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ABSTRACT 

The problem of designing a hierarchical scheme for the decen

tralized control of prosthetic limbs is studied in this thesis. A 

specific hierarchical structure that provides a decomposition of the 

user directed task into three levels - organization, coordination and 

local subcontrol, which are characterized by a decreasing order of 

intelligence and increasing order of precision, is proposed. The 

highest level, viz., organization, is a man-machine interface which 

provides a translation of input control signals (ENG and EMG signals) 

into information patterns for use at the next lower level. The task 

directed activity at the coordination level involves translation of 

information patterns and computation of required kinematic variables 

at the succeeding level. Through the coordinator, a harmonious func

tioning of the lower level subcontrollers is realized. The lowest 

level's task directed activity deals with processing of coordination 

inputs so that precise execution of the user desired task can be im

plemented. This is accomplished by computing and directly controlling 

the inputs of the actuators. Simulation studies indicate that the 

multilevel structure was fully capable of deciphering, processing and 

distributing information as well as ultimately demonstrating the 

ability to control an anthropomorphic prosthetic limb. 

i x  



CHAPTER 1 

INTRODUCTION 

1.1 Historical Background 

A recognized need for prosthetic devices was encountered fol

lowing World War II due to the incidence of battle related amputations. 

In response, the National Academy of Science initiated organized re

search in the field of prostheses. Advances in medical science have 

made the use of prosthetic devices more feasible which in turn have 

posed greater challenges to the designers of prostheses. 

Most present day devices are not unlike those developed in the 

later 1940's. A basic system employs a harness and a Bowden cable. 

The cable is activated by motion of certain of the amputee's muscles 

thereby giving rise to prosthetic device actuation. This type of pros

thetic control causes the amputee a great deal of fatigue, as well as 

requires considerable concentration effort. In comparison to normal 

human motion, the operation of a prosthetic device is tedious, slow, 

and nonanthropomorphic. 

The notion of replacing muscle power by external power occurred 

in the late 19501s and early 19601s due to advances in energy storage 

and conversion, although the aforementioned concept was first discussed 

in 1919 by Schlesinger in Berlin [18]. Such devices have been devel

oped in Canada, France, Germany, U.S.A. and the U.S.S.R. 

1  
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One of the most widely used control signals and successful 

contributors to externally powered prostheses is the electromyographic 

(EMG) signal. Commercial components for EMG control have been avail

able since 1967, following two periods of laboratory development (1945-

1959) and clinical testing (1959-1967) [18]. 

Hoffer [20] and Saridis [20] have listed the following as some 

present day artificial arms: Heidelberg, AIPR, Utah, Northwestern 

University, AMBRL, and the University of Alberta Hospital; and some 

present day artificial hands: AIPR, AMBRL, Northern Electric, RIM, 

INAIL, Viennatone, Otto Bock, French, Yugoslav, Ontario Crippled 

Childrens Centre and the Fidelity Electronics/VA-NU. State-of-the-art 

artificial legs are the Philadelphia Leg and Flowers Cybernetic leg at 

MIT [29]. Nevertheless, most of the present day prostheses use on-off 

controls with no sensory information fed back to the patient [18]. 

1.2 Examples of Presently Designed Systems 

Various design schemes have been used in contemporary prosthe

tic device development work to exploit the recent innovations in micro

processor technology, biophysical signal detection mechanisms and 

control and signal processing theory. Two representative prosthetic 

device systems will be described in the following. The first is that 

of Graupe [11] and the second is the one proposed by Saridis [18]. 

Graupe [11] utilized microprocessor hardware to implement con

trol of a several degree of freedom above-elbow artificial limb. The 

design uses time series identification techniques for parameter dis

crimination. The major goal in this design was to obtain several 
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prosthetic limb functions via a single electrode site. Classical EMG 

controllers have failed this approach because they were based on only 

determining the existence or nonexistence of an EMG signal [11]. This 

approach, however, only employs the average levels or low-frequency 

characteristics of the EMG signals, and hardly, if at all, considers 

the statistical or dynamical information contained in the signals [11]. 

The approach taken in Graupe's design utilizes the EMG signal's sta

tistical dynamics. This approach is well suited for high level ampu

tees or subjects with severe muscle and/or nerve damage because only 

1 to 3 electrode sites need to be employed. 

The method of function separation is based on a time-series 

model identification scheme. This method was shown to produce a fast 

function separation and a successful recognition algorithm [11]. 

Identification of the EMG time-series is accomplished by using an auto-

regressive moving average (ARMA) filter scheme. The filter scheme is 

that of a recursive digital filter, which is described by a difference 

equation as follows: 

agy(N) + a1y(N-l) + ••• + amy(N-m) = 

bgx(N) + b-|X(N-l) + ... + bn(N-n) 

where the coefficients aQ, a-j, •••, a^ are called the autoregressive 

or autorecursive or feedback coefficients and bg, b^, •••, bn are 

called the moving average or feedforward coefficients [17]. The re

sulting transfer function is as follows: 



\ 

y(N) b0 + bl" + ••• + bnDW 

XUV a j. „ n j. , ^ nM 
0 1 m 

i th 
where D denotes the i delay operator. The function separation 

method described below is taken from [11]. The recorded EMG signal 

represents a time-series that is basically stochastic, and therefore 

an AR model will be used to identify the parameters of the time-series. 

N 

*  i f ,  V k - i  +  e k  f - 1 )  

where y^ is the recorded EMG signal, is the AR parameter, N is the 

order of the AR model, and e^ is white noise. The minimum-parameter 

linear model of a stationary time-series has the following form: 

M P 
^  =  ^  ^  ~  ® f i  ~  ^  0 * 2 )  

i=0 1 K 1 j=0 3 J 

where y^. and e^ . are as in (1.1) and <j>. and are the AR and MA 

parameters of the model respectively. M and P are the orders of the 

AR and MA portions of the model. In order to obtain limb function 

separation, calibration modes must be performed. The first calibration 

mode is used to obtain and store (in computer memory) the subject's EMG 

signals. The signals correspond to h different limb functions, each 

having n parameters. The resulting stored sets have the following 

form: 
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A second calibration run is performed where the EMG signals related to 

function i (i = 1, —, h) are fed to a filter that computes 

A 

ykj = Tji yk-l + yj2 yk-2 + — + Tjn yk-n! 

j - 1, •••, h (1.3) 

Computing from (1.2) yields: 

yk " yki ° ekj; ^yk = actual EMG signal) (1.4) 

Defining 

A i N+n 
Ei = tt z er.; j = 1, h (1.5) 

J N k=n+i KJ 

and averaging over L runs yields E", •••, for limb functions 1 to h. 

These E^s are now stored in the microprocessor memory. Normal opera

tion is performed as follows: Feed the measured EMG signals y^ in 

parallel to the ARMA filters, each filter corresponding to a separate 
A A A 

limb function, to compute e^ to e^. The computed e^. is used as a 

comparison with min E^ = E^ with the stored E.. Finally, if E^ £ P1-Ei; 

where p.. is a weight coefficient < 1 and if 

M 2 

s yk >l a, 
k=l K 

A = predetermined constant, then limb function i of set 1, —, h is 

actuated. Otherwise, the prosthetic device will remain in a "no move" 

mode. It is noted that the aforementioned calibration is done in a 
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clinic using a calibration computer so that calibration hardware will 

not have to be worn by the user. 

The second design, that of Saridis [18], is based on a seven 

degree of freedom prosthetic arm. A hierarchical control approach is 

applied to the arm. The motion of the wrist is related to 4 degrees 

of freedom and the motion of the hand is related to 3 degrees of free-

som. Syntactic pattern classification is utilized for dynamic coordin

ation of the subsustems. 

The modeling of the arm was broken into two subproblems: the 

position of the wrist and the orientation of the hand [18]. The dynam

ic coupling between the wrist and hand were negligible and were there

fore ignored. From Lagrangian formulation, the equations of the wrist 

are of the form: 

e = D"1 [H + T] (1.6) 

where the matrices D and H are nonlinear functions of the joing angles 

e  and their velocities e ,  and T is a matrix of the input torque applied 

to the joint motors [18]. The nonlinear equations (1.6) are trans

formed into linear equations of the form: 

e = F + u (1.7) 

by use of a nonlinear transformation [18] where F is now a linear 

function of joint angles 0 and their velocities 0, and U is now a 

linear function of the input torques. The equations of the hand are 

of the form: 
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(1.8)  

where torque T = la. 

The control level uses a multistrata approach. It is based on 

a performance adaptive self-organizing control algorithm and a kine

matic performance criterion which produces smooth anthropomorphic 

motions. Due to the use of the aforementioned control structure, no 

search for an appropriate Lyapunov function is required for stability 

purposes because each subprocess is inherently stable. 

The coordination scheme utilized in this design is used to 

improve the overall dynamic performance of the system by determining 

the kinematic criteria used in the control level [18]. Determining 

the local kinematic scheme is done by using a minimum energy criterion 

of the form: 

where k(a) is related to the angular velocity and the applied torque. 

Minimum energy criterion is used because the prosthetic device is 

powered by a battery. 

The highest level or organization level maps the commands 

emanating from the amputee into a set of actuator variables that in

fluence the response at the lower hierarchical levels [18]. EMG sig

nals generated by the amputee are coded into binary words. The user 

is free to construct or concatenate these words to form sentences. 

4 
k(a) = I y. k.(a.) 

i=l 1 1 1 
(1.9) 



8  

These sentences are deciphered by the pattern recognition scheme and 

ultimately implemented as prosthetic arm motions. 

1.3 Structure of Thesis 

The study reported in this thesis deals with a design scheme 

for the hierarchical decentralized control of a prosthetic arm. 

As described by Sundareshan [23], the availability of ef

ficient and inexpensive microprocessors in present times makes dis

tributed control strategies more attractive. The advantage of a 

decentralized (distributed) control scheme is that information proces

sing and computations need not be performed ?.t a single site but may 

be distributed over the locations where information is available. In 

addition, better reliability is insured with decentralized control due 

to the absence of a single centralized control site. 

When decentralized controllers are present, a supervisor is 

required to monitor or coordinate their actions. This process is 

known as coordination. This arrangement in physical systems naturally 

results in a hierarchical structure. Hence, a hierarchical structure 

gives rise to separate system levels where each system level is sub

ordinate to the one above it. 

The structure of the thesis is described chapterwise in the 

folTowi ng. 

Chapter 2 deals with the description of two types of biophys

ical signals and their characteristics. Signal characteristics as well 

as methods of signal detection are significantly different for each 

type of signal. 
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In Chapter 3, an introduction of the hierarchical structure 

and its components will be given. The components (levels) are charac

terized in descending order by a decreasing order of intelligence and 

increasing order of precision. 

Chapter 4 describes the functional units of the hierarchical 

scheme. These include the following: EMG and ENG detection and en

coding, implementation of the highest hierarchical level (organization

al level) with a syntactic pattern recognition scheme, description of 

the next subordinate level (coordination level) by a coordination al

gorithm and a subcontroller (lowest level) actuator model for genera

tion of actuator control variables. 

Chapter 5 gives an explanation of two limb trajectories and 

their respective angular joint velocity profiles. The limb trajector

ies chosen for this study are of two types: predetermined and user 

directed. The angular joint velocity profiles used were parabolic and 

constant velocity parabolic. In addition, Chapter 5 also discusses 

integration of the functional units and simulation. Specific limb 

trajectory coordinates are given as well as formulae used for joint 

angular positions, velocities and accelerations. Illustrations of 

simulation results include: joint load torques, joint control vari

ables and resultant end tip velocity profiles. 

Chapter 6 deals with relevant simulation results. These in

clude the demonstration of the hierarchical control structure to con

trol a prosthetic limb, successful computation of required control 

variables for two types of limb motion and from resultant end tip 



velocity profiles, the ability of the hierarchical control structure 

to affect anthropomorphic type prosthetic limb movements. 



CHAPTER 2 

BIOPHYSICAL SIGNALS AND CHARACTERISTICS 

Two types of biophysical signals evoked by the amputee will be 

considered. The signals are termed electroneurograph (ENG) and elec-

tromyograph (EMG). The term EMG is commonly used to denote either the 

recorded signal from muscle (electromyograph) or the cellular electric

al signal (myoelectrical) depending on the context of the discussion. 

Similarly, this is true for the term ENG, which refers to the recorded 

or cellular electrical neural signal. In essence, the EMG signal is a 

consequence of the ENG signal. 

2.1 ENG Signal and Characteristics 

The most fundamental unit of the nervous system is the nerve 

cell or neuron. Afferent neurons carry information from their recep

tors into the spinal cord or brain. The receptors are located at the 

peripheral ending of the neuron. After transmission to the central 

nervous system, this afferent information may be perceived by the in

dividual as a conscious sensation. Information from the central ner

vous system to the muscles is transmitted via the efferent neurons. 

Efferent neurons innervate skeletal muscle and are also termed motor 

neurons (see Figure 1). The final type of neuron, the interneuron, 

can originate and terminate inside the central nervous system. 

Germane to this study are the efferent neurons. Efferent neu

rons undergo very swift alterations in membrane potential which last 
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Figure 1. Diagram showing neural muscle innervation. 



on the order of one millisecond. This action potential is comprised 

of changes in the membrane potential which vary from -70 to +30 milli

volts and then returning to the former voltage [25] (see Figure 2). A 

constant level of depolarization will produce a string of action po

tentials at a constant frequency. Hence, a higher or lower frequency 

can be produced by a greater or lesser amount of depolarization respec

tively [1]. 

Thus, an analog voltage in the cell body can be converted into 

a series of pulses at a particular frequency [1]. Nerve, muscle and 

sensory cells are capable of producing action potentials [25]. These 

voltage changes or signals transfer useful information which is both 

received and transmitted by nerve and muscle cells. 

The normal mechanism for skeletal muscle stimulation is via 

nerve fibers (axons). These axons can propagate action potentials at 

high velocity and can swiftly initiate muscle activity. 

Large groups of axons, on the order of ten million, can exist 

in a single nerve. This grouping of axons can be considered a multi

channel pathway carrying afferent, efferent, and interneuronal mes

sages. As described by Edell [28], it is feasible to devise a neuro-

electronic interface which has successfully extracted up to 10 channels 

of neural activity from a rabbit nerve. But this technology is in its 

infancy and still requires external electronic circuitry as well as a 

computer for multichannel signal analysis [28]. Hoffer and Loeb have 

used a surgically implanted nerve cuff in a single human subject in an 

attempt to detect and inject nerve signals. Voluntary or evoked 
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Figure 2. Action potential. 
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signals could not be recorded reliably from the cuff, possibly due to 

nerve atrophy or effects of trauma during surgery or cuff relation to 

the nerve [12]. However, signals have been recorded from similar 

nerve cuffs in experimental animals for more than a year [20, 12]. 

Unitary potentials (single fibers) up to 80 microvolts have 

been recorded [5]. Aggregate neural activity recorded from larger 

nerves, the cat's sciatic nerve, range from 5 to 10 microvolts. The 

significant spectral components range from 100 Hz to 20 KHz, with peak 

energy at approximately 2 KHz [5]. 

2.1 EMG Signal and Characteristics 

Efferent nerve cells whose nerve fibers innervate skeletal 

muscle fibers are termed motor neurons. The motor neuron and the 

muscle fibers it innervates are collectively termed a motor unit. 

When an action potential is initiated by a motor neuron, all the mus

cle fibers of that motor unit are activated. Hence, through the firing 

of action potentials, muscle fibers are activated and give rise to 

muscle movement. The resulting potential of a single motor unit firing 

in an EMG is termed a motor unit potential or MUP. 

The activity of many muscle fibers causes potentials (MUPs) to 

be developed that can be detected on the surface of the skin. Myoelec

tric potentials can be picked up with the use of surface electrodes. 

Figure 3 shows an EMG signal recorded with the use of three surface 

electrodes. These EMG signals have lower frequency components due to 

the position and geometry of the recording electrode, as well as 
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Figure 3. Recorded EMG signal. 
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reduced amplitude due to attenuation of higher frequencies by surround

ing tissues. 

Because the motor units fire somewhat asynchronously, the re

sulting myoelectric potential takes on the appearance of an interfer

ence pattern. The myoelectric potential has a frequency spectrum based 

principally on the frequency spectrum of the MUPs [5]. The EMG spec

tral components range between 10 and 1 KHz, with peak energies around 

100 to 200 Hz [5]. A moderate muscular contraction produces an EMG 

RMS value of about 100 yV. 

2.3 Usage of EMG and ENG Signals 

The EMG signals inputted into the control structure can be 

coded into binary strings via a pulse width modulation scheme. These 

strings can be used as commands by the user, and when deciphered, 

would implement specific prosthetic arm motions. The method used to 

achieve identification of the various encoded EMG signals is syntactic 

pattern recognition. More on this subject will be discussed in the 

ensuing chapters. 

A nerve cuff can be used for ENG signal extraction. The cuff 

would monitor aggregate axonal signals, in a single nerve, evoked by 

the amputee. Because a high level of neural excitation generates high 

frequency pulse streams and a low level excitation generates low fre

quency pulse streams [8], the user, via nerve pulses, could give in

formation pertaining to the speed needed for a particular device move

ment. 
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Using ENG signals in conjunction with EMG information gives 

the user more available signals than would be possible if only the EMG 

patterns were used. Hence, instead of using a portion of the finite 

number of EMG patterns that can be generated by the user for obtaining 

limb speed information, these patterns could be used for other pur

poses, such as increasing the number of prosthetic arm motion commands. 

ENG signals would have to be extracted from a nerve which is 

not controlling muscles that are used for EMG pattern extraction. As 

was previously discussed in Section 2.2, ENG signals give rise to EMG 

signals and hence, redundant information could be obtained otherwise. 

As will be discussed in Chapter 3, ENG and EMG signals are ex

ternal control inputs into a hierarchical control structure. This 

hierarchical control structure is used to implement required limb 

motions that have been requested by the user. 

Hence, in summary, the usage of EMG signals in conjunction 

with ENG signals would give rise to specific limb functions and a bet

ter control over the rate (speeds) at which the limb functions would 

be executed. 

An increased degree of reliability also results as a by-product 

of using both types of signals. This is true if due to a failure of 

the detection mechanism or the signal processing unit, only one type 

of input signal becomes available to the heirarchical control struc

ture. Upon detecting the absence of the signal the hierarchical con

trol structure would default to an alternate "suboptimal" control mode 
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which uses only the available signal. However, this would imply that 

the full capabilities of the limb would be reduced. 



CHAPTER 3 

HIERARCHICAL SCHEME 

3.1 Hierarchical Structure 

The complexity of a system is greatly increased as more system 

requirements are incorporated. A control arrangement which is ideally 

suited for such a complex situation is the hierarchical structure. 

The hierarchical structure gives rise to separate system levels 

or subsystems. A vertical hierarchical architecture, as utilized in 

this study, requires each system level to be subordinate to the one 

above it. The task or goal of the entire hierarchy is wholly dependent 

on its application. It is relevant to note that the hierarchical 

structure in fact utilizes a decomposition of the overall task such 

that separate subtasks are created and employed. More accurately, the 

overall task or goal is broken down into a sequence of subtasks, such 

that the desired end result is replaced by the solution of the family 

of subtasks [16]. 

The hierarchy utilized in this work can be considered as a 

multilevel control structure. The heirarchical task decomposition 

consists of several levels. Each level corresponds to a specific sub-

task. The levels are: organization, coordination and local subcon-

trol. The aforementioned levels are characterized in descending order 

by a decreasing order of intelligence and increasing order of precision. 

20 



Often an additional level is included into the scheme. This-

level, the lowest of the hierarchy, is the controlled process itself. 

This process is subject to the direct control of the local subcontrol-

lers. Figure 4a shows the overall hierarchical structure with the 

direction of information flow indicated. 

As can be seen in Figure 4a, when information is only sent 

"down" from the coordinator to the local subcontrollers and in addi

tion, information is sent "down" to and received from the process by 

the local subcontrollers, local closed or decentralized feedback con

trol is realized [14]. 

The hierarchical decentralized control scheme for a prosthetic 

device will be discussed in the ensuing sections. Figure 4b shows the 

overall hierarchical scheme with the direction of information flow 

indicated. Control of the prosthetic device is realized through the 

actions of the hierarchical structure. These actions are initiated by 

the human who is now incorporated into the overall scheme. The human 

is not only responsible for the initiation of the actions of the 

hierarchical structure, but as can be seen in Figure 4b, is also a 

component of the external visual feedback loop originating at the pro

cess. Hence, the human is an integral part of the system and possesses 

ultimate command over the workings and actions of the overall system. 

3.2 Hierarchical Components 

The organizational level is responsible for interpretation of 

control signals and generation of internal command signals for usage 

at the lower subordinate level. Hence, the organizational level serves 
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as the man-machine interface which is responsible for translating ex

ternal control signals into meaningful internal command information 

patterns. 

The coordination level or coordinator is responsible for 

coordination of the received information patterns to the subordinate 

autonomous decentralized subcontrollers. The coordinator chooses the 

proper coordination parameters such that there exists a harmonious 

functioning of the lower level subcontrollers and the overall system 

goal is attained. It is through coordination that integration is 

achieved [16]. 

The decentralized local subcontrollers are responsible for 

processing coordination inputs so that precise execution of the desired 

task can be implemented. The subcontrollers have no informational in

terconnections between themselves and are totally autonomous. They 

respond only to their respective input from the coordinator. In addi

tion, all pertinent information is fed back from the process to the 

subcontrollers for possible process performance modification. 

The process can be considered the source of interaction between 

the local subcontrollers. Or more specifically, the process may be 

viewed as representing N subprocesses each of which is under the con

trol of a specific subcontroller [16]. The aforementioned interaction 

is brought about by the inherent coupling between the subprocesses 

themselves, see Figure 4b. 
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3.3 Components as Mathematical Operators 

Functional aspects of the system blocks shown in Figure 4b have 

been explained. In addition, however, each system block can be repre

sented mathematically as an operator which is a function that maps the 

input into the output. H. is the scalar output from the human and is 

the external control signal input into the hierarchical structure. 

Defining the organizational level as an operator LI which maps the in

put H.j into the output vector variable Ci_* we can write: 

Ci_ = Ll(H.) 

where Ci_ is a specific vector corresponding to a specific H... In turn, 

Ci now becomes a vector input into the adjacent subordinate coordina

tion level. As before, defining the coordination level as an operator 

12 which maps the input vector Ci_ into the N SCi output vectors (where 

N equals the number of subcontrollers) we can write: 

S C .  = L2a.(£L)» J' = 2, N. 

Hence, SCi[ is a specific subcontroller vector corresponding to a spe

cific Ck Similarly, SCi now becomes the vector input into the cor

responding local subcontroller or operator L3. L3 maps the input 

vector SCi into a subprocess local control vector Mi_. Hence, we can 

wri te: 

Mi_ = 13 (SCi) 

* Underlined variables denote vectors. 



Pertinent feedback information consists of the Z^s and V. Z .  

4* h 
is the feedback information to the i subcontroller (SC) concerning 

J.L 
the behavior of the i subprocess (SP). Hence, as can be seen in 

Figure 4b, the actions of through Z^ acting in concert give the 

total essential feedback information concerning the entire process to 

the N subcontrollers. V is the visual feedback which gives information 

concerning the behavior of the overall process to the human. 

3.4 Discussion of the Implementation of Hierarchical Components 

Discussion of the implementation of the aforementioned system 

blocks will be elucidated in the following sections. 

Inputs to the organizational level consist of both EMG and ENG 

type signals. The organizational level, as described previously, is 

concerned with deciphering inputted control signals H..S given by the 

amputee and translating them into useful information patterns C^s. In 

order to decipher the H^s, a recognition algorithm must be employed. 

One such scheme is the syntactic pattern recognition approach. This 

method provides an analogy between the structure of patterns and the 

syntax of languages. 

Basic to the syntactic pattern recognition scheme is the de

composition of patterns into subpatterns or primitives, where primi

tives denote the simplest possible subpatterns. Each primitive can be 

interpreted as a symbol that is permissible in a certain grammar. The 

grammar is essentially a set of rules which governs composition of 

primitives into patterns. The language which provides the structural 

description of patterns in terms of a set of primitives and their 
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composition operations, is sometimes called "pattern descriptive 

language" [6]. A language can be described as L(G) where G is the 

grammar that consists of sentences representing certain strings of 

primitives. 

In order to recognize and translate these strings, a computing 

algorithm for recognition and translation of the inputted patterns must 

be constructed. Hence, a syntactic based pattern recognition algorithm 

is utilized for realizing the organizational level. 

As stated previously, the coordination level is responsible for 

coordination of the received information patterns from the organiza

tional level to the autonomous decentralized subcontrollers. Imple

mentation of this level is realized through usage of a computing 

algorithm which maps the inputted vector into N SC^ vectors. The 

algorithmic computation is based on the deciphered human input from 

the organizational level. Further detailed explanation of this mapping 

will be given in the following chapter. 

Each subcontroller is an actuator that controls a specific 

portion of the desired process. Implementation of the subcontroller 

is done through usage of a DC motor utilizing closed loop feedback. 

In order to implement the process, dynamic equations must be 

derived. Choosing a three degree of freedom limb (see Figure 5) and 

utilizing Lagrange's equations: 

(3.1) 
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Figure 5. Three degree of freedom limb. 
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where 1=1,2 and 3 (in this derivation 6g = 0), the system equations 

can be realized. Lagrange's equations have been derived from Newton's 

equations of motion and represent an equivalent way of expressing the 

same laws of motion [24]. However, the equations of Lagrange are de

rived in terms of kinetic and potential system energy. Where T and V 

represent the kinetic and potential energy of the system respectively. 

After computing the required derivatives of equation (3.1), the equa

tions of motion for the limb can be put into the form of Equations 

(3.2), as shown on page 29. 

Appendix A shows the complete derivation of Equations (3.2). 

k.j through k^, A, B and g are system constants. When angular coordin

ates describe the motion of the system components, as in this study, 

Q. is equatable to the corresponding actuator driving torque. Hence, 

Q.j, Q2 and represent the actuator driving torque for each joint 

[27]. 

From Equations (3.2) it can be seen that the motion of the limb 

is described by a set of second-order coupled highly non-linear dif

ferential equations. These equations will later be used in obtaining 

the required actuator information for system modeling and simulation. 

This chapter described the heirarchical scheme for decentral

ized control. The next chapter will describe the functional units 

which make up the hierarchical structure. 
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CHAPTER 4 

DESCRIPTION OF FUNCTIONAL UNITS 

Whereas the last chapter discussed the hierarchical scheme for 

decentralized control, this chapter elucidates the hierarchical struc

ture in terms of its functional units. These include input signal 

detection and encoding as well as implementation of the organization, 

coordination and subcontroller levels. 

4.1 ENG Signal Detection and Extraction 
I 

ENG detection of neural signals can be realized through the 

usage of a nerve cuff as described by Hoffer et al. [13]. The nerve 

cuff is made of silicone rubber tubing 26-30 mm long. Electrodes are 

then sewn circumferentially at uniform intervals along the inside wall 

of the cuff. The electrode material is platinum-iridium wire which is 

teflon coated. The electrode leads are then magnetically coupled to 

differential amplifiers. The signal amplitude depends on the internal 

dimensions of the insulating cuff, the interelectrode separation, and 

the number and types of active fibers in the nerve [12]. The outputted 

differential signal is then filtered, full wave rectified, and con

ditioned. Signal conditioning is performed with a level detector or 

comparator. The device's output state changes whenever the input 

voltage passes through the selected reference voltage (E^p). A TTL 

(transistor-transistor logic) level signal can be generated from the 

neural pulses. A TTL high logic state corresponds to voltages between 

30 
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2.4 and 5.0 volts and a low logic state corresponds to voltages between 

0.0 and 0.4 volts. The system, in block diagram form, is shown in 

Figure 6. 

Because the frequency of pulse streams in the nerve is propor

tional to the desired speed of the prosthetic device, a counter is 

utilized for ENG signal processing. Therefore, after proper signal 

conditioning, a binary counter will be utilized. The binary counter 

consists of a chain of interconnected flip-flops. A flip-flop in the 

counter is triggered only when a negative-going pulse edge is applied 

to its input terminal. The output of each flip-flop in the counter 

shows its state, and thus the outputs or readouts provide a running 

total of the pulses that have entered. After each count is completed, 

the flip-flops can be reset for the next counting-sequence. 

4.2 EMG Signal Detection and Extraction 

EMG detection of voluntary muscular action is realized through 

the usage of three surface electrodes (2 pickup electrodes and a ground 

electrode). The pickup electrodes are connected to a differential 

amplifier. The amplifier must amplify the desired physiological sig

nal and reject any interference signal [22]. The outputted differen

tial signal is preprocessed via filtering and full wave rectification, 

see Figure 7. 

EMG control signal encoding (after preprocessing) is accom

plished through usage of a pulse width modulation (PWM) scheme. PWM 

is realized with two comparators and an integrator as shown in Figure 8. 
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E. is the inputted EMG signal to comparator I (CI). CI changes 

E.j input into square waves. EREp is a reference voltage or switching 

point for CI. Voltage waveform e. is integrated and formed into tri

angular waveforms. The modulation input E^qq is compared with the 

triangular waveforms e^^ in CI I. Whenever the triangular waveform 

is larger than EM0D.' Eoi is at a low' If EM0D. is lar9er» E
0i is 

high. EQ1. is a TTL level signal. Hence, the output EQ1- has a voltage 

pulse width which is precisely proportional to E^p . Figure 9 shows 

the PWM scheme applied to the EMG signal shown in Figure 3. 

4.3 Syntactic Pattern Recognition Scheme 

The syntactic pattern recognition scheme will be discussed in 

the following sections. Basic to the scheme are signal preprocessing, 

pattern representation and syntax analysis. The scheme is shown in 

Figure 10. 

The input signal is encoded with the usage of a data compres

sion technique to facilitate processing in later stages of the recog

nition scheme. Filtering, signal restoration and/or enhancement are 

used for noise extraction and/or to improve the overall quality of the 

encoded signal [6]. 

The preprocessed signal is represented by a language-like 

structure or string after pattern representation has been performed. 

This process consists of two parts: pattern segmentation and primitive 

extraction. Segmentation is the process of grouping the preprocessed 

signal or information pattern into subpatterns. Once segmentation has 

been performed, the extracted subpatterns are termed primitives, (a 
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primitive being the simplest subpattern allowed in the recognition 

scheme). A set of pattern primitives and their composition operations 

make up the pattern description language. Sequential combinations of 

primitives are then sent for syntax analysis. 

The syntax analyzer determines the grammatical validity of the 

inputted sequence of primitives. This decision is based upon the com

parison of a known grammar with the grammar of the inputted sequence 

of primitives. 

As an example, syntactic pattern recognition of the encoded 

EMG signal (E01-) of Figure 9c will be demonstrated. Let the logical 

high state (5V) be denoted as A and the logical low state (OV) as B. 

A and B are given pulse widths of 1 mS duration. Counting the number 

of consecutively occurring As and Bs, starting at t = 160 mS from 

Figure 9c, a sequence of serial groups of As and Bs can be constructed. 

Hence, the pattern can be segmented into subpatterns and is as follows: 

A8B83A6B48A5B8A3B28A5B20A7B7A7B3B7AB5A13B7A3B3A7 

B3A15B13A3B8A3B10A23B6A10B6A7B7A7B10A2B7A7B18A6B6A3 (4.1) 

BWAWB1 °A3B25A5 

where AN(BN) denotes A(B) occurring N times. The simplest subpatterns 

or primitives are A, A3, A^, A®, A7, A8, —, A23 and B3, B^, B®, B7, 

B8, B10, —, B83. The above sequential combination of primitives 

(4.1) can also be denoted as a string. This string is now ready for 

syntax validation. Syntax analysis would consist of comparing string 

(4.1), primitive by primitive, with known strings for grammatical 



validity. If the inputted string is matched with any of the known 

strings, it is determined grammatically correct and recognized. If the 

inputted string is not recognized, it is rejected as grammatically in

valid. In addition, once the input string is recognized, the syntax 

analyzer outputs a corresponding string. This outputted string is 

essentially a predefined translation of the EMG encoded input string 

(4.1). For instance, let the recognized string be defined as the 

string of letters G-R-A-S-P. Where G-R-A-S-P is the word grasp. 

Hence, after string (4.1) is recognized by the syntax analyzer, the 

analyzer would output the work grasp. A syntax analyzer which first 

recognizes input strings and then generates corresponding output 

strings is termed a nondeterministic pushdown transducer [9]. Hence, 

this syntactic pattern recognition scheme will implement the organi

zational level of the hierarchy. Sets of strings (words) generated as 

outputs from the syntax analyzer will be used as elements in command 

vectors for usage at the coordination level. Figure 11 shows a flow 

chart of the syntactic pattern recognition scheme (organizational 

level) used in this study. 

4.4 Organizational Task Command Vector 

The command vector from the organization level of the hier

archy, denoted as Ci[ in Section 3.3 of Chapter 3, is a task command [1] 

vector. A task command being a row vector whose elements denote spe

cific limb motions and/or specific joint actuators and/or a specific 

limb trajectory end position and the rate (speed) of limb motion. Let 

the sequences of primitives and rate values shown in Table 1 denote 
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TABLE 1 

Command Vector Elements 

ELEMENT PRIMITIVES 

MOVE A13 B12 A2 B4 

GOTO A4 B2 A12 B13 

HLT A B 

J1 A3 B3 

J2 A2 B5 

J0 A6 B6 

E-POS A5 B4 

RATES (COUNTS/SEC.) 

S <25 

M 1 25 <50 

F >50 



the command vector elements (words) MOVE, GOTO, J1, J2, J0, E-POS, S, 

M, F, and HLT, where MOVE and GOTO are defined as specific limb mo

tions, J1, J2 and J0 are defined as the three joint actuators, the 

limb end position as E-POS and the limb rate of motion as S (slow), 

M (medium) or F (fast). In addition, let the override task command be 

defined as HLT (halt) where the HLT task command can stop any other 

task command during its execution. It is noted that the S, M and F 

elements are obtained via the ENG signals and the remaining elements 

are obtained via the EMG signals. 

Let the limb motion task command vectors consist of the fol

lowing elements in these sequences [MOVE J1 J2 J0 S/M/F] and [GOTO 

E-POS S/M/F], where [MOVE J1 J2 J0 S/M/F] is read as: move joint 1 

and/or joint 2 and/or joint 0 slow, medium or fast. Similarly, [GOTO 

E-POS S/M/F] is read as: go to the predetermined end position slow, 

medium or fast. Lastly, the halt override task command is defined as 

[HLT]. Usage of the task command vectors will be demonstrated in the 

following chapter when system simulation is discussed. 

4.5 Coordination Level 

The coordination level must decipher the task command vectors 

and relegate proper subcommands to the lower level subcontrollers. In 

addition, the coordination level utilized in this study is responsible 

for the computation of the proper kinematic variables e^, and e. for 

usage at the respective subcontrollers. The computations are based on 

parabolic angular velocity profiles. These profiles were chosen be

cause it was felt that the angular accelerations derivable from them 
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are more continuous and "flowing" and hence, would give rise to more 

anthropomorphic type limb motions. For instance, use of a triangular 

profile would give rise to discontinuous "jumps" in acceleration and 

result in jerky "unflowing" limb motions which would be unacceptable 

for an anthropomorphic limb. In addition to deriving angular acceler

ations, angular positions can also be mathematically derived from the 

angular velocity profiles. Derivation of the aforementioned kinematic 

variables using the angular parabolic velocity profiles will be eluci

dated in detail in Chapter 5. 

Prior to an explanation of the coordination algorithm, it must 

be explained that the two limb motion task command vectors of Section 

4.4 fall into two different user categories. That is, the [MOVE J1 J2 

J0 S/M/F] vector allows the user to move the limb to any position with

in the limb's working space. Hence, the two task command vectors are 

different in that the first (MOVE) is user directed and the second 

(GOTO) is predetermined. 

When a task command vector is received at the coordination 

level, if it is a user directed type (MOVE), the coordinator will 

compute the proper kinematic variables for subordinate level usage. 

If the task command vector is a predetermined type (GOTO), the kine

matic variables will be precalculated and stored within the system so 

that no kinematic computations are required at the coordination level. 

The coordination algorithm is initiated by the coordinator 

inspecting the elements of the task command vector left to right. If 

a user directed task has been given, the coordinator determines which 



joint actuators are to be used and the rate of motion for the limb. 

The proper kinematic variables are then computed for the respective 

subcontrollers and stored for their later access. If a predetermined 

task has been given, the coordinator informs the subcontrollers and 

they automatically access the appropriate stored kinematic variables. 

If the task command vector [HLT] is received by the coordinator, all 

subcontrollers are directed to stop immediately. The subcontroller 

information vectors, denoted as SCi in Section 3.3 of Chapter 3, are 

defined as [MOVE S/M/F] and [E-POS S/M/F]. The halt task command 

vector to the subcontrollers is [HLT]. The coordination algorithm is 

shown in Figure 12. 

4.6 Determination of Control Variables 

For development of the actuator control variables U1, U2 and 

U3, the limb model components, associated parameters and dynamics must 

first be discussed. 

The three degrees of freedom limb, shown in Figure 5, consists 

of two links with three masses. The links L-j and Lg are considered to 

be rigid members. Link masses M-j, Mg, and are considered as point 

masses at distances L-j^* L2/2 anc* ^2 ^roni coorc'1'na^e origin re

spectively. M-j represents the mass of the upper arm, Mg the mass of 

the forearm and Mg the mass of the hand. Viscous friction as well as 

the moments of inertia of the links have been neglected in the model. 

This point mass model has been patterned after Saridis [18]. The 

equations of motion of the limb (3.2) are those shown in Section 3.4 

of Chapter 3. 
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The aforementioned equations, derived from Lagrange's equa

tions, represent the load torques for the limb actuators. In order 

to determine the proper control variables U^, and Ug for the limb 

actuators, solution of the direct dynamical problem as elucidated by 

Vukobratovic and Potkonjak [26] must be performed. Each solution is 

obtained from the respective actuator mathematical model of the limb 

for a finite time interval T. It is noted that the actuator mathe

matical model is different than the equations (3.2) stated above. The 

time interval is divided into time instances, tQ, t-|, —, tencj'. If 

the given kinematic variables e^, 0. and e. are known for a prede

termined limb trajectory at the time instances tQ, t-j, —, tenc|, then 

equations (3.2) can be solved for the load torques at the time in

stances tQ, t-j, —, tend. Hence, iterating equations (3.2) with pre

determined kinematic variables, the load torques T0^ (Nt), "^(Nt) and 

T^(Nt) can be obtained for the time interval T where N = 0, 1, 2, , 

m and 

(Nt)N=0 = V (Nt)N=l = V and (Nt)N=m = ^nd • 

The control variables U-j, Ug and Ug can now be computed at time in

stances t , t.|, —, tend from the respective actuator mathematical 

model containing the predetermined load torque term. The actuator 

mathematical model will be developed in the following section. 

4.7 Actuator Model and Subcontrol 

The actuator portion of the subcontrol!er utilized in this 

study is an armature controlled DC motor. Figure 13 gives a schematic 
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diagram of the DC motor with its connected load. It is assumed that 

the field current is fixed [4]. J 'represents the inertia of the rotor. 

The motor viscous friction is denoted B. represents the motor load 

torque. La is the armature leakage inductance and Ra is the armature 
a a 

winding resistance. The speed of the rotor is denoted by the angular 

velocity u. 

Motor electromagnetic torque is expressed as: 

T = k. I (4.2) 
m t a 

where k. is a torque constant and Ia is the armature current [4]. The 
t a 

electromagnetic torque at the motor shaft must be equal to the sum of 

the opposing torques. Hence, 

T^ = Ja + Bo) + T^ (4.3) 

where a = ^ [4]. Armature current Ig can be related to the terminal 

voltage Ea by the following expression: a 

'a Ra " Vt " Ea (4"4) 

where V^. is the externally applied DC voltage [4]. EQ can also be 

expressed as: 

E = k a) (4.5) 
a u 

where k is a speed constant [4]. 0) 

Applying Kirchhoff's Voltage Law around the motor loop, one 

obtains: 



'a "a + La = Vt " Ea <4"6> 

Equivalently, using Laplace transformation, (4.6) may be rewritten: 

VS) (Ra + La S) = Vt(S) " Ea(S) (4'7) 

Substituting (4.5) into (4.7) and rearranging results in: 

:a(S) 1 
Vt(S) - kma(S) = (Ra + La S) (4-8) 

Choosing a representative set of motor parameters as follows: 

B  = 1 . 5  N m / r a d / r e c ,  J  =  1 . 5 2  K g  m ^ ,  k t  =  4 . 3 1  N m / A ,  

k = 7.0 V/rad/sec, R = 2.45 fl and L = 1.0 mH, (4.8) becomes: 0) da 

*a(S) _ 1000 Uq) 

M A S )  -  k a)(S) " S + 2450 t CO 

A digital representation of (4.9) with sampling rate of 100 Hz (equi

valently, sampling period = 0.01 sec.) results in: 

Ia{z) -1 
VJz) - k ,(Z) • °-4082 Z <4-10)  

I 03 

(4.10) may be rewritten as a difference equation, 

I (N) = 0.4082 V.(N-l) - 2.8571 w(N-l-) (4.11) a t, 

Similarly, the difference equation form of Equation (4.2) is: 

Tm(N) " kt 'a<N> (4J2) 



Substituting Equation (4.11) into Equation (4.12) results in: 

Tm(N) = 1.7591 Vt(N-l) - 12.3136 w(N-l) (4.13) 

Equation (4.3) can now be expressed as: 

Tm(N) = Ja(Nt) + Bco (Nt) + T,_ (Nt) (4.14) 

where (Nt) = N(0.01) and N = 0, 1, 2, ---, m. 

Substituting Equation (4.13) into Equation (4.14) and solving for 

V^(N-l) results in: 

Vt(N-l) = 0.5685 [Jo (Nt) + Bu> (Nt) + TL (Nt) 

+ 12.3136w (N-l)] (4.15) 

Time-shifting Equation (4.15) to obtain V^(N) results in: 

Vt(N) = 0.5685 [Ja (N+l)t + Bu (N+l)t 

+ TL (N+l)t + 12.3136w (N)] (4.16) 

Hence, Equation (4.16) can now be used for iterative computing pur

poses for the generation of the required controls U-j, Ug and Ug. It 

is noted that the control variables Up Ug and Ug are in fact the ex

ternally applied DC voltages of the actuators (motors). 

In addition to containino the actuator model, each subcontrol-

ler is also responsible for generation of the corresponding output 

motor velocities by applying the calculated controls U^, Ug and Ug to 



their respective actuators. The output velocity can be fed back for 

motor control purposes. 



CHAPTER 5 

INTEGRATION OF FUNCTIONAL UNITS AND SIMULATION 

5.1 Limb Trajectories 

In order to implement limb trajectories, the desired joint 

coordinates and proper joint angular velocity profiles must be deter

mined. The initial or reference position of the limb is defined to 

correspond to joint coordinates 0^ =0, 62 = 0 and 0 = 0, as shown in 

Figure 14a. The final joint coordinates are dependent on the end 

position of the hand (Mg) or end tip. Two limb trajectories were 

chosen for this study. The first trajectory corresponds to the task 

command vector [GOTO E-POS S/M/F], where the initial position of the 

limb is at the reference position and the final position places the 

end tip in front of the user's mouth, see Figure 14b. It is noted 

that the final coordinates correspond to the element E-POS of the task 

command vector. The second trajectory corresponds to the task command 

[MOVE J1 J2 J0 S/M/F], where the initial position of the limb is at 

the reference position and the final position is dependent on the 

user's required destination. The limb configuration for this trajec

tory is a straight arm lift with e] = e2 = 0* ^he actuators J1 and J0 

will be activated and J2 will be unactivated. Figure 14c depicts this 

limb motion. The joint motion control for both trajectories is such 

that all joints simultaneously move from their reference position to 

their respective final position in unison. This provides for a more 
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Figure 14. Limb reference (a) and trajectories (b) and (c). 
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anthropomorphic type limb motion. This type of joint motion control 

is termed as coordinated point to point motion [3]. 

The joint angular velocity profiles chosen for this anthropo

morphic limb are parabolic. The equation of the parabola utilized was 

derived in terms of the total time duration of the parabola, D, refer 

to Figure 15a. The equation of the parabola is as follows: 

where W is the amplitude scaling factor, t is time and D is as defined 

above. Integrating Equation (5.1) with respect to time gives the 

equation of angular position: 

Similarly, differentiating Equation (5.1) with respect to time gives 

the equation of angular acceleration: 

Appendix B gives a derivation of Equations (5.1), (5.2) and (5.3). 

Equations (5.1), (5.2) and (5.3) are used to determine the kinematic 

variables e., u.{e^) and o.(e^) for the respective joints to implement 

the trajectories for the task command vector [GOTO E-POS S/M/F]. A 

second profile is used to implement the trajectories for the [MOVE J1 

J2 J0 S/M/F] task command vector. This profile is termed a constant 

angular velocity profile due to its constant velocity portion between 

1<t) • " [*' ' V D2/4 * 0/4] (5.1) 

(5.2) 

^(t) = ™ [t - D/2] (5.3) 
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CO 

T- T, 

(b) 

Figure 15. Parabolic angular velocity profiles. 



T-] arid Tg, refer to Figure 15b. Equations (5.1), (5.2) and (5.3) are 

used at time intervals t = 0, to T-j and Tg to t ^. The time duration 

of the constant angular velocity portion of the profile (T-j to Tg) is 

dependent on the user's required destination. 

5.2 Explanation of Hierarchical Control Scheme Simulation 

In order to determine the effectiveness of the hierarchical 

control scheme to control the prosthetic limb, tests involving numeri

cal simulation were performed. Two limb trajectories, corresponding 

to the GOTO and MOVE task commands were simulated. The trajectories 

were simulated with limb motion rates of slow, medium and fast. In 

order to simulate the user directed MOVE task command, a random number 

was used to determine the time duration of the constant velocity por

tion of the angular velocity profile (T-j to Tg). This number simulates 

the time the user has allowed the limb to move before it has reached 

his desired destination. Hence, this number indirectly simulates the 

effects of user visual feedback. The number used was 0.45 seconds. 

The times used for the duration of the parabolic angular velocity pro

files were 2.5, 1.6 and 0.8 seconds. These times correspond to the 

limb motion rates slow, medium and fast respectively. The initial and 

final joint coordinates used were: e-j = = 0 = 0 to e-j = 0.3883 

rad., e2 = 2.3562 rad. and 0 = 0.9420 rad. respectively for the GOTO 

trajectory and e-j = 0g = 0 = 0 to 0^ = 0g = 0 = 0.5766 rad respectively 

for the MOVE trajectory. The initial and final angular velocities 

were zero for all joints. 
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The limb links and L^ were chosen to be 0.28 meters and 

0.30 meters respectively. The link masses Mp Mg and Mg were chosen 

to be 1.8125 kg., 1.5864 kg. and 0.6801 kg. respectively. 

5.3 Total System Simulation and Results 

Total system simulation was performed in FORTRAN on the VAX-II 

system. Program and data files were used in the simulation, the 

sequence and contents of which will be discussed. The system input 

data file contained sequences of 0s and Is representing the binary 

data of the encoded EM6 and ENG signals. This binary data was read by 

the following file and translated into task command vectors. This 

file, LEVEL I, contained the syntactic pattern recognition program and 

hence, was the organizational component of the hierarchy. The computed 

task command vector was outputted and read by the LEVEL II file, where 

the LEVEL II file contains the program for the coordinator. After de

ciphering the received task command vector, the coordinator outputted 

required kinematic variables to a data file. In turn, it then out

putted required subcontroller information vectors for processing. 

After reading the information vectors, the subcontrollers (files 

DYNAMICS I, DYNAMICS II and DYNAMICS III), containing the actuator 

models, accessed the required kinematic variables and determined the 

required controls (motor input voltages ) , U,, and using Equation 

(4.16) of Chapter 4. The input voltages were then used to compute the 

corresponding output velocities of the motors. These output velocities 

are the joint velocities of the modeled prosthetic limb. Figures 16 

and 17 show the calculated load torques T0^, T0g and T0 and control 



voltages , Ug and Ug for system implementation of the slow, medium 

and fast modes of the GOTO and MOVE task commands respectively. In 

addition, Figures 18 and 19 show the resulting end tip velocity pro

files of the slow, medium and fast modes of the GOTO and MOVE task 

commands respectively. 

As can be seen in Figure 16, maximum load torque for T0-j and 

TQ2 remained nearly equivalent for the slow (16a) and medium (16b) 

modes, but increased in the fast mode (16c). This was not the case 

for Tp whose maximum value increased from the slow to the fast modes. 

Control voltages (refer to Figure 16) increased for all control var

iables ll.|, Ug and Ug from the slow to the fast modes. T^'s maximum 

torque decreased from the slow to the fast modes, as shown in Figure 

17. Tp remained negligibly small in amplitude from the slow to the 

fast modes, as can also be seen in Figure 17. The control voltages 

shown in Figure 17 reveal that U-j decreased in maximum amplitude and 

U3 remained relatively constant in maximum amplitude. 

Tp was reduced in Figure 17 due to its dependence on the var

iables , 02» and e'g. It also appears that load torques and control 

voltages are increased for the parabolic profiles of the GOTO task 

command due to the inherent magnitude increases in the kinematic var

iables e^, ©gj 0 and their first and second derivatives as limb motion 

time was reduced. Oppositely, TQ^ showed a reduction as did its 

counterpart U-j as time was decreased for the constant velocity profiles 

used for the MOVE task command. 
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As can be seen in both Figures 16 and 17, load torque appears 

to have little effect on control voltage amplitude. This is especially 

evident when T^ is considered. 

Resultant end tip velocity profiles of Figure 18, corresponding 

to the GOTO task command, show the quasi-parabolic profiles [26] 

typical when parabolic angular velocity profiles are used at the limb 

joints. The resultant end tip velocity profiles of Figure 19, cor

responding to the MOVE task command, show a somewhat flattened quasi-

parabolic profile due to the constant angular velocity parabolic 

profiles used at the limb joints. 

5.4 Viable Multiple Microprocessor Architecture 

The first step in developing a viable multiple microprocessor 

implementation of hierarchical structure is to partition tasks between 

the processors. Hence, a dedicated processor could implement the 

organizational level and a second the coordination level. This would 

allow the organizational level processor freedom to process new 

input signals while the coordination level processor (v^) is attend

ing to its task. If a single processor were used to implement both 

hierarchical levels, interruptions in information flow would occur. 

That is, if the processor is performing a coordination level task and 

a task interrupt occurs due to new user input signals, the coordination 

task would not be completed and hence, respective subcontroller infor

mation would be stopped and desired limb motion would not occur. 
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Subcontrollers could each be implemented with a single proces

sor (yp3-). This is required if decentralized control at the lowest 

level of the hierarchy is to be realized. 

The processors could be cascaded in a descending master-slave 

fashion where would use yp2 
as lts slave and in turn, yp2 would be 

the master to the lowest level slaves yp3-js« The master utilizes the 

slave as an intelligent peripheral device [21]. 

vip.j would be responsible for deciphering encoded EMG and ENG 

signals (determining syntactic pattern validity of the encoded EQB 

signal and limb motion rate from tne encoded ENG signal) and gener

ating task command vectors for the subordinate coordination level 

(yp2)* yp2 wou^ decipher task command vectors, generate kinematic 

variables for subordinate level usage (yp31-)> and generate subcontrol-

ler information vectors. ypg.. would decipher information vectors, 

access kinematic or control variables and finally, drive and control 

the proper actuators. 

A possible master-slave communication scheme is that suggested 

by Carter [21]. The master and slave pass commands and data over a 

bidirectional data bus. Transfers on the data bus are synchronized 

under software control by MASTER RDY and SLAVE RDY signals. 

When a master-slave transfer occurs, the master asserts 

MASTER RDY and the slave replies with SLAVE RDY. The master then 

places the data on the bus and drops the MASTER RDY. SLAVE RDY is 

dropped after the slave reads the data, thereby confirming data re

ception. 
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The above communication scheme would also hold true for yp2 and 

the lowest level Pp3-js- The exception being that would have to 

address each ypg.. separately and then perform the required communica

tion. Figure 20 shows a schematic of the proposed multiple micropro

cessor scheme. 
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CHAPTER 6 

CONCLUSIONS 

A prosthetic limb control system has been demonstrated that is 

based on a hierarchical control structure. The basic characteristic 

of this approach is the hierarchical decomposition of the user directed 

task into three levels associated with the organization, coordination 

and subcontrol respectively. 

The highest level is a man-machine interface. Its task direc

ted activity deals with the translation of input control signals (ENG 

and EMG signals) into information patterns for usage at the next lower 

level. The coordination level's task directed activity deals with 

translation of information patterns and computation of required lower 

level kinematic variables. Through the coordinator, a harmonious 

functioning of the lower level subcontrollers is realized. The lowest 

level's task directed activity deals with processing of coordination 

inputs so that precise execution of the user desired task can be im

plemented. This is accomplished by computing and directly controlling 

the inputs of the actuators. 

Simulation results indicate that the hierarchical structure is 

fully capable of deciphering, processing and distributing information 

as well as ultimately demonstrating the ability to control a limb to 

result in anthropomorphic motions. Utilization of ENG signals in con

junction with EMG signals as control structure inputs is demonstrated. 
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Control variables for two representative limb motions have been ob

tained through solution of the direct dynamical problem. Resulting 

end tip velocity profiles show the ability of the control structure to 

effectively demonstrate anthropomorphic type limb motions. Dependent 

on the type of limb motion required, simulation results indicate that 

load torque does not significantly influence the derived control var

iables . 

It is relevant to point out certain similarities and differen

ces between this study and the earlier studies of Graupe, Saridis and 

Vukobratovic. 

Graupe's [10] main objective was to control an artificial limb 

by usage of a single signal site (one electrode). Identifying the EMG 

signal's time series model such that several limb functions could be 

controlled from a single signal site was shown in this work. The study 

contained in this thesis employs three electrode sites for EMG 

signal extraction. It is felt that usage of this number of electrodes 

would increase the number of EMG patterns producible and thereby in

crease the "vocabulary" of the user. Ergo, more user commands could 

be generated and hence, increase the usage capabilities of the pros

thetic limb. Both studies utilized a several degree of freedom limb. 

Saridis [18] utilized a hierarchical decentralized control 

structure in his work. This form of control structure was also em

ployed in this thesis. There are, however, several differences in the 

present study compared to the work reported by Saridis [18]. Saridis 

used a seven degree of freedom system as his limb model. The limb 
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dynamics were altered through use of a nonlinear transformation which 

resulted in a linear model. The study in this thesis utilized the 

complete highly nonlinear derived dynamics. It is felt that this more 

exacting limb dynamic model rendered greater precision in the simu

lation information and hence, modeled the limb more accurately. Both 

studies employed Lagrangian derived equations of motion and point mass 

limb models. A significant difference in the control implementation 

of the hierarchical structure is to be noted. Saridis employed heuris

tic techniques from artificial intelligence to create a performance 

adaptive self-organizing control algorithm. The study in this thesis 

does not utilize heuristic techniques, only algorithms that implement 

predetermined or computable quantities are used in the control of the 

hierarchical structure. Certain similarities in the organization 

level of the two works also exists. Both works use this level as the 

man-machine interface which utilize a syntactic pattern recognition 

scheme to decipher the user's input commands. However, the organi

zation level used by Saridis mapped the amputee's command strings into 

task command vectors. The coordination level is responsible for gen

erating actuator variables. The coordination level is used by Saridis 

adjusted actuator variable parameters to minimize a dynamic performance 

criterion. Both works use the lowest level of the hierarchy to apply 

control inputs to the actuators. 

Lastly as a final comparison, the work of Vukobratovic [26] 

will be discussed. Vukobratovic's work pertains only to the dynamics 

of manipulation robots. Hence, major differences in the work of 
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Vukobratovic from this study are the following. Manipulators are 

mostly used in an industrial environment and may not require anthro

pomorphic type motions to perform their tasks. Working speeds of the 

manipulators are sometimes much greater than actual human limb speeds. 

Configurations and types of joints used may not be anthropomorphic in 

design. Dependent on the trajectory required, motion of the joints 

may not be in unison but staggered. Similarities in the two works can 

be found in solution of the manipulator (limb) dynamic equations and 

usage of parabolic angular velocity profiles at the joints. As was 

stated in Chapter 4, determination of the proper control variables 

for the limb actuators was performed by solution of the direct dynam

ical problem. Usage of parabolic angular velocity profiles gave rise 

to more anthropomorphic prosthetic limb motions. 

Major contributions of this thesis are the usage of neural 

signals in conjunction with muscular signals as inputs to a prosthetic 

control structure and the usage of robotic manipulator techniques to 

determine required actuator control variables and in addition, to 

implement proper joint velocity profiles for anthropomorphic type 

prosthetic limb motions. Although muscular and neural signals have 

been studied as possible prosthesis control inputs [12], literature 

research during this study by the author has not revealed studies that 

describe using these inputs in conjunction with the control structure. 

Similarly, literature pertaining to the application of robotic tech

niques to the derivation of prosthetic control variables and to the 
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implementation of prosthesis joint velocity profiles does not appear 

to exist. 

Finally, as an open discussion topic, if more time for this 

work had been possible, the following areas would have been studied: 

(1) Increase the number of degrees of freedom to at least five 

so that wrist motion and end tip movement (open and close) 

could be incorporated into the limb dynamic model. 

(2) Introduce various end tip loads and determine their effects 

on the dynamics of the limb. 

(3) Experiment with different types of velocity profiles occurring 

at the joints. These profiles may be the same at all joints 

or different at each joint. 

(4) Minimize software by optimization techniques. For example, 

reduce code used in the syntactic pattern recognition scheme. 

In addition, possible future research topics may include: 

(1) Usage of other types of human control of the limb such as 

vocal input. 

(2) Direct connection of the prosthesis to the central nervous 

system. 



Replacement of joint actuators with mechanically flexible and 

electrically controllable piezoelectric type material which 

could emulate actual limb muscles and tendons. 
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SYSTEM DYNAMICS 

Derivation of the equations of motion for the 2-link arm that 

is chosen for illustration is obtained through usage of Lagrange' 

equation. The system, shown in Figure 21, is in a 3-dimensional gen

eralized coordinate system with generalized angular coordinates e-j, 

» and 0. 

The Lagrangian function is of the form: 

L ( © i ,  ® 2 ®  ^ ^  1 '  0 2 '  ^ ^  —  ~  ^  

where T is the system kinetic energy and V is the system potential 

energy. T depends on ®2 anc' ^ anc' ^ depends on 0-j and 

• 

Lagrange's equations for the system are: 

d (3 L) 3L _ n /1^  
dt (3fiV) " 80i ~ ^i ' ' 

where for three degrees of freedom, i = 1, 2 and 3. It is noted that 

6g = 0 in this derivation. Using the relation L = T - V in Equation 

(1 ) :  

d (3 L) 3L 
dt (ae/) " 3ei = Q.. 

=* d (9T) (3T) , 3V _ _  v  ° 1  /  v ° 1 '  +  ° '  -  n  
dt (35.) * (VeV) 36. 4i 
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Equations (2) have been used by [26] for the derivation of the equa

tions of motion for a three degree of freedom robotic manipulator. 

It is noted from Equations (1) and (2) that the term is the 

generalized force associated with the angular coordinate 0^ and is in 
XL 

fact the actuator torque [23] for the i degree of freedom. 

Figure 21 shows the overall system with the generalized co-

rodinates indicated. The X, Y and Z coordinates of the lengths Lj and 

1_2 will be obtained first. From Figure 21: 

h . =  P1 " P0 = (X1 ' V1' + (Y1 " Y0)j" + ("Z1 " Z0^ 

where 

X-| = [(P-j - Pgisine^] cos0 = L^sine^ cos0 

Y.| = [(P^ - PgJsine-j] sin0 = L^sine^sin0 

= -(P-j - PQ)COS0.J = -L-jCose-j 

"o = Yo = zo = 0 

A A 

=> = l_i (sine^cos0 i + sine-jsin0 j - cose-j k). 

L2 = P2 - P1 = (X2 " V1' + (Y2 " Yl)j' + ("Z2 " V* 

where 

X2 = ^P1 " p
O)sin0l + (P2 " P-j )sl'ne2^cos0 

= (L^sine-j + L2sin02)cos0 

Y2 = [(P-| - P0)sine1 + (P2 - P1)sin02]sin0 

= (L-|Sin0-| + L2sin02)sin0 
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Z2 = -C(P-j - P0)cose1 + (P2 - P.j)cose2] 

= -(L^cose-j + LgCoseg) 

A A /S 

=> Lg = L2(sin02cos0 i + sin02sin0 j - cose2 k). 

Let R_ = + L2, forming the dot product: R.-JR = |R| gives 

|R| = L|2 + L2
2 + 2L1L2cos(e1 - e2) 

which is the resulting length to the endpoint of the system from the 

coordinate origin. Differentiating R.with respect to time will give 

the resulting velocity: 

dR 
& = V. = ^jr = [e.| (L-|Cos0^cos0) + e2(L2cose2cos0) 

% a 
- 0(L^sine-jSin0 + L2sine2sin0)]i + [e-j (L.jCOS0-jSin0) 

• A 

+ 02(L2cose2sin0) + 0(L.jSine-jCos0 + L2sine2cos0)]j 
A 

+ [0^(L^sine^)+e2(L^sine2)]k. 

• • 

Forming the dot product JR-R. = 

Ll2(0l)2 + L2
2(02)2 + (0)2/2(L1

2(l - 00520^ 

+ L2
2(l - cos202) + 2L1L2[cos(01-02) - cos(0-j+02)]) 

+ 2L1L2(e])(e2)[cos(01-02)] 

• • • 
Noting that R. = Rg, which is the resulting velocity of mass Mg, R-| and 

R2 can be derived in a similar manner. For M-j: 

Underlined variables are vectors. 



*1 A A A 

R, = 2 L.j = L^/2(sine^cos0 i + sine-jsin0 j - cose^ k) 

• • a 
=> R-j = L.|/2[(e.jCose.|Cos0 - 0sine^sin0)i 

• A • A 

+ (0^cos0.|sin0 0sine.|cos0)j + sine^)k] 

-> C(en)2 + <02)s1n2ol:(L1
2)/2 

For Mg: 

Rg = + Lg/2 = (L^sine-j + L2/2sin02)cos0 i 

A 

+ (L.j siriei + L2/2sin02)sin0 j 

A 

-  (L . |COS0-| + L2/2cos02)  k 

=> A2.ft2 = L^2^)2 + L2
2/4(02)2 + (0)2/2(L1

2(1-cos201) 

2 
+ L2 /4(1-cos202)  + L1L2[cos(01-02)-cos(01+02)])  

^ " 1  ̂ " 2 ^  ̂ 2 ~ ® 2 ^ "  

The system kinetic energy T is: 

T = \ M1 (R-! -^) + \ M2(R2.R2) + \ M3(R3.R3) = 

(0-j)2^ + (02)2k2 + (0)2/2(k3(l-cos201) 

+ k4(l-cos202) + k5[cos(01-02) - cos(0.]+02)] 

+ kgSin2©^) + (eq)(e2)k7[cos(0^-©2) ] 

where 
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k, = (L1)2(M1 + 4M2 + 4M3)/8 

k2 = (L2)2(M2 + 4M4)/8 

k3 = (L1)2(M2 + M3)/2 

k4 = (L2)2(M2 + 4M3)/8 

kg - L
1L2(M2 + M3)/2 

k6 = CL1)Z(M1)/4-

k? = L1L2(H2/2 + M3). 

The system potential energy V is 

V = -([L-j(cose1 )/2] + [L.jCOse.| + I_2(cos02)/2]M2 

+ [L^cose^ + L2cose2]M3)g 

= -[L-j (M.j/2 + M2 + M3)cose1 + L2(M2/2 + M3)cos02]g 

= -(Acos©^ + Bcos02)g 

where 

A = L1(M1/2 + M2 + M3) 

B = L2(M2/2 + M3). 

Taking derivatives as specified in (2): 

For 0-j: 

Tjg = 2k-j (0-j) + ky(02)cos(0^-02) 

^ ^ V = 2 k l ( § l )  +  k 7 ^ 2 ) C O S ( 0 l - e 2 )  

+ k7sin(01-02)[(02)2 - (e1)(e2)] 



(0)2/2(2k3sin2e1 + k5[sin(e1+e2) - sin(e1-e2)] 

+ kgsin26i) - (e-j)(e2)k7sin(e1-02) 

aV  
—r-= Agsine, . 
3 0 ' 

For e.jS substitution into Equation (2) yields: 

2('e-])k-| + (e2)k7cos(e-|-e2) - (0)2/2(2k3sin ^ 

+ kg[sin(e^+e2) - sin(e^-e2)] + kgsin2e^) 

+ (e1)(e2)k7sin(e1-e2) + [(e2)2 

- (e1)(e2)]k7sin(01-02) 

= Q-| - Agsine-j ••• 

Similarly for e2: 

jr- s 2k2(e2) + k7(e^)cos(e1-e2) 

= 2k2^e2^ + k7^0l^cos^er02^ 

+ k7sin(01-e2)[(e1 )2 - (e-j)(e2)H 

= (0)2/2(2k4sin2e2 + kg[si n (e^ -e2) + sin(0-|+e2)] 

+ (e-i)(e2)k7sin( 2) 

= Bgsin92 • 
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Substitution into Equation (2) yields: 

2(e'2)k2 + (e.j)k7cos(e1-92) - (0)2/2(2k4sin2e2 

+ k5Csin(0-j-02) + sin(0.|+02)] - (e-j)(e2)k7sin(e^-e2) 

+ H(©-J )2 - (e1) (e2)]k7sin(01-02) 

= Q2 - Bgsin02 ••• (B) 

Similarly for <j>: 

(0) [k3( 1-cos20-j) + k^(l-cos202) + kg[cos(0^-02) 

2 - cos(e-|+e2)] + kgSin 0-j] 

^"{90} = ^)Ck
3(l-cos202) + k4(l-cos202) + k5Hcos(e1-o2) 

- cos(0.|+02)] + kgsin20.j] + (0)[(e^)2k3s1n2e^ 

+ (e2)2k^sin2e2 + Kg[sin(0i+02)(0^+02) 

- sin(01-02)(©-]-©2)3 + 2(e^)k6sin20-|] 

- ! «  0  
0 0 u 

Substitution into Equation (2) yields: 

(0)[k3(l-cos201) + k4(l-cos202) + k5[cos(e.j-e2) 

- cos(e.|+e2)] + kgsin20.|] + (0)[2k3(©-j )sin2©1 

+ 2k4(e2)sin2e2 + kg[sin (e^+eg) (©-j+©2) 



- sin(01-e2)(0-|-©2)] + 2kg(®i)sln2ei^ 

= Q0 ••• (C) 

Thus, Equations (A), (B) and (C) give the resulting dynamic equations 

of motion for the system. 
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APPENDIX B 

PARABOLIC ANGULAR VELOCITY PROFILE 

Figure 22 shows the parabolic angular velocity profile. V is 

the vertex and F is the focus of the parabola. D is the time duration 

of the parabola. The equation of the parabola will be derived in terms 

of D. 

The vertex of the parabola is: 

V(t, a)) = V(D/2,k) 

k is the leg of an isosceles triangle and hence is equal to D/4. 

V(t, a)) = V(D/2, D/4). 

The focus of the parabola is: 

F(t, w) = F(D/2, k + p) 

where |p| is the distance between the vertex and focus. 

k  +  p  =  0  o r  p = - k =  - D / 4  

hence F(t, oj) = F(D/2, 0) and the general equation of the parabola is 

as follows: 

(t - D/2)2 = 4p(w - k) or 

(t - D/2)2 = -D(o) - D/4) (1) 



co v 

I 1—° i 

Figure 22. Detailed parabolic angular velocity profile. 
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Solving for w one obtains: 

to - (t2 - Dyp2/4) • w 

Let W be the amplitude scaling factor. Hence, 

= W "(t2 - Dy°2'4)  -  0 / 4 ]  ( 2 )  

In order to obtain angular position in terms of D, Equation (2) must 

be integrated. Hence, 

•/' codt 

= W J ^t2 - Dt + D2/4^ + D/4 dt 

0 = W!,t3/3 - (Dt2)/2 ' "2 [f -D 
+  D  / 4 ^  + (D/4)t (3) 

In order to obtain angular acceleration in terms of D, Equation (2) 

must be differentiated. Hence, 

a = 

da) 
dt 

d m 
3t  

2W 
-D 

t2 - Dt + D2/4 { 
[t - D/2] 

) + D/4 

(4) 

Therefore, Equations (2), (3) and (4) now give the kinematic variables 

e, co and a in terms of the time duration of the parabola. 
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PROGRAM LEVEL1 
C 
C THIS PROGRAM SIMULATES A SYNTACTIC PATTERN RECOGNITION SCHEME 
C OR THE ORGANIZATIONAL LEVEL OF THE HIERARCHV. 
C THE SCHEME IS REALIZED BY A NONDETERMINISTIC PUSHDOWN TRANSDUCER<NPT> 
C THIS ALGORITHM RECOGNIZES INPUT SIGNALS(EMG AND ENO) AND OENERATES 
C AN OUTPUT COMMAND VECTOR FOR USE BY THE COORDINATION LEVEL. 
C 

INTEGER SUM. ADD. H. R, S. Y. C 
C READ IN INPUT DATA 

DIMENSION IDATA(100)> NEURAL<100) > C(7) 
OPEN(UNIT-1. STATUS*'OLD'> 
QPENiUNIT-2, STATUS"'NEW'> 
0PEN(UNIT"3. STATUS"'OLD ' > 
ADD«0 
SUM-0 
NERVE=0 
N-l 
K-l 
H-0 
R-0 
Y"50 
S-0 
DO 2 1-1. Y 

2 READ 11,3) IDATA(I) 
3 FORMAT(II> 

C " ••*•*•••••*•••••••••••••• 
C FIND FIRST ONE IN PATTERN 

5 DO 6 I»K,100 
L»I 
IF (I EQ. 101) GOTO 86 
IF(IDATA( I) EQ. 1) GOTO 30 

6 CONTINUE 
C •«••••••«•••»••••••• 
C PATTERN SEGMENTATION 

30 DO 50 J-L.100 
IF (J. EG. 100) GOTO 86 
IF( IDATA( J). EQ. 1) GOTO 40 
ADD-ADD+1 
IF ( SUM. GT. 0) GOTO(60. 69)N 
GOTO 50 

40 SUM=SUM+IDATA<J) 
IF<ADD GT 0) GOTO(80. 83>N 

50 CONTINUE 
C •**•»•*••••••**••• 
C FEATURE EXTRACTION 

IF(SUM. EQ. 13! ) GOTO 66 
IF(SUM EQ. 4) GOTO 67 
IF (SUM EQ. 1) GOTO 68 
IF(SUM. EQ 3) GOTO 66 
IF (SUM. EQ. 3) GOTO 67 
IF (SUM EQ. 6) GOTO 68 
GOTO 74 

66 H»H+1 
GOTO 70 

67 R=R»1 
GOTO 70 

68 S-S+l 
70 SUM=0 

GOTO 50 
65 IF(SUM EQ 2) GOTO 66 

IF(SUM. EQ 12) GOTO 67 
GOTO 74 

69 IF(SUM EQ 1) GOTO 92 

IF (SUM EQ. 2) GOTO 92 
GOTO 74 

75 SUM-0 
ADD«0 
K-Jfl 
GOTO 5 

73 ADD-0 
GOTO SO 

90 N-2 
ADD'O 
GOTO 30 
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72 ADD-0 

H-0 
R-0 
S-0 
COTO 30 

74 SUM-0 
ADD-0 
H-0 
R-0 
S-0 
K-J+l 
GOTO S 

06 GOTO 96 
80 IF (ADO. EQ. 12) GOTO 81 

IF(ADD. EQ. 2) GOTO 82 
IF (ADD. EQ. 1) GOTO 100 
IF(ADD. EQ. 3) GOTO 101 
IF(ADD. EQ. 4) GOTO 102 
IF(ADD EQ. 6) GOTO 103 
GOTO 72 

81 H-H+l 
GOTO 90 

82 R-R+l 
GOTO 90 

83 S-S+l 
GOTO 90 

85 IF (ADD EQ. 4) GOTO 92 
IF(ADD EQ. 13) GOTO 92 
GOTO 72 

92 IF(H EQ. 3) GOTO 104 
IF(R. EQ. 3> GOTO 105 
GOTO 74 

100 C(6>«1 
GOTO 900 

101 C(3)«l 
GOTO 72 

102 Cl5)=l 
GOTO 88 

103 C(4>=1 
GOTO 88 

104 Cil)=l 
N-l 
GOTO 72 

105 C(2)=l 
N-l 
GOTO 72 

C »»»»«»»##•»»#»##••» 
C READ IN NEURAL DATA 

88 DO 200 M-1,50 
200 READ(3.201) NEURAL(H> 
201 FORMAT(16) 

C COMPUTE RATE FROM NEURAL INPUT 
L«1 
DO 300 M=L, 60 
I—M 
IF(M. EQ 100) GOTO 86 
IF(NEURAL(M) EQ. 1) GOTO 330 

300 CONTINUE 
330 DO 350 N»I,60 

IF<N EQ. 100) GOTO 86 
IF(NEURAL(N). EQ. 1) NERVE"NERVE*1 

350 CONTINUE 
C ••••••••*•••••••••* 
C RATE DETERMINED BY 
C 0<RATE<25 ->SLOW 
C 25C-RATEC50 =>MEDIUH 
C RATE:—50 »>FAST 

IF(NERVE. LE. 24) GOTO 400 
IF (NERVE. LE. 4?) OOTO 410 
GOTO 420 

400 C(7)-l 
GOTO 500 

410 C<7>«2 
GOTO 500 

«''O C (7) -3 
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900 URITE<2. 501>C<1>.C(2>.C(3>.C(4).C(9>.C<6>.C(7> 
SOI FORMAT(12) 
96 STOP 

END 

PROGRAM LEVELS 
C THIS PROGRAM SIMULATES THE COORDINATION LEVEL OF THE 
C HIERARCHY. THIS ALQORITM READS THE INPUT COMMAND VECTOR 
C AND GENERATES THE PROPER SUBCONTROLLER VECTORS. IT ALSO 
C COMPUTES THE REQUIRED ANGULAR POSITIONS. VELOCITIES. AND 
C ACCELERATIONS. 
C 

INTEGER C. SC. X. V. V 
DIMENSION C (7). SC (9) 
0PEN(UNIT-2,STATUS-'OLD ') 
0PEN(UNIT=7.STATUS"'NEW') 
OPEN < UNIT-9,STATUS-'NEW ') 
RAND=0. 49 
N-0 
DO 2 1-1, 7 

2 READ(2, 1) C(I) 
1 FORMAT(12) 

IF(C(6>. EQ 1) GOTO 79 
IF(C <1>.EQ. 1) GOTO 40 
GOTO 90 

40 IF<C(7) EQ. I) GOTO 300 
IF(C<7). EQ. 2) GOTO 329 
GOTO 390 

SO IFIC(7).EQ. 1) GOTO 60 
IF(C (7). EQ. 2) GOTO 70 
GOTO 80 

60 Wl-0 372761 
U2=2 261947 
WPHI-O. 904323 
D-2 9 
GOTO 200 

70 Wl-0 910062 
W2=5. S22332 
WPHI=2. 2078199 
D"1 6 
GOTO 200 

80 Wl=3. 640247 
W2-22. 089328 
WPHI-8. 831278 
D=0 8 
GOTO 200 

C DEFINE PARABOLIC VALUES 
C D-TOTAL TIME OF VELOCITY PROFILE 
200 H-D/2 

S-D/4 
Z=-D 
B«100»D+1 
W-Wl 

19 DO 25 J-l. B 
T-(J-l)«0.01 
VEL«W«((((T#«2)-(2«H»T)+(H»»2> ) /Z)+S) 
WRITE(7.49) VEL 

45 FORMAT(F12 6) 
25 CONTINUE 

DO 35 J-l. B 
T»< J-l >»0. 01 
POS-W«((1/Z)»((T»«3>/3-<H*T«»2)+(H»*2«T> >+S#T> 
WRITE<7.14) POS 

14 FORMAT(F12. 6) 
35 CONTINUE 

DO 59 J-l. B 
T-(J-l)«0 01 
ACCEL-W*((2/Z)*(T-H)> 

WRITE<7.28) ACCEL 
28 FORMAT(F12 6) 
95 CONTINUE 

N-N+l 
IF(N. EQ. 2> GOTO 69 
IF(N. EQ. 3) GOTO 79 
W-W2 
GOTO 19 
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69 W-WPHI 
GOTO 19 

300 W1=0. 79408 
W2=0. 0 
WPOS-1. 16128 
D»2. 9 
GOTO 400 

329 Wl = l 17825 
W2«0. 0 
WP0S=2.17239B 
D»l. 6 
COTO 400 

350 Wl-2.3969 
W2"0. 0 
WP0S»6. 33309 
D*0. 8 

400 H-D/2 
H I 1 0 0 + 1  
S-D/4 
Z—D 
U-Wl 
A-l 
Sl'O 
B»100»D+1 
E-0 

405 DO 89 J-A. B 
T«< J-l >». 01 
VEU»W«<(I<T»«2>-(2»H»T)+<H*»2>>/Z)+S> 
URITEC7, 16) VEL 

16 F0RMAT(F12 6) 
S1=S1+1 
IF(SI EG (H*100+1)> OOTO 429 

85 CONTINUE 
A«l 
Sl=0 
E-0 0 
P«W 

410 DO 95 I»A. B 
T»<1-1)* 01 
PQS-P»((1/Z)•((T»»3 >/3-(H»T««2) + < H««2»T))+S*T) 
WRITE<7, 17) POS 

17 FORMAT(F12.6> 
S1=S1+1 
IF (SI, Ed (H«100+1) ) OOTO 490 

95 CONTINUE 
A=1 
S1=0 

415 DO 105 J=A.B 
T»lJ-l>* 01 
ACCEI_»W»<t2/Z)»(T-H>) 
WRITEI7.18) ACCEL 

18 FORMAT(F12. 6) 
Sl=Sl+l 
IFCS1 EQ.(H*lOO+l)) GOTO 475 

105 CONTINUE 
N=N+1 
IF(N EQ.2) OOTO 110 
IF(N. EQ 3) GOTO 75 
W-W2 
P»W 
S1=0. 0 
A=1 
E=0 0 
GOTO 405 

110 W=W1 
Sl-0 0 
A=1 
E=»0 C 
4L.-" 409 

429 IFtW EQ. 0) THEN 
VELP1-0 0 
END IF 
VELP1-VEL 
VELP2-VELP1 
Q1»RAND«100 
DO 107 I«1,Q1 
WRITE!7,21) VELP1 

21 FORMAT(F12. 6) 
107 CONTINUE 
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A-Sl-t-1 
GOTO 405 

450 P0S1-0. 0 
IF(W. EG. 0> THEN 
VELP2-0. 0 
END IF 
DO 108 1-1,01 
POS1 -POS1+VELP2»0. 01 
P0S2-P0S1+P0S 
WRITE<7.23) P0S2 

23 FORMAT<F12. 6) 
A-Sl+1 
E-P0S2 

108 CONTINUE 
P-WPOS 
IF(W. EQ. 0) THEN 
P=0 
END IF 
GOTO 410 

475 DO 109 1-1,01 
ACCEL—0. 0 
WRITE<7,24) ACCEL 

24 FORMAT(F12. 6) 
109 CONTINUE 

A-Sl+1 
GOTO 415 

C CONSTRUCT SUBCONTROLLER VECTORS 

75 XF(C(6>. EG. 1) GOTO 100 
IF,<C < 1). EQ. 1) GOTO 76 
SC(2)—1 
SC (5)—1 
SC(8)—1 
GOTO 101 

76 SC(1>-1 
SC(4)-1 
SC (7) -1 
GOTO 101 

100 SC(3)-1 

C 

SC (6) — 1 
SC(9)-1 

101 WRITE<9, 900ISC(1), SC (2> • SC (3) > SC <4) > SC (5) < SC (6) • SC (7>, SC (8) > SC (9> 
900 FORMAT(12) 

STOP 
END 
PROGRAM DYNAMICS1 
REAL LI, L2> Ml, M2< M3. Kl> K2> K3, K4, K5, K6. K7 
REAL G, J, Kt. Ktu 
INTEGER SC 
DIMENSION U(2700).V(1000 >. W(1000) 
DIMENSION SC(9) 
0PEN(UNIT-12iSTATUS-'NEW') 
OPEN(UNIT-3.STATUS-'OLD'> 
0PEN<UNIT-9.STATUS-'OLD') 

C THIS PROGRAM CALCULATES THE REQUIRED CONTROL INPUT 
C FOR DYNAMIC TRAJECTORIES. 
C 
C DEFINE DYNAMIC CONSTANTS: 
C M1.M2, M3 ARE MASSES IN KILOGRAMS 

Ml —1. B125 
M2-1. 5864 
M3-0. 6801 

C 
C LI AN L2 ARE LENGHT8 IN METERS 

LI—0. 28 
L2-0. 30 

C 
C Kt.Ku. Ra.La, B. J ARE ACTUATOR CONSTANTS 
C Kt-TORQUE CONSTANT IN NH/A 

Kt—4. 31 
C Kw-SPEED CONSTANT IN V/RAD. /SEC. 

Kw-7 0 
C Ra-ARMATURE RESISTANCE IN OHMS 

Ra=2 45 
C La-ARMATURE INDUCTANCE IN HENRYS 

La-O. 001 
C B-VISCOUS FRICTION CONSTANT IN NM/RAD./SEC. 
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B-l. 9 
C J-ROTOR MOMENT OF INERTIA IN KGM/SEC. /SEC. 

J-l. 92 
C 
C K1 THROUGH K7 ARE SPECIFIED CONSTANTS 

K1-(L1HH»2«<M1+4»M2+4«M3>/0 
K2»(L2>••2«(M2+4«M3)/B 
K3«(Ll)«»2»<M2+M3)/2 
H4«=(L2 > ««2* < M2+4»M3)/8 
K3-Ll«L2«<M2+M3)/2 
K6-(Ll««2)*Ml/4 
K7-L1*L2«(M2/2+M3) 

C 
C G IS THE GRAVITATIONAL CONSTANT IN M/SEC. /SEC. 

G-9. 81 
C 
C A AND C ARE POTENTIAL ENEROV COEFFICIENTS 

A"L1•(M1/2+M2+M3 > 
C«L2»<M2/2+M3> 

C READ SUBCONTROLLER VECTOR 
C •••#••••*••••••••••••••*• 

DO 13 1-1.9 
13 READ<9,17> SC(I> 
17 FORMAT(12) 

IF(SC(3). EQ. 11 GOTO 999 
C 
C THE CONTROL INPUT INTO ACTUATOR I IS DEFINED AS THE INPUT 
C VOLTAGE. IT IS DEFINED AS Ul. 

X-126 
DO 5 I»l. 1134 

S READ(7,2) U(I) 

2 F0RMAT(F12. 6) 
DO 30 1-1. X 

C CALAULATE REQUIRED CONTROL Ul: 
C 

D»Z»U( I+2»X > »K1+U<I+9«X >»K7»C0S(U( I+X)-U( I+4«X >) 
E«-(U(I+6»X>»»2>/2 
F-2«K3»SIN<U<I+X> )+K9»<SIN(U(I+X>+U<I+4«X> >-SIN<U<I+X>-U<I+4«X> ) > 
Q-E»K6»SINC2*U(I+X>> 
R-UlI)»U(I+3»X)«K7»SIN(U(I+X >-U(I+4»X>) 
T»(U(I+3#X)»«2-(U(I))»(U(I+3»X)>) 
Y-T»K7«SIN(U<I+X)-U(I+4»X> >+A»Q«SIN(U<I+X) > 
U1=D+E*F+Q+R+Y 
V ( I »  5 6 9 9 * ( 1 .  9 2 » U ( I + 2 » X + l ) + l .  9 « U < 1 + 1 ) + 1 2 . 3 1 3 6 « U < I ) + U l >  
WRITE!10,33) V(I> 

33 FORMAT(F12. 6) 
30 CONTINUE 

C END VELOCITY 
DO 70 1-1, X 
D3=L1«*2»U(I)««2+L2»#2*U(I+3» X)»»2 
E3-U< I >»U< I-i 3»X>»2«Ll«L2»C0S(UC I+X >-U( I+4»X> > 
F3»0.5»(U(I+6»X)»»2> 
Q3«=F3«L1»»2»<1-C0S(2»U(I+X) >) 
R3-F3»L2»»2*(1-COS(2»U(I+4»X)>) 
S3»L1»L2»(C0S(U(I+X)-U(I+4-»X))>»F3 
T3=-L1»L2»(COS(U(I+X)+U(I+4#X)))»F3 
VEL-D3+E3+F3+Q3+R3+S3+T3 
WRITE!10.333) VEL 

333 FORMAT(F12 6) 
70 CONTINUE 
999 STOP 

END 
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