bode 

plot, this condition can be formulated as: 

\KG{ju)\ >1 at 

ZG(jw) = -180° 

This is also shown in Fig. 3.5. 

Another way that can be used to indicate relative stability of a system is 

defined by 

1. Gain crossover frequency: the frequency at which |JCG(yu;)| is unity. 

This frequency is denoted by ug. 

2. Phase margin: the angle of ZG(jwa) exceeds -180°, that is, 

P.M. = AG{jug) + 180° 

A positive value of P.M. means the system is stable, while a negative value of P.M. 

indicates instability. 

As we have commented earlier, a pure time delay shifts the phase angle in 

the negative direction proportional to the frequency w. If a system without time 

delay shows a positive value of P.M., and has a gain crossover frequency ug, then 

the same system with time delay Tj will be unstable if 

OJg'Td > P.M. (3.3) 
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since this time delay shifts the phase down to a negative value of P.M. 

The Bode plot for the closed-loop system with the loop transfer function 

given in equation (3.2) is shown in Fig 3.6 for K = 1. The Bode plot for the same 

system with a time delay of 0.8 seconds is shown in Fig. 3.7. It shows that this 

system tends to be unstable under a 0.8 seconds time delay. 

3.4 Nvauist Plot of System with Pure Time Delay 

We can combine magnitude and phase of the frequency response for a loop 

transfer function KG(s) as a polar curve in the complex plane. This is called the 

Nyquist plot. Observing how this curve encircles the (-1,0) point gives us informa

tion about the difference between the number of poles and the number of zeroes in 

the right-half 6 plane for the closed-loop transfer function. After determining the 

locations of the zeroes of the closed-loop transfer function, i.e., the poles of /TG(s), 

we can know the number of unstable poles of the closed-loop system. This is called 

the Nyquist stability criterion, which was developed by Nyquist (1932) and is based 

on Cauchy's mapping theorem in the complex 3-plane. The Nyquist plot is another 

powerful methods for system stability analysis and compensator design. 

The relationship between the gain crossover frequency and the phase margin 

mentioned in the last section shows more clearly in the Nyquist plot, as depicted 

in Fig. 3.8. Now, the phase margin is the angle from the negative real-axis to 

the point where the curve crosses the unit circle, and the angle is positive in the 

counterclockwise direction. The stability criterion as expressed in equation (3.3) 

becomes better visible, since a pure time delay essentially "rotates" the Nyquist 

plot around the origin. If the point (-1,0) is inside the Nyquist plot, the system 

has become unstable. Nyquist plots for the loop transfer function in equation (3.2) 

without and with time delay are shown in Fig. 3.9 and Fig. 3.10 with K = 1. It 
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turns out that the system with time delay is just barely stable for a gain factor of 

K = 1 

3.5 Approximation of a Pure Time Delay 

Since, especially for systems with a high degree of complexity, the expo

nential term e~'Td in the characteristic equation makes it difficult to construct 

the root locus and frequency response plots in a systematic manner, it is useful to 

approximate the e~'Td term by a polynomial or a rational function of s. 

Several methods have been proposed to approximate pure time delays by 

rational functions in s. 

1. Taylor series 

rp2 a2 rrZ c 3  

e"'^ = 1 - 3T + --' 

The accuracy of this approximation depends on the truncation of the series and the 

magnitude of Td . 

2. Binomial expansion 

e~'Td 

n-*oo \ n J 

3. A more convenient rational equivalent expression is 

e~'Td = lim ^ 
— (i+^r 

The accuracy of this approximation depends on the largeness of n. For n sufficiently 

large, we can write 

e-*Td s  t1 ~ (ffi)"] 
[l + (^)n] 
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4. Padd approximation 

A Pad£ approximation P(a) 
Qtt is obtained by matching this rational func

tion with as many terms of the Taylor series as possible. Usually, we only use 

those approximations that have the same order of numerator polynomial P(s) and 

denominator polynomial Q(s). The first few approximations are listed below: 

It should be noted that P(—s)  = Q(s), which means that the locations of 

the zeroes are at the reflections (with respect to the ju axis) of the poles, and the 

we can find an nth-order Padd approximation that can match up to 2n terms of 

the Taylor series, that is, a second-order Pad£ approximation can agree with up to 

s4 in the Taylor series. Therefore, Padd approximations have been used in some 

control schemes where the pure time delay has to be modelled. In this reseaxch, we 

have used the 4th-order Pad£ approximation to model our pure time delay , and 

we have used Ctrl-C to plot the root locus and the frequency response plots shown 

in the previously discussed Figures. A step response of the closed-loop system is 

shown in Fig. 3.11, and it shows that this system with a time delay of 0.8 seconds 

is highly oscillated (barely stable) . 

In the time domain, a convenient method to describe pure time delays is 

to discretize our continuous system using a sampling rate that divides the delay 

time Td, and using a zero-order hold (ZOH) circuit in the sampling of the contin

uous input. In this new representation, time delays can be conveniently expressed 

»Td _ l-tTj/2 
l+aTi/2 

»Td _ l-»Td/2+ 
l+aTd/2+ 

»Td _ l-»Td/2+ 
l+aTd/2+ 

magnitude of P(s) 
Qtt is equal to 1 for any u). After expanding the Pad£ approximation, 
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through multiple "unity" delays, i.e., multiple sampling periods. This method will 

be discussed in more detail and applied to our system in the next chapter. 
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Figure 3.2 Block Diagram of a Closed-loop System with Time Delay 
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CHAPTER 4 

SMITH'S PREDICTION LOOP 

Because of the exponential term describing pure time delays in the overall 

transfer function of a closed-loop system, the standard state-space representation 

does not apply, and modern control design strategies cannot be directly used. How

ever, we wish to preserve the advantages of these existing control strategies for 

delay-free systems. This is the basic idea behind the Smith predictor. Smith(1958) 

constructed another feedback loop around the conventional controller. With this 

feedback structure, the time delay can be eliminated from the characteristic equa

tion of the closed-loop system. The controller design for a system with time delay 

can be based on the same system without delay. In this chapter, we shall introduce 

the feedback loop of the Smith predictor, the feedback loop for our robot arm joint 

controller, and the implementation of the complete feedback loop as a digital con

troller. Simulation results and additional research concerning the Smith predictor 

are also discussed. 

4.1 Smith Predictor 

As we have shown, the overall transfer function of the closed-loop system 

in Fig. 4.1 is 
, C(s)G(s)e-'T" 

^ ~ 1 + C(s)G{s)e-T* 

where C(a) represents the controller. 

If we use state variable feedback to design a controller neglecting the time 

delay, this controller will have difficulty in "on-line" control, due to the feedback 
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delay. The control loop may fail to operate properly because the controller does 

not immediately experience the effects of its control. 

Now, consider a Smith prediction feedback loop as Bhown in Fig. 4.2. The 

prediction loop provides the controller with information on the effect of its correc

tions. The actual output feedback loop is also used to compensate the modelling 

error and disturbance (in a limited range). In addition to these advantages, the 

main point is that the overall transfer function of this closed-loop becomes 

_ C(«)G(«) r„ 
l + CfslGfs} + C(s)G(s) 

Therefore with this additional feedback loop, we can design the controller C(a) 

following modern controller design methods, as if there were no time delay. The 

resulting system response can be preserved except for a time-shift, i.e., delay of its 

output. This is the so-called Smith predictor. The Smith predictor has frequently 

been employed in process control (e.g. control of chemical batch reactors, control 

of cement mills, etc.) where significant transport delays are common. 

Several extensions to the Smith predictor have been reported. Donoghue 

(1977) compared the control by following the classical Smith predictor design ap

proach with the optimal controller design approach for a system with time delay, and 

compared the performance of these two approaches under a step disturbance. Her-

get and Frazer(l980) discussed the sensitivity of the Smith predictor to variations 

in system parameters and delay time. Furukawa and Shimemura(l983) proposed a 

predictive control loop which is composed of observer, predictor, and controller to 

stabilize an originally unstable system with time delay. Bahill(1983) added an adap

tive controller to the Smith predictor; this adaptive controller can automatically 

adjust the model parameters to match time-varying plant parameters. Watanabe, 

et al.(l983) presented a disturbance rejection compensator for the Smith predictor; 
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the dynamical compensator can reduce the output error to disturbances without 

changing the transfer characteristics of the closed-loop system. 

4.2 The Robot Arm Joint Controller Design 

In chapter 2, we have shown that the local dynamic model of the Stanford 

arm under Ko and Cha's control loop is linear, time-invariant, and decoupled. If 

we only consider position control, the state equations for each joint are 

i(<) = Ax(t) + Bxd(t) 
(4.1) 

y(t) = Cx(t) 

where 

C = [l 0] 

a:(f) = position and velocity of each joint 

Xd{t) = reference position input 

The linear system is affected by double time delay, one in the feed-forward 

path, and one in the feedback path. Since the controllability matrix of the system in 

equation (4.1) is nonsingular, all the state variables are controllable. We construct 

a model prediction control loop based on Furukawa and Shimemura's concept as 

shown in Fig. 4.3, where we use T& to express the time delay. Now, the closed-loop 

system has the overall transfer function T(s) = C[sl — [A + BK)]~1B. 

We can use state variable feedback to place the eigenvalues of the closed-

loop system at arbitrary positions, that is, choose a suitable feedback gain vector 

K to adjust the solutions of det[sl — {A + BK)\ = 0. We want the closed-loop 

robot arm system to have the following transient response: 
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rise time < 0.5 second 

settling time <1.0 second (within 2% of its final value) 

and have a critically damped response: 

£ = 1.0 

For a second order system, Kuo(l982) showed the rise time and settling are 

related with the frequency and damping ratio as follows: 

. . „ 1 + l.lf + 1.4f2 
rise time = 

u> 

and 
4 

settling time = — 
tu 

Therefore, to satisfy this system performance, we need to choose the feedback gain 

Ki such that the closed-loop system has both eigenvalues at -7. The pole-placement 

technique is used to calculate the vectors Ki, the corresponding values for each joint 

are the following: 

JCi = [-0.159 -0.130] K2  = [-0.634 -0.140] 

K3  = [-0.986 - 0.442 X 10-1] K4  = [-0.949 - 0.763 x 10_1] 

KB = [-0.954 - 0.738 x 10_1] KE = [-0.987 - 0.416 x 10_1] 

According to Furukawa and Shimemura, the feedback gain matrices Qi have the 

form 

Qi = e2r'A 

the values of Qi for each joint are as following: 

<?! = 
0.963 X  10"1 0.523 X  10~2 

-0.304 X 10° -0.165 X 10-1 
Q 2 =  0.262 X  10_I 0.937 X  10~3 

-0.125 X 10° -0.449 X 10~2 
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0.532X 10"6 ' 
-0.686 X lO"5 

0.795 x 10-11 ' 
-0.206 X 10~9 

4.3 Implementation of the Digital Controller 

As digital computers are reliable, cheap, and have become sufficiently fast, 

it is desirable to implement the predictive controller inside the dashed line in Fig. 4.3 

as a digital controller down on earth. 

We see two meaningful applications for robot arms in space: 

(i) space production (e.g., the manufacturing of VLSI chips) 

(ii) scientific experimentation (telescience) 

The first task requires to operate the robot at maximum speed, i.e., at input 

frequencies of up to 50 Hz. However, this will never be done under immediate 

ground surveillance, and thus, the time-delay problem does not apply. New tasks 

(commands) will be issued by the ground-based operator in infrequent intervals, 

i.e., the outer man-in-the-loop remote control circuit operates at very very low 

frequencies and is thus harmless. The second task does not call for high production 

rates. It is thus permissible to reduce the speed of the robot arm by a factor of 10. 

We therefore want to control the robot arm at an input frequency below 5 

Hz. So, a sampling time T, of 0.1 seconds is adequate for the digital controller. 

The robot arm aboard the space station is locally controlled using Ko and Cha's 

position control scheme. This local control loop makes the closed-loop robot arm 

aboard the space station behave like a linear system. 

The detailed structure of the digital (ground-based) controller is shown in 

Fig. 4.4. The design procedure is as follows: 

1) Discretize the continuous system 

Qz = 

Qs = 

0.445 x 10~8 

-0.108 x 10-® 

0.254 X  10-4 

-0.342 X 10-3 

0.314 X  10 
-0.762 X 10 

QA = 

0.324 X  10-
-0.436 X 10 

" ]  

-.1 e« = 

0.401 X  10"4 

-0.517 X 10~3 

0.120 x 10-8 

-0.311 x 10~7 
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With a sample-and-hold device applied to all input signals and with A being 

nonsingular, the discrete state equations for the continuous system in equation (4.1) 

are 
x(k + 1) = Fx{k) + Gxa[k) 

(4.2) 
y(k) = Hx(k) 

where 

F = eAT• 

G = \eAT• — I] • A-1 • B 

H — C 

2) Apply a digital redesign technique for the feedback gains K and Q 

Analysis and design of the feedback gains K and Q were based on the 

continuous system, but now we want to replace the analog controller with a digital 

controller. In order to obtain an equivalent response, digital redesign is applied to 

the feedback gains K and Q. 

According to Kuo's(l980) results, the formula for modification is 

Kd = if(0) + T.KW + ^JC(2) 

where 

JC(°) = K 

K U) = iif(0)[A - BK.W] 

if(2) = {y7B)-xW{-\ABK^\A - BKW\ + §BK^[A - BKW}2} 

W = weighting vector 
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With sampling time T, = 0.1 second, and a weighting vector W = [0 1], we can 

calculate the corresponding loop gain Kd for each joint, and the values of Kdi are 

as follows: 

Kdl = [0.139 - 0.453 X 10-1] Kd2 = [-0.212 - 0.570 X 10_1] 

Kdz = [-0.548 - 0.101] Kd4 = [-0.497 - 0.579 x 10"1] 

Kds = [-0.524 - 0.593 X 10-1] Kd6 = [-0.552 - 0.108] 

The loop gain Qd can be calculated by following the same procedure but with a 

few changes in the formulae 

QD = Q(°) +T.QW + 
£ 

where 

Q(°) = Q 

QW = Ig(°)[A-5CQ(°)] 

Q( 2) = (WB^W^L-^ABCQ^LA-BCQ^+^BCQ^LA-BCQ^}2} 

W = weighting vector 

the values of Qen for each joint are as follows: 

0.619 x 10"3 ' 
-0.338 x 10~2 

-0.167 x 10~6' 
-0.244 X 10~6 

Qdl = 

Qd3 = 

0.756 X  10"1 0.410 X l O " 2  

-0.252 x 10° -0.137 X 10_1 

-0.115 x 10"7 

0.231 X 10"7 
0.812 X  lO-10 

0.163 X 10"9 

Qd2 = 

Qdi = 

0.173 X  10-1 

-0.946 X 10"1 

-0.126 X  10"4 

-0.184 X 10~3 

Qdh = 

Qd6 = 

' -0.103 X  10~4 -0.131 X  lO-6 

-0.112 X  10~3 -0.142 X  10-6 

-0.361 x 10-8 -0.239 X  10"10" 
0.920 X  10~8 0.608 X  lO"10 
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In order to guarantee zero steady state error, a feed-forward gain Ed is also 

needed. For this position control loop, Ed has the following relationship with Kd 

Ed = 1 + Kd[ l) 

where 

Kd (1) = the first element of Kd 

3) Express the pure time delay through multiples of T,  

The Z-transform of a signal x(t) with a delay time nT, is 

Z{x{t - nr,)} = z~ n X{z)  

Therefore, if the total delay time T<* is n  multiples of the sampling time, i.e., 

Td =  n-T a ,  the  Z- t rans form of  th i s  t ime  de lay  i s  Gd(z)  =  z~ n .  

In the discrete system, it is easy to use a state equation to represent this 

Z-transform term z~n. For example, if a 2-input, 2-output discrete system is un

dergoing a delay of 8 *Tt, then the corresponding state equations for z~B turn out 

x(A: + 1) = Fdx(k) + Gdu(k) 

y[k) = Hdx{k) 

where 
ro2 J2 o2 o2 o2 o2 o2 02 "I 

o2 o2 I2 o2 o2 o2 o2 o2 

o2 o2 o2 I2 o2 o2 o2 o2 

o2 o2 o2 o2 J2 o2 o2 o2 

o2 o2 o2 o2 o2 J2 o2 o2 

o2 o2 o2 o2 o2 o2 12 o2 

o2 o2 o2 o2 o2 o2 o2 I2 

.o2 o2 o2 o2 o2 o2 o2 o2. 

Ga = [02 02 02 02 02 02 02 I 2 ] T  

Hd = [I2 02 02 02 02 02 02 02] 
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I 2  =  2 x 2  i d e n t i t y  m a t r i x  

02 = 2 x 2 zero matrix 

Now, the model prediction control loop can be constructed as a digital 

controller, which is a high-order, multi-input /multi-output system. The discrete 

state equations of this controller are 

x(k + 1) = Fx(k) + Gu(k) 

y(k) = Hx{k) + Iu(k) 
(4.3) 

where 

F = 

G = 

F — GKa GKdQdHd 

Gd Fd 

GEd -GKdQd 

0 0 
H = [-Kd KdQdHd] 

J = [Ed — KdQd] 

4.4 Simulation Results 

The complete block diagram of the control loop for the Stanford arm is 

shown in Fig. 4.5. A simulation program has been coded using Ctrl-C, and discrete 

state equations with sampling time 0.1 second in equation (4.2) were used to replace 

the real continuous robot arm model in equation (4.1). Fig. 4.6 shows the simulation 

results for joint 6 with unit step input. In this figure, the control result by using a 

controller as given in equation (4.3) are compared with those obtained by using a 

controller of reduced order. The reduced order controller will be presented in the 

next chapter. 
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Figure 4.2 Smith's Prediction Feedback Loop 
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CHAPTER 5 

MODEL REDUCTION 

In an engineering research procedure, the first step before analyzing a sys

tem and designing the control strategies is to model the real physical problem as a 

mathematical model, no matter whether this is a state equation model or a transfer 

function model. But often we are confronted with a high-order model, which is too 

large and too complicated to handle. In our case, the discrete model of the digital 

controller discussed in the last chapter is of 108th order. Therefore, in order to 

reduce the computational burden for system simulation, analysis, and to realize a 

simplified model for a simpler control structure design, model reduction methods 

have been developed to derive an adequate low-order model that preserves the main 

properties of the high-order model. 

Several techniques for model reduction have been proposed. Those can be 

categorized by 

i) dominant eigenvalue method or balanced realization method 

(Chidambara,1969; Verriest and Kailath,1983) 

ii) aggregation method(Siret, et al.,1977; Aoki,1978) 

iii) perturbation method(Milne,1965; Kokotovic and Haddad,1975) 

iv) error minimization method(Adamjan,et al.,1971; Silverman 

and Bettayeb,1980) 

v) Pad^ approximation method or Routh approximation method(Shamash, 

1974; Hutton and Friedland,1975) 

50 
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Jamshidi(1983) presented a detailed introduction to these model reduc

tion techniques in his book. Sandell, et. al(l978) and Shokoohi(1984) gave brief 

overviews of these model reduction techniques for large-scale systems. 

Unfortunately, most of these techniques work poorly for systems with all 

eigenvalues (in the 5-plane) clustered around the imaginary axis. There exists, 

however, another model reduction technique due to Eitelberg(l979) which works 

particulary well for situations with clusters of eigenvalues with similar real parts 

and different imaginary parts (e.g. problems with eigenvalues all spread along the 

imaginary axis). This technique is fairly unknown in the U.S. and rarely being 

referred to, because the technique was published in German. Fig. 5.1 shows the 

eigenvalues of our (ground-based) complete robot model in the a plane. These were 

obtained from the discrete z-plane eigenvalues by the operation 

A = i-log(A*) 

In this chapter, we shall introduce the Eitelberg model reduction method, 

and the application of this model reduction method to the robot arm control system. 

Complete simulation results are also presented. A plot of the s-plane eigenvalues 

of the controller with Eitelberg model reduction is shown in Fig. 5.2. 

5.1 Eitelberg Model Reduction 

Eitelberg proposed the following model reduction method based on mini

mizing the model error for a continuous, linear, and time-invariant system. The 

major steps of the algorithm can be summarized as follows: 

Given a model Si of order n described by 

x(t) = Ax(t) + Bu(t) 

y ( t )  =  Cx( t )  
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where A is re x re, B is re x r, and C is m x re. 

Assume a reduced model 5a of order / < re described by 

S(<) = Arx(t) + Bru(t) 

y(«) = CPx(0 

where Ar is I x I, Br is I x r, and Cr is mxl. 

Some states in the original state vector x may be more important to pre

serve than others. This subset of states xr can always be picked out and recon

structed from the original states x by using a reduction matrix R, that is 

xr(i) = Rx{t) 

and 

y(t) — Cx(t) = Crxr(t) = CrRx(t) 

where R is / x m 

thus 

C = CrR (5.1) 

This means that the choice of Cr is somewhat subjective. It is selected through an 

appropriate choice of R. 

Now, it is of interest to represent the states in the reduced order model S2 

by xr, i.e., 2(f) « xr[t), and require the reduced model S2 to satisfy the following 

two accuracy criteria: 

1) the steady-state error between the original outputs and the reduced 

model outputs is to be zero for arbitrary inputs. 

2) the dynamic error between the original outputs and the reduced model 

outputs is to be minimized for arbitrary inputs. 
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To satisfy the steady-state accuracy requirement, we find that 

J/as ~ C A 'Bun = = CfAr 

thus 

Br = ArRA^B (5.2) 

To satisfy the dynamic accuracy requirement, we conclude that 

y{t) - y{t) = Crxr{t) - Crx(t) 

= Cr[xr{t) - i(*)] 

and define the error function 

e(t) = xr(t) — x(t) 

Since xr(t) « Arxr(t) + Bru(t), we let 

d(t) = xr(t) — Arxr(t) — Bru{t) 

= Rx(t) — Arxr(t) — Bru{t) (5.3) 

= i2[Ax(i) + 2?u(f)] — Arxr(t) — Bru(t) 

It can be proven that minimizing e(t) is equivalent to minimizing d(t). 

The step response of model Si is 

x{t) = (eAt - I)A~1Be(t) 

We substitute this expression into equation (5.3) and apply the relationship in 

equation (5.2). By doing so, we find for d(t): 

d(t) = \{RA - ArR)eAtA~lB\e{t) 

and define 

D [ t )  =  { R A  -  A r R ) e A i A ~ 1 B  
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We now minimize D(t) by finding an optimal solution for D[t) with a performance 

index defined as 

P I =  f  trace{ D {t)G{t)DT {t)}dt (5.4) 
Jo 

where G(f) is any positive definite weighting matrix. 

Eitelberg proved that the solution of equation (5.4) is 

Ar = RASRt{RSRt)~1 (5.5) 

where 

S = [°° eAt(A-1B)G{t){A~1B)TeArtdt (5.6) 
Jo 

By choosing G(t) as an identity matrix and by using integration by parts, equation 

(5.6) can be written as 

AS + SAt = —(A~1B){A~1B)t (5.7) 

So, S is found to be the solution of the Lyapunov equation of model Si. Thus, 

the reduced model S2 is obtained by first defining the R matrix in equation (5.1), 

solving S from equation (5.7), then substituting R and S into equations (5.1), 

(5.2), and (5.5) to yield Cr, Br, and Ar • A minor modification of the algorithm that 

takes care of systems with singular system matrix A is also presented in Eitelberg's 

work. 

Badreddin(1982) followed Eitelberg's approach, and derived the same 

model reduction technique for discrete systems. The results are as follows: 

1) S is the solution of the discrete Lyapunov equation 

FSFt -S = —GGt (5.8) 
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2) Hr,Gr, and Fr are found from: 

H = RHr 

Fr = RFSRT{RSRT)~l 

Gr = (Fr-I)R{F-I)-1G 

5.2 Application to the Robot Arm Control System 

The discrete model for our robot arm controller is a high-order model, for 

the case of a single loop delay time of 0.4 seconds, and a sampling time of 0.1 seconds, 

as discussed in the last chapter. Each subcontroller as specified by equation (4.3) is 

represented by an 18th order model, and thus the complete controller for all 6 joints 

will be a 108th order model. If we were using a smaller sampling time, the order 

would be even higher. But, in this high-order model, each sub-controller has only 

the first two states representing states of the robot arm system, the other states 

stem from modeling the time delays. From a position control point of view, even 

only the first state, the position, is relevant. Therefore, we can reduce the 108th 

order model to a 6th order model for position control; the design procedure is as 

follows: 

1) make Hr a unity matrix J6, and calculate R from H = RHr, 

thus R — H 

2) solve equation (5.8) for 5 and substitute into equations (5.9), (5.10), 

and (5.11) for Hr, Fr, and Gr. 

A 
3) Ir = I 

We used this reduced order discrete controller model, together with the 

complete local control loop, i.e., Ko and Cha's position control scheme, around 

(5.9) 

(5.10) 

(5-11) 
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the real nonlinear continuous-time robot arm. A program was written in ACSL to 

simulate the sampled data nonlinear control system. Fig. 5.3 through Fig. 5.8 show 

the simulation results for each joint with unit step reference input. Since the first 

joint has large effective inertia, the simulation results show that it will have a small 

overshoot for a step input. The other joints responsed even better. The simulation 

results also show the high natural frequency joints, joint 3 to joint 6, even have 

faster response performance than we had required. 
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Figure 5.2 5-plane Eigenvalues of the Reduced Robot Model 
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CHAPTER 6 

CONCLUSIONS 

For the forthcoming telescience experiment, a remotely controlled robot 

arm, or telerobot, is needed urgently for some obvious reasons. One of the prob

lems cope with in this context are the time delays that are introduced by relaying 

the transmitted control signals via geostationary satellites. The long time delay 

can make the closed-loop system unstable, and make this system inaccurate at high 

input frequencies. These problems can be avoided if we use a local high-frequency 

control loop aboard the space station, and reduce the remote control loop to trans

mit new directives at infrequent intervals. However, this is not always practical. In 

this research , we presented a controller design approach, which allows us to apply 

relatively high input frequencies to the closed-loop system with time delay. 

We realize that our results can be questioned in several respects: 

(1) No bounds were imposed on the control (in order to keep the analysis 

linear). Limiters on the control inputs can be as devastatingly destabilizing 

the control circuit as the long-time delay discussed in this thesis. 

(2) We did not discuss the robustness of our controller to modeling errors or to 

parameter changes in the controller itself. In these types of design, model

ing errors will introduce undesired biases, and both the eigenvalues of the 

closed-loop system as well as the dc-gains are likely to be sensitive to param

eter changes in our feedback gains K and Q. A solution to this problem can 

be found by employing a model-reference adaptive control scheme, but also 

this (again nonlinear) control was outside the scope of our investigation. 
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(3) Even if all the above problems can be solved to satisfaction , it is not sure 

that the human operator in the loop will be able to perform as well as 

our highly tuned control circuit. In this context, it would seem fruitful to 

combine our results with those found by Noyes and Sheridan(l984), and 

Conway, et al. (1987a,1987b). It would be challenging to investigate how 

automated control circuit could be used to filter out inappropriate human 

input while preserving the goals of the human intervention, i.e., instead of 

transmitting the human input signal directly, figure out what the human 

operator wanted to achieve, and transmit a control signal that has been 

modified accordingly. 

We suggest that these investigations may form the body of a subsequent 

research study. 



APPENDIX A 

SIMPLIFIED DYNAMIC EQUATIONS OF THE STANFORD ARM 

As we have shown in equation (2.3), the dynamic equations of the Stanford 

arm are 

n n n 
Ti = Yl2 C»'y*(9)9j9* + G»(«) • = 2> ->6 

3 = 1 j=l k=1 

where 

Da = effective inertia at joint i 

Dij = coupling inertia between joint i and j 

= actuator inertia at joint i 

C.-yy = centripetal forces at joint i due to velocity at joint j 

Cijk = Coriolis forces at joint i due to velocity at joint j and k 

Gi = gravity loading at joint i 

Because from the servo stability and position control point of view, the 

inertia terms and the gravity terms are more important than the centripetal and 

the Coriolis forces, and since the centripetal and the Coriolis forces are important 

only when the robot arm is moving at high speed, Paul(l98l) ignored these forces 

in the dynamic equations. Paul also ignored the coupling inertias between link 4, 

link 5, and link 6, and considered all these masses are concentrated at the end of 

link 3. Then Paul compared the values in each inertia and gravity term, neglected 
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small value terms, and obtained simplified inertia and gravity terms; those non-zero 

terms axe as follows: 

&60 == m6 ̂ 6xx 

&50 = m5&Sy|/ + m6^6xx 

64O yy 

i>30 = m3 + m4 + m5 + m% 

620 = rn2klyy + maklyy 

621 = 2*71323 

b%2 = 2 (mBzB + m%z6) 

fcfo = mik\yy + + 2m2y2d% + d\{m2 + rriz +1714 + ms + mf) 

&n = m3^3xz 

-Dg6 = &eo + Jaa 

•^55 = ^50 "I" 

-D44 = ^40 + iso'S's + ia4 

•^33 == ^30 H" 

D%2 = 620 + &2193 + &3o93 + ^22 93^5 + ̂ aa 

Dfi = fcjo "1" 6ll5?
2 + 621^293 + ^30^293 ^22^293 ̂ 5 + + -^a, 

#12 = £>21 = -b%QC2d2qz 

Dl3 = -D31 = -63o52d2 

and 
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c60 = g{m5zs + m%z6) 

- rL 
40 — cso 

c£ 
30 = ffK + m4 + ms + m£) 

Cao = —gm3z3 

ch 
21 - -cL 
~ c30 

CL 
c22 = —C50 

G% = c5o(~C2S5 + S2C4CB) 

L 
<*4 = C%qS2S4Sb 

cf = C3oC,2 

= 020^2 + C21<S2?3 + c22(C2C4'S'5 + 

where 

mi = mass of link i 

mikjzz = inertia of link » with respect to the z,- axis 

Si = mass center of link t in the z direction 

Ia. = inertia of actuator i 

d,2 = offset of link 3, it is equal to 16.2 cm 

The superscript L indicates that this constant term is load dependent; in 

our case, we assume no load in the end-effector. 

In order to determine the numerical values of these dynamic constants of 

the Stanford arm, we assume the mass center of the load is superimposed with the 

center of the end-effector, which is located at 24.76 cm in the z% direction. These 

dynamic constants are listed in Table A.l and Table A.2. The me in Table A.l is 

only the weight of the end-effector and does not include the load. The total inertia 
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and gravity are changing with the load in the end-effector and the configuration of 

the robot arm. Bejczy(l974) assumed a load of 1.8 kg with a volumn of 442 cm3 

cube, in the end-effector, and computed the variations in the inertia Da and the 

maximum gravity G{. For example, the variation in the inertia of the first joint is 

as follows: 
Dntmin{no load) = 1.417fc<7 • m2 

Du,max(no load) = 6.176kg • m2 

D\iimax{v}ith load) = 9.57kg • m2 

It shows a variation ratio of 4.5 for the inertia of the first joint without load in the 

end-effector. 



Table A.l Link Mass and Link Mass Center of the Stanford Arm 

Link Mass kg. x cm. 5 cm. z cm. 
1 9.29 0 1.75 -11.05 
2 5.01 0 —10.54 0 
3 4.25 0 0 -64.47 
4 1.08 0 0.92 —0.54 
5 0.63 0 0 5.65 

•6 0.51 0 0 15.54 

Table A.2 Actuator and Link Inertia of the Stanford Arm 

Link la mk\x kg. m.2 mk2
uy kg. m.2 mk2

zz kg. m.2 

1 0.953 kg. m.2 0.276 0.255 0.071 

2 2.193 kg. m.2 0.108 0.018 0.100 

3 0.782 kg. 2.51 2.51 0.006 

4 0.106 kg. m.2 0.002 0.001 0.001 

5 0.097 kg. m.2 0.003 0.003 0.0004 

6 0.020 kg. m.2 0.013 0.013 0.0003 
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