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AN ACCELERATION- ORIENTED LEARNING CONTROLLER 
FOR SECOND-ORDER SYSTEMS 

INTRODUCTION 

The criteria used for optimization of control systems are often 

chosen because they are mathematically manageable rather than be- 

cause they are an accurate measure of an important quality of the 

system's performance. In many cases, the optimum response of a 

system can be expressed in terms of an acceleration pattern where 

the acceleration is a function of the system's velocity and the differ- 

ence between the desired value of the output variable and the present 

value of the output variable. While this approach does not eliminate 

the need to optimize a control system, it does provide a different 

basis for optimization. 

A second -order system can be described by the equation, 

X - f(X, X, T, R). Since the second derivative is the highest deriva- 

tive in the equation for a second -order system, it can be directly con- 

trolled by the input, R. It should then be possible, within the limits 

of the system, to obtain a desired acceleration pattern by controlling 

the input; this is the function of the Acceleration- Oriented Learning 

Controller (AOLC). 

If the characteristics of the system are well known and time 

stationary, the required inputs can be generated by an analog controller 
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with a limited amount of logic and switching capability. However, if 

the characteristics of the system are not well known and /or change 

with time, the controller would require the capabilities of a digital 

computer. In this case, the system to be controlled was simulated 

on an EAI 680 analog computer, and the controller was an EAI 640 

digital computer. The two computers are combined to form the EAI 

690 hybrid computer system. 
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DEFINITION OF LEARNING CONTROL 

In this thesis, a learning control system will be defined as a 

control system in which the controller observes the response of the 

system to control signals and adjusts future control signals based on 

these observations in order to obtain a desired response. The dis- 

tinction between self- adaptive systems and learning systems is rather 

fine. The Acceleration- Oriented Learning Controller was classed as 

a learning system because a learning system implies more memory 

and logic capability than does the self- adaptive system. 

Another definition of a learning control system which was of- 

fered by Dr. John E. Gibson of Purdue (2, p. 546) is "A learning sys- 

tem is designed to recognize familiar features and patterns in a situa- 

tion and then from its past experience or learned behavior, to react 

in an optimum manner. " The AOLC fits this definition at least loose- 

l y. 

It must be admitted that the learning exhibited by the AOLC is 

learning at the lowest level in that it only learns a specific amount of 

information and it obtains this information following a specific pattern. 

A major difficulty in defining learning control is that the meaning of 

learning is not clearly defined, particularly in the area of learning by 

machines. It could be argued that machines do not learn, but merely 

represent the learning of their designer. 

Other terms and symbols are defined in Appendix C. 
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OBJECTIVE 

The objectives of the AOLC are to generate the inputs needed to 

control a non -linear second -order system and to modify these inputs 

on the basis of observed system response in order to obtain a desired 

acceleration pattern. The particular acceleration pattern used had 

three values of acceleration: (1) a constant acceleration when the 

velocity is less than the maximum velocity and the deceleration point 

has not been reached; (2) zero acceleration when the desired position 

is reached or when the maximum velocity has been reached and the 

deceleration point has not been reached; and (3) constant deceleration 

with the same magnitude as the acceleration between the deceleration 

point and the desired position. The deceleration point is the point at 

which, if the desired deceleration is started, the system will come to 

rest at the desired position. More complicated acceleration patterns 

could easily be used. The main change would be in the calculation of 

the deceleration point. 

In order to make the AOLC useful in a greater range of applica- 

tions and to make the problem more realistic, there were a number of 

constraints placed on it. Probably the most significant is that the 

learning process must not depend on any command or set of corn - 

mands. Other limitations are that the only measurements to be made 

on the system are its velocity and position, and that the learning 
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Process not interfere with the control of the system. The last re- 

quirement was relaxed. slightly, but the intent was t rule out any spe- 

cific tests being made by the controller during the learning period, 

and in this regard it was not relaxed. The exception involved the use 

cf a fixed observation time which will be discussed later. 
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THE METHOD 

The inputs used by the AOLC form a one -dimensional array, 

and each input is associated with a range of velocities. The inputs 

which are used by the AOLC are then a function of velocity and time 

only; that is 

R = R(X,'t) 

In general, a second -order system is defined by the equation 

X = f(X, X, R, T) 

If the acceleration is to be some constant and R' is the input which 

will give this acceleration, the equation for R' is 

R' = R' (X, X, T ) 

In general, the AOLC will not be able to handle systems in 

which the acceleration is a function of position. However, if the sys- 

tem is defined by the equation, X = fl(X, R, T) + f2(X), and f2(X) 

is known, the controller can be programmed to cancel the effect of 

f2(X). A specific example of this would be a linear system with unity 

feedback. The equation for such a system is 

X=-aX-X+bR+c 

To cancel the effect of the X term, the controller would add X to 
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the input. The equation for the system then becomes 

or 

=-aX-X+X+bR+c 

X = -aX + bR + c 

A requirement for a system to be controllable by the AOLC is 

that the system be described by the equation, 

. =i(X,R,T)+f2(X) 

where f2(X) is known. It is possible to find a f1(X, R, T) which 

will make the system uncontrollable by the AOLC, but as will be seen 

in the results, there is a large class of second -order systems which 

the AOLC can successfully control. 

The velocity was divided into equal sized segments and four 

emory cells were assigned to each segment. The first of these 

cells contains the input to be used when the system's velocity is in 

that segment. When the situation calls for positive or zero accelera- 

tion with respect to the velocity, the velocity is considered positive 

and the system is in an acceleration state. When the situation calls 

for a negative acceleration with respect to the velocity, the velocity 

is considered negative and the system is in a deceleration state. The 

input magnitude is the same for either direction of motion. There- 

fore, the system must have odd symmetry with respect to velocity and 

X 



input That is 

X = f(X, R, T) _ -f-X, -R, T) 

8 

It would be possible to eliminate the requirement by treating the two 

directions of motion separately. 

The other three memory cells associated with each state con- 

tain the starting input, the acceleration observed when the starting in- 

put was used and a number which indicates the number of observations 

which have been made while the system was in the corresponding 

state. The format of the numbers which are contained in the memory 

cells is such that a large number indicates a larger acceleration in an 

acceleration state, or a larger deceleration in a deceleration state or 

an input which would be expected to produce a larger acceleration or 

deceleration respectively. The control portion of the AOLC, deter- 

mines the state the system is in, and whether the input in the corres- 

ponding cell or its negative is appropriate. 

The learning process uses linear interpolation to find the inputs 

which will give the desired acceleration. Each input cell is given a 

starting value which is to be used for the first two observation per- 

iods during which the system is in the state associated with that cell. 

After the two initial observations, the input will be changed on the 

basis of a single observation. However, since the information ob- 

tained from the first two observations will be used on all future 
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interpolations, two observations are made and the results are aver- 

aged. After the second observation, the input cell is incremented by 

±DR, the basic increment, depending on the sign of the difference 

between the desired acceleration and the observed acceleration. The 

third observation provides a second point on the input versus acceler- 

ation curve, and the input is corrected using the following equation: 

where 

= 
DA(A(I)-B(I)) 
N(AO-C (I)) 

A(I)n+l A(I)n + oA(I)n 

R = ±A(I) depending on the direction of motion, 

and A(I) is the present input for the Ith state, 

B(I) is the initial input for the Ith state, 

C(I) is the acceleration obtained using B(I), 

AO is the observed acceleration using A(I), 

AD is the desired acceleration, 

DA = AD - AO 

N is a weighting factor which is one for the third observation. 

The value of N was one for correction after the third observation, 

two for the correction after the fourth observation, and so on until 

some maximum N is reached after which it remains constant. 

Figure 1 gives a graphic illustration of the corrections made to the 

A(I) 

= 
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A? 

AD 

A 
1 

AO 

Input 

DR 

RO R1 R3` R3 R2 

R. - Input after ith change 

- Input after ith change without weighting factor 

A. - Acceleration observed using R. 

AD - Desired acceleration 
DR - Basic increment 

R 
0 

- The starting input 

After two observations using R0, the input is changed by DR. 

Then after another observation R2 is found. In this case the system 

is not linear and the desired acceleration is not obtained. Another 

correction is found in a similar manner except the correction is mul- 

tiplied by 1/ 2. 

Figure 1. Illustration of method used to adjust inputs. 

i 

R 
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input after the first four observations. 

The introduction of the weighting factor has two main objectives. 

It results in an averaging of observations and reduces the effect of 

noise. In addition, it reduces the possibility of a type of instability 

which will be discussed later. The weighting factor has the disadvan- 

tage of making the controller react more slowly to changes in the sys- 

tem. Also, more position changes will be required to obtain the de- 

sired response initially for some non -linear systems. Table 1 gives 

the number of observations required to result in 90 percent of the 

correction for various maximum values of N as compared to 

N = 1. 

Table 1. Comparison of weighting 
factors. 

Maximum N No. of observations 

2 4 
3 6 

4 8 

5 11 
6 13 

10 22 

The system's state is determined in two steps. First the abso- 

lute velocity segment is determined; then, the sign of the velocity is 

determined. The velocity is considered positive unless: 

1. dIUI kit > 0 

z. IVI>MV 
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3. lUi<VZ/2AD 

where U is the difference between the desired position, MV is 

the maximum velocity, and AD is the desired acceleration. Any of 

the above conditions indicate that the magnitude of the velocity should 

be decreased. The third test is the test for the deceleration point. 

Table 2 shows the numbering system which was used to identify states. 

Transition cases are in the higher velocity segment. 

Table 2. Numbering of velocity segments. 

V 

State no. 
V positive 

State no. 
V negative 

O.00to 0.01 20 19 

O.Olto0.02 21 18 

O. 02 to O. 03 22 17 

O. 03 to O. 04 23 16 

0. 04 to 0. 05 24 15 

O. 05 to O. 06 25 14 

O. 06 to O. 07 26 13 

O. 07 to O. 08 27 12 

O. 08 to O. 09 28 11 

O. 09 to O. 10 29 10 

0. 10 to 0. 11 30 9 

0. 11 to 0. 12 31 8 

0.12to 0.13 32 7 

0.13to0.14 33 6 

0.14to 0.15 34 5 

0.15 to 0.16 35 4 

0. 16 to 0. 17 36 3 

0.17 to 0.18 37 2 

0.18to0.19 38 1 

0. 19 to 0. 20 39 0 

There is always some delay in applying an input which will 

cause the system to decelerate after it has been determined that the 
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system has passed the deceleration point. This delay will result in a 

small amount of overshoot. If the test were changed to 

UI < (KV)2 /2. 0 AD where K is the number slightly larger than 

one, this overshoot could be minimized. However, as will be seen in 

the results, the delay actually experienced was very small. It was, 

therefore, felt that such a correction would be indicated only if a 

slower computer was used or the delay was increased by the need for 

the computer to perform other functions. There are, of course, oth- 

er ways to correct for this delay, such as calculating the deceleration 

point before it is reached and setting a comparitor to change the input 

when the point is reached. 

Ideally the controller would use the input associated with a veloc- 

ity segment only when the velocity was within that segment and each 

observation would cover a complete transition through a segment. 

However, there needs to be a maximum length of observation to pre- 

vent excessive time in a state due to low acceleration, and there is a 

minimum time in which a satisfactory observation can be made. A 

compromise solution which was used is a fixed observation time 

where the system uses an input for a fixed length of time even if the 

velocity overlaps into the next velocity segment. The amount of over- 

lap can be minimized by selecting an observation time which has a mul- 

tiple slightly larger than the time required to cross a velocity segment 

with the desired acceleration. Another approach would be to change 
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inputs at the velocity segment boundary and disregard short observations. 

The first approach was used in the AOLC with satisfactory results. 

There were situations in which observations were terminated 

before the fixed observation time was reached. When the magnitude 

of the system's error is less than CONE and the magnitude of the ve- 

locity is less than CTWO, the input is set to zero and the controller 

waits for another command. CONE and CTWO are two constants 

which are the position and velocity tolerances for the completion of a 

position change. In order to minimize overshoot, the system was 

changed to a deceleration state when the deceleration point was reached 

without waiting to complete the observation. These two exceptions 

reduced the effect of the fixed observation period on the control of the 

system. The data gathered in these partial observations was disre- 

garded. The third exception was required more by learning consid- 

erations than by control considerations. The fixed observation period 

makes it possible for the inputs for the lower deceleration states to 

overlap into an acceleration state. If the system contains coulomb 

friction, the discontinuity at zero velocity will result in very poor 

data. In addition, it is possible that between the time that the state is 

determined and the initial velocity measurement for the observation 

is made the velocity could change signs. In this case, the decelera- 

tion will be given the wrong sign and an erroneous correction would 

be made on the input. To prevent these difficulties, the observation 
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is terminated when the velocity crosses zero. If the initial velocity 

is less than 40 percent of the segments width, the observation is dis- 

regarded. However, since it would be possible to have decelerations 

high enough to cross zero velocity on all observations in less than the 

observation time, it is necessary to use some short observations. 

Since the same input is used for an entire velocity segment, the 

actual acceleration within a segment varies and the desired accelera- 

tion is an average. The amount of this variation can be seen from a 

specific example. Much of the data obtained with the AOLC was with 

a desired acceleration of O. 1, the slope of the velocity versus accel- 

eration curve of O. 5, and a velocity segment width of O. 01. The 

change in acceleration within a segment for a constant input is then 

O. 005 or 5 percent of the desired acceleration. The acceleration 

would then vary ± 2. 5% from the desired value. It would be possible 

to use narrower velocity segments at the expense of shorter observa- 

tion times or less observations. 
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SPECIAL CASES 

There are situations which can occur as the result of the choice 

of starting inputs, time variations of the system, and /or certain non - 

linearities which cannot be successfully handled by the method pre- 

viously described and must be treated separately. 

If the starting input is too close to the input which will give the 

desired acceleration, corrections made to the input when it is close 

to the desired value will be based on points which are not adequately 

separated for dependable results. In the extreme case, the input 

could become the same as the starting input and all future corrections 

would be zero. To prevent these situations, a new starting input is 

generated whenever after the third observations, the difference be- 

tween the input and the starting input is less than half the basic incre- 

ment, DR. 

Figures 2 and 3 illustrate two more situations which can occur 

and will result in a type of controller instability. In Figure 2, the 

condition: dA /dR 
I 

> 2(A0- A1) /N(R0 -R1) is true; therefore 
1 

I 
(R1 -RD)I > I (R2 -RD)I . A0 is the acceleration obtained with the 

input R0. dA /dR I 
is the slope of the acceleration versus input 

1 

curve at R1. RD is the input which will give the desired acceler- 

ation, AD. In words, the correction is more than twice the needed 

correction and the error is greater after the correction than before 
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the correction. In Figure 2, the minimum weighting factor is one. 

This situation can be avoided by using larger values of N or placing 

starting inputs outside saturated regions and dead zones. In Figure 

3, the system changes after the controller has determined the input 

which will give the desired acceleration. The change in the system is 

such that the input gives less acceleration than the original input did 

before the system changed, even though it is larger. The result is 

that the correction is in the wrong direction and the input will tend to 

oscillate about the starting input. In most cases, the input would 

come close enough to the starting input to cause a new starting input 

to be generated. In any case, it would be desirable to have a test to 

determine if a correction results in greater error rather than less 

error. 
A 

AD 

7 

Acceleration vs. 
curve for system 

i i 
7'7 

I 

i7 I 

I 

---- --- 
I I 

input 

i 

i i 

_J 

RO R 
1R 

. . . 

RD RMAX 

R2,4,. . . 

Figure 2. An example of a situation resulting in controller instability 
due to a non -linearity. Minimum weighting factor is one. 

i _ 
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AD 

A 

Original input vs. 
acceleration curve 

Input vs. acceleration 
curve after change in 
system 

Figure 3. An example of a situation where a change in the 
system results in erroneous corrections. 
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THE ANALOG SIMULATION 

Figure 4 is the block diagram of the system and controller. This 

figure is not complete for the system with coulomb friction in which 

the non -linear element has X as an input. The analog programs 

for the EAI 680 analog computer are shown in Appendix A. 

The EAI 680 is well suited to generating many non -linearities. 

In particular, the dead zone, hard and gradual saturation were easily 

obtained. Coulomb friction represents quite a different problem due 

to the discontinuity at zero velocity. The attempts to simulate fric- 

tion were not entirely successful, although they did demonstrate the 

ability of the AOLC to handle this type of non -linearity. 

R} Non -linear 
element 

F 1 

S+A 

Digital 
Computer 

XD 

Figure 4. Block diagram of system and controller. 

S 
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THE DIGITAL PROGRAM 

The digital program for the AOLC was written in Fortran IV. 

In addition to the Fortran instructions, linkage commands which pro- 

vide communication with the analog computer were available. Link- 

age commands which were used include: analog to digital conversion, 

digital to analog conversion, set control line, and select console. The 

complete digital program is given in Appendix B along with explana- 

tions of any linkage commands which are used. 

The digital program was divided into five major sections: 

1. Input of starting inputs and constants. 

2. Input of commands 

3. The control section 

4. Determination of state 

5. The learning section 

Figure 5 is a simplified flow chart of the program. 

Input of Starting Array and Constants 

This section requires little explanation. In addition to the man- 

ual input of starting inputs and constants and the output of the control 

array, some initial conditions are set. 



Starting 
Inputs 

Input 
Desired 
Position 

T rue 

Set 
System 
Input 

Determine 
Present 
State 

Adjust 
Input 
Value 

False 

21 

Input of Starting 
Inputs and Constants 

Input of Commands 

The Control Section 

Determination of State 

The Learning Section 

Figure 5. Simplified flow chart of the digital program. 
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Input of Commands 

The program stops at the start of this section until a desired 

position is entered. After the desired position is entered, there are 

a few variables which need to be set such as the state of the system, 

(I), which is always 20, the first acceleration state, when a command 

is entered. The same variables are set in the determination of state 

section, but since the system must be near zero velocity to get to the 

input of the command section, the desired starting state is 20, even 

though when the command is entered, there may be a slight overlap 

into the 19th (zero velocity deceleration) state. 

The Control Section 

The control section has the initial function of setting the input to 

the system. After the input is set, the program goes into a loop in 

which it remains until one of four conditions is met: 

1. IUI < CONE and IDXI < CTWO. 

2. If in an acceleration state, the deceleration point is 

reached. 

3. If in a deceleration state, the sign of the velocity changes. 

4. The time of the present observations is greater than TMIN. 

If the first condition is met, the program returns to the command sec- 

tion. If any of the last three conditions are met, the program 
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continues to the determination of state section. 

Determination of State 

In this section, the magnitude portion of the state is first found, 

then the three tests for a deceleration state are made. After the 

state is determined, the sign of the input is determined and the new 

input is set. The setting of the input again in the control loop is not 

always repetitious since there are times when the system is in the 

same state for more than one observation period and the input is cor- 

rected in the learning section. 

The Learning Section 

Due to software problems, the digital clock was not used. Time 

was measured using an integrator which integrated at the rate of ten 

computer units per second. The last commands in the determination 

of state section set the new input, read the integrator which is an ana- 

log clock, and obtain final velocity for the observation just completed. 

The first command in the learning section sets a control line which 

zeros the analog clock. Then several commands later, the same con- 

trol line is reset starting the analog clock and the next instruction 

calls for an analog -to- digital conversion which provides the initial 

velocity for the next observation. 

In this section, the acceleration during the last observation 
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period is determined and the value in the associated input cell is ad- 

justed in the manner discussed earlier. After the cell value is adjust- 

ed, tests are made to insure the maximum input magnitude has not 

been exceeded, and that the present cell value is at least DR /2 dif- 

ferent than the original cell value. If the magnitude of the input has 

exceeded RMAX, the maximum allowed input, it is set to plus or 

minus RMAX, whichever is closer; and if the difference between 

the present input and the starting input is less than DR /2, the 

starting input is decreased by DR and K(J) is set to zero. It can 

be noted that when the starting input is changed, K(J) is set to zero 

and all previous experience is discarded. This is desirable, since 

one of the situations which can cause the input to come too close to the 

original value is a change in the system. A desirable addition to the 

program might be to limit the size of correction to DR; so that, it 

would not be possible for the input to cross the original 

input. A correction which causes the input to cross the original input 

always means the situation is one that the controller cannot handle in 

the normal manner or the system has changed significantly. 
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RESULTS 

The AOLC was tested on linear second -order systems, and 

second -order systems with a dead zone, hard saturation, gradual sat- 

uration, and coulomb friction. The data which were taken included 

strip chart recordings of the position, velocity and input and printouts 

of the control array. 

The Linear System 

As would be expected the controller was able to obtain the de- 

sired response with a minimum number of position changes when con- 

trolling a linear system. There are, however, a few points of inter- 

est in the data taken while controlling the linear system. 

H gure 6 is a graph of the acceleration obtained using zero as 

the starting input. The system had a viscous damping coefficient of 

0, 50. The line is the acceleration which would be obtained using zero 

inputs for such a system. The data points are placed in the center of 

the segments as a best guess which is not necessarily correct since 

the observations which the data represent probably were not centered 

on the center of the velocity segment. The measurements of velocity 

had a maximum error of ± O. 0003. With an observation time of O. 050 

seconds, the worst case acceleration error would be 0. 0120. Appar- 

ently the average magnitude of measurement error is much less than 
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the maximum. In the case of acceleration for the 20th state, it is 

known that the actual acceleration was zero since the system was at 

rest when a zero input was applied. In this case, the error was 

0. 0077. In all other cases, it is not possible with the information 

available to determine if the error is due to measurement error or to 

the difference between the actual mean velocity of the observation and 

the center of the velocity segment. 

A 

Figure 6. Acceleration vs. velocity for linear 
system with zero input. 

Figure 7 is a graph of the inputs versus velocity after two posi- 

tion changes. The starting inputs and constant were as follows: 

Desired acceleration 0. 10 

Basic increment 0. 10 

Observation time 0. 040 

Starting inputs 0. 00 

V 
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The line represents the inputs which would give the desired accelera- 

tion. The large errors in some states suggest random measurement 

error. Figure 8 is for the same conditions as Figure 7 after ten posi- 

tion changes. After ten position changes the averaging effect of the 

weighting factor has reduced the effect of random measurement error. 

The average difference between the actual inputs after ten position 

changes and the input which would give the desired acceleration for 

the center of the velocity segment was + 0.0022. Part of this differ- 

ence is due to overlap into the next state. The observation time was 

O. 040 seconds. However, some time elapses between the time meas- 

urement which indicates the observation time has been reached and 

the actual end of the observation. The actual observation time is es- 

timated to be 0.042 seconds. The maximum difference between the 

center of the segment and the mean velocity of the observations made 

for that segment will occur when the overlap from the previous seg- 

ment was 0.0042 (0. 042 seconds with an acceleration of O. 1). In this 

case, the first observation for that segment will be from 0.0042 units 

into the segment to O. 0084 units into the segment and the second ob- 

servation will be from O. 0084 units into the segment to O. 0026 units 

into the next segment. The difference between the center of observa- 

tions and the center of the segment is 0.0034. The minimum dif- 

ference will occur when the overlap from the previous state is O. 0016 

and the minimum difference is 0. 0008. If .the average difference 
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Figure 7. Input versus velocity after two position 
changes. 

R 

Figure 8. Input versus velocity after ten position 
changes. 

-0.1 0.1 
V 
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is the average of the minimum and maximum difference mainly 0.0021, 

the average input should be 0. 0011 units higher than the input which 

would give the desired acceleration for the center of the segment. The 

actual average error is 0.0022 - 0.0011 =0.001.1 which is only 1% of the 

zero velocity input and is probably due to error in time measurement. 

After ten position changes the damping coefficient was changed 

to 0. 30. Figure 9 is a graph of the inputs versus velocity after two 

more position changes and Figure 10 the same data after ten more 

position changes. After two position changes the higher error in the 

higher acceleration states is due to less observations resulting from 

the higher accelerations in those states with the lower damping coef- 

ficient. 

The damping coefficient was then changed to 1. 00. Figure 11 

shows the inputs after two and after twenty position changes. The 

higher damping gives greater decelerations; so, there are less obser- 

vations in the deceleration states and the inputs are adjusted more 

slowly. When the inputs for the higher velocity deceleration states 

crossed 0. 0500, a new starting input was generated. In one state a 

new starting input was generated after ten position changes, which 

illustrates a weakness in the method used to insure adequate separa- 

tion between the starting input and input. If the difference between 

the starting input and the correct input is very near the minimum, 

random changes may cause the difference to be less than the minimum 
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R 

Figure 9. Inputs vs. velocity two position changes after 
damping coefficient was changed from 0. 50 to 
0. 30. 

R 

Figure 10. Inputs vs. velocity ten position changes after 
damping coefficient was changed from 0.50 
to 0. 30. 
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after a large number of position changes. 

A After 2 position changes 
O After 25 position changes 

Figure 11. Inputs 2 and 25 position changes after damping 
coefficient was changed from 0. 30 to 1. 00. 

Figures 12, 13, and 14 are strip chart recordings of the sys- 

tem's input, velocity, and position. Figure 12 shows the initial 

learning period with a damping coefficient of 0. 50. Figure 13 shows 

the results after the damping coefficient was changed to 0. 30, and 

Figure 14 shows the results after the damping coefficient was changed 

It 
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Figure 12. Initial learning period for the linear system. The damning coefficient is 0. 5. 
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to 1. 00. The numbers above the strip charts are position change 

numbers which are included to indicate when part of the chart has 

been removed. 

The System with a Dead Zone 

If the starting inputs are placed outside the dead zone, the re- 

sponse for the system with a dead zone will be similar to the response 

for the linear system. However, if the starting inputs are in the dead 

zone, it will take more position changes to obtain the desired response 

since the equation A = aR + b does not hold. With a minimum 

weighting factor of one - fourth, it takes a rather extreme situation to 

give the type of controller instability which is discussed earlier. Fig- 

ure 15 is a description of the .non linearity. 

Figure 16 is a graph of the inputs after three position changes 

with the following starting inputs and constants: 

Width of dead zone 0. 040 
Damping ratio 0. 50 
Starting inputs 0. 00 
Desired acceleration 0. 10 
Basic increment 0. 10 

Observation time 0. 040 seconds 
Maximum input 0. 30 

Figure 17 is for the same conditions as Figure 16 after 13 position 

changes. Figure 18 is a strip chart recording for the same test. As 

would be expected, the first correction after the input is incremented 

is too large. The next correction is multiplied by a weighting factor 
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Figure 15. Output vs. input of non -linear element 
for the dead zone. 
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R 

Figure 16. Inputs for system with 0. 040 dead zone after 
three position changes. 

R 

-0.1 0.1 

Figure 17. Inputs for system with 0. 040 dead zone after 
13 position changes. 
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of one -half and does not result in the inputs crossing the desired input. 

Since the slope of the input versus acceleration line is greater than 

the slope used by the controller to make corrections, the effective 

weighting factor is greater than 1 /N. Figure 19 shows the results 

or poorer starting inputs. Other conditions were the same as for 

Figure 18. The starting inputs were -O. 02 instead of O. 00. Most of 

the inputs for the acceleration states were increased to the maximum 

input on the first correction after they were incremented. The differ- 

ence between Figures 18 and 19 is not very noticeable after the sec- 

ond position change. 

The System with Hard Saturation 

If the starting inputs for a system with hard saturation are 

placed in the saturated region, the same tendency to overcorrect 

which was observed with a dead zone will occur. In the case to be 

considered, hard saturation was placed at O. 1150. Figure 20 is a 

discription of the non -linearity. The following constants and starting 

inputs were used. 

Starting inputs 
Basic increment 
Desired acceleration 
Maximum input 
Observation time 

O. 00 
0.10 
0. 10 
0. 30 
0. 045 seconds 

The input required to obtain the desired acceleration was 

R = 0. 10 + 0. 50 V. However, with hard saturation it will not be 
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possible to obtain the desired acceleration with velocities greater than 

0. 030. It would be expected then that the inputs used by the controller 

after several position changes would be the same as for the linear 

system except that for velocities greater than 0. 30 the inputs will tend 

toward the maximum input. .Figure 21 is a graph of the inputs after 

four and eighteen position changes and illustrates the expected result. 

Figure 22 is the strip chart recording for the same test. 

F 

0. - 1150 

R 

-0.2 -0.1 0.1 0. 2 

-0. 1150 

Figure 20. Output vs. input and non -linear element for hard 
saturation at . 1150. 
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0.20 

-0.1 

o ()AAA 

A 

o 

A 

A 

U After 4 position changes 

O After 18 position changes 

Figure 21. The inputs for the system with hard satur- 
ation after 4 and 18 position changes. 
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The System with Friction 

The presence of uniform friction does not create any problems 

for the AOLC since the equation A = aR + c holds. The inputs for 

the deceleration states which give the desired acceleration are too 

close to the starting inputs which were used and new starting inputs 

were generated. Figures 23 and 24 show the results of a test on a 

system with friction. The input for the 19th state appears to be in- 

correct. The error is the result of two factors. First, the simula- 

tion of friction was imperfect since the discontinuity at zero velocity 

was not obtainable. Second, even though the observations are termi- 

nated at zero velocity, there is some delay between the last measure- 

ment and the end of the observation. The equations for the system 

with friction are: 

X = -O. 5X + R - O. 050 X > 0 

. X=-0. 5X + R + O. 050 X < 0 

The following starting inputs and constants were used. 

Starting inputs 
Desired acceleration 
Basic increment 
Maximum input 
Observation time 

O. 00 
0. 10 
0.10 
0, 30 
0, 045 seconds 
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R 

o After 10 position changes 

A After 5 position changes 

Figure 23. The inputs for a system with friction after 5 and 
10 position changes. 
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The System with Gradual Saturation 

Figure 25 is a graph showing the nature of the gradual satura- 

tion which was used. If the starting inputs are in the region where 

the slope of the input versus acceleration line is the greatest, the cor- 

rections will tend to be too small and the effective weighting factor 

will be smaller than 1/N. Figure 26 is a graph of the inputs after 

13 position changes and Figure 27 is the strip chart recording for the 

same test. The starting inputs and constants were as follows: 

Starting inputs 
Desired acceleration 
Basic increment 
Maximum input 
Observation time 

Accuracy of the Final Position 

0. 00 
O. 10 
O. 10 
0. 40 
0. 040 seconds 

There is a limit to the accuracy of the final position which can 

be obtained with the AOLC. The most apparent limit is the maximum 

error in position measurement of ± 0. 0003. 

If CONE and CTWO are made smaller than 0. 0005, the system 

may cross the desired position a large number of times before the 

error and velocity are smaller than CONE and CTWO respectively. 

Figure 28 is the velocity plot for a linear system when 

CONE = CTWO = 0. 0005. Note the oscillations about zero velocity. 

CONE = CTWO = 0. 0002 was tried, but these oscillations frequently 
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- O. 2 

Figure 25. The output of the non -linearity, F, versus the input, R, for the 
system with gradual saturation. 
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R 

-0.1 
V 

0. 1 

Figure 26. Inputs for a system with gradual saturation 
after 13 position changes. 
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lasted for several seconds. 
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Figure 28. Typical velocity plot for CONE - CTWO = O. 0005. 

Another limiting factor is the delay between the measurement 

for which the error and velocity are sufficiently small change of input 

from a deceleration input to zero. During this period the system's 

acceleration is not zero and even if the system is at rest at the de- 

sired position when the measurement is made it will have some veloc- 

ity when the input is set to zero. 

Table 3 gives the average and maximum error in final position 

which were noted for several values of CONE and CTWO. It appears 

that the average final error remains fairly constant for values of 

CONE and CTWO less than 0. 0010, but increases rapidly for larger 

values. 
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Table 3. Final position error as a function of 
CONE and CTWO. 

CONE CTWO 
Average 

error 
Maximum 

error 

0. 0005 0. 0005 0. 0008 0.0011 
0. 0005 0. 0010 0.0006 0. 0012 

0. 0010 0. 0005 0. 0010 0. 0015 

0.0010 0.0010 0. 0010 0. 0018 

0.0020 0.0020 0. 0020 0. 0040 
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WORK WHICH WAS NOT DONE 

The AOLC did not make maximum use of computer time or in- 

formation obtained by observing the system's response. When the 

system is not near zero velocity or the deceleration point, the control 

loop is primarily a waiting loop. The input for each state, the start- 

ing input for each state and the acceleration obtained with the starting 

input were stored in the control array. Since most of the computer 

time was expended in a waiting loop, it would be possible to improve 

the learning process by storing and using more data. One of the ways 

in which this could be done would be to store the acceleration obtained 

after the starting input was incremented and the acceleration and input 

for the last observation in each state. These data are available, but are 

now discarded after being used once. 

The work which was done covered only one small application of 

the idea behind the AOLC. A possible extention would be a controller 

which could generate inputs for any acceleration pattern. The control 

array for the AOLC contains two points on the input versus accelera- 

tion curve. For linear systems and other systems for which the 

equation A = bR + c V = CONST. applies, the input for any accel- 

eration could be found if two points are known. For other systems, 

core points on the acceleration versus input curve would be needed. 

The AOLC used the same input for an entire velocity segment and the 
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learning for each state was completely independent from the learning 

in all other states. It would be desirable to have a controller in which 

the input was a continuous function of the velocity and more complete 

use was made of the information gained by each observation. The 

additional capability could have benefits in the control portion as well 

as the learning portion. For example, if the system is subject to out- 

side disturbances, the controller could adjust the acceleration to pre- 

vent overshoot or undershoot when the system was distrubed. Also, 

the very broad area of other than step inputs was not considered. At 

this point, it is not clear what types of acceleration functions would 

be used with non -step inputs. 
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The objectives of the AOLC were met in that it is able to obtain 

the desired acceleration pattern when controlling a variety of second - 

order, non -linear and time varying systems. An important charac- 

teristic of the AOLC is its capability to achieve accurate final posi- 

tions with systems containing a dead zone or coulomb friction. Since 

the input is only indirectly a function of the error, the input can be 

modified to compensate for the effects of these non -linearities. 

The use of the fixed observation time did violate one of the orig- 

inal conditions which required that the learning process not interfere 

with the control of the system. However, in the one case where the 

fixed observation time significantly degraded performance, it was not 

used. This case being when the system reaches the deceleration 

point. 

The AOLC has provisions in its program to handle a number of 

special situations. There are at least two more, mainly the situa- 

tions which cause a type of controller instability, for which no provi- 

sion has been made. In order to obtain satisfactory performance, the 

designer, through analysis or experiment, must identify all situa- 

tions which can occur and will degrade performance if not prevented 

or corrected, He must then make provision to handle these situations 

through programming or choice of constants and starting inputs. It 

would appear that although the AOLC did display a limited learning 

capability, that in this case at least, the argument that machines only 

reflect the learning of their designer has some validity. 
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APPENDIX A 

Programs Used on the EAI 680 Analog Computer 

The following symbols will be used: 

Integrator 

R 04 

Relay 

4 

Recorder 
Channel 4 

Summer Limit Summer Summer with 
feedback limiter 

C 04 

C omparitor 

DA2 

VDFG 

Variable Diode Potentiometer 
Function Generator 

AD3 

Digital -to- analog Analog -to- digital 
Converter Channel 4 Converter Channel 3 

02 

Lim+ 

O 



- 00 

DAI 1 AD3 2 AD1 

58 

3 

The program for the linear system. The coefficient of potentiometer 

7 is the viscous damping coefficient. 

+1 

00 

DAI 

Lim+ 

16 

Lim - 

36 

AD3 2 AD1 

The program for the system with a dead zone. The coefficients of 

potentiometers 12 and 37 set the width of the dead zone. 

3 

O 

07 

05 

116, 

07 

05 



00 

DAl 

VDFG 

1 AD3 2 AD1 3 

59 

The program for the system with gradual saturation, and hard satur- 

ation. 

DAl 

00 

1 

02 

r 

AD3 

1 1 

04 R 04 00 C 

1 1 

31 R34 00 C34 

2 

The program for the system with friction. 

AD1 3 

07 

05 06 
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APPENDIX B 

C ACCELERATION ORIENTED LEARNING CONTROLLER 

C INPUT OF STARTING ARRAY AND CONSTANTS SECTION 

DIMENSION A(41), B(41), C(41), K(41) 

C STORATE ALLOCATION FOR THE CONTROL ARRAY 

1000 WRITE(1, 1013) 

READ(2, 1001)M 

1001 FORMAT(12) 
IF(M. EQ. 0) GO TO 1005 

WRITE(1, 1009) 

READ(2, 1002)ABT 

CO 1003 N =1, 19 

1002 FORMAT(F7.4) 
A(N) =ABT 

B(N) =ABT 

C(N) =0. 

K(N)=0 
1003 CONTINUE 

READ(2, 1002)ABT 

DO 1004 N =20, 29 

A(N) =ABT 

B(N) =ABT 

C(N) =0. 

K(N) =0 

1004 CONTINUE 
READ(2, 1002)ABT 

A (30) =ABT 

B(30) =ABT 

C(30) z. 
K(30)ß 

1005 WRITE(1, 1014) 

READ(2, 1001)MB 

IF(MB. EQ. 0) GO TO 1006 

WRITE(1, 1010) 

READ(2, 1002)AD 

READ(2, 1002)DR 
READ(2, 1001)MV 
READ(2, 1002) CONE 

READ(2, 1002)CTWO 

READ(2, 1002)TMIN 

READ(2, 1002)RMAX 

READ(2, 1002)SA 

CALL SLCN(1, IERR) 

C SELECT CONSOLE NUMBER ONE 

CALL ST CL (1, .TRUE. , IERR) 

C SET CONTROL LINE NUMBER ONE TO TRUE. SETS CLOCK TO ZERO 

1006 WRITE(!, 1012) 

READ(2, 1001)MM 
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IF(MM. EQ. 0) TO TO 200 

DO 1008 NN =1, 30 

WRITE(1, 1007) A(NN), B(NN), C(NN), K(NN), NN 

C OUTPUTS CONTROL ARRAY 

1007 FORMAT(3F7. 4, 12, 13) 

1008 CONTINUE 

1009 FORMAT(21H INPUT STARTING ARRAY) 

1010 FORMAT (38H INPUT AD, DR, MV, CONE, CT WO, TMIN, RMAX, SA) 

1011 FORMAT(23K INPUT DESIRED POSITION) 

1012 FORMAT(34H TYPE ZERO TO SKIP OUTPUT OF ARRAY) 

1013 FORMAT(33H TYPE ZERO TO SKIP INPUT OF ARRAY) 

1014 FORMAT(37H TYPE ZERO TO SKIP INPUT OF CONSTANTS) 

C THE COMMAND SECTION 

2000 WRITE(1, 1011) 

READ(2, 1002)XD 

C INPUT OF DESIRED POSITION 

T =O. 

D Y=0. 
NC=1 

DX=0. 
J =20 

I =20 

NPD 
CALL CVADF(1, X, IERR) 

C ANALOG -TO- DIGITAL CONVERSION. CHANNEL ONE IS SYSTEM'S POSITION 

U =XD -X 
IF(U. GT. 0.) GO TO 2001 

2001 CALL STCL(1, . FALSE. ,IERR) 

C RESETS CONTROL LINE ONE. STARTS CLOCK. 

C THE CONTROL SECTION. 

3000 IF(NP. EQ. 0) GO TO 3001 

R = -A(I) 
GO TO 3002 

3001 R =A(I) 

3002 CALL CVDAF(1, R, IERR) 

C DIGITAL -TO- ANALOG CHANNEL. CHANNEL QNE IS SYSTEM INPUT. 

CALL T FDA 

C TRANSFER DIGITAL -TO- ANALOG CHANNEL. SETS INPUT. 

3003 CALL CVADF(3, DX, IERR) 

C MEASURE SYSTEM VELOCITY. 

CALL CVADF(1, X, IERR) 

C MEASURE SYSTEM POSITION. 

U =XD -X 
iF(ABS(U). GT. CONE. OR. ABS(DX). GT. CTWO) GO TO 3004 

C TEST FOR COMPLETION OF CONTROL ACTION. 

3503 R=C. 

CALL CVDAF(1, R, IERR) 

CALL TFDA 
CALL ST CL(1, . TRUE. , IERR) 

GO TO 2000 
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3004 IF(L LT. 20) GO TO 3005 
S= DX *DX /(2. *AD) 

IF(ABS(U). GE, S) GO TO 3006 

C TEST FOR DECELERATION POINT. 

NC=0 
GO TO 4000 

3005 SN =NP 

IF(SN. NE. 0.. AND. DX, GT. 0. ) GO TO 3006 

IF(SN. EQ. 0.. AND. DX. LT, 0. ) GO TO 3006 

C TESTS FOR CHANGE IN SYSTEM VELOCITY'S SIGN. 

IF(ABS(DY). LT. 0.004) NCB 
GO TO 3007 

3006 CALL CVADF(0, T, IERR) 
C MEASURE TIME. 

IF(T. LT. TMIN) GO TO 3003 

C TEST FOR COMPLETION OF MINIMUM OBSERVATION TIME. 

3007 S= DX *DX /(2. *AD) 

C DETERMINATION OF STATE SECTION. 

4000 I =100. *DX 

C DETERMINATION OF VELOCITY SEGMENT, 

I= IABS(I) +20 

IF(I, GT. MV +20) GO TO 4002 

IF(ABS(U). LE. S) GO TO 4002 

IF(U, LT. 0.. AND. DX. GT. 0. ) GO TO 4002 

IF(U, GT, 0.. AND. DX. LT. 0. ) GO TO 4002 

C TESTS FOR DECELERATION STATE, 

NPR 
IF(DX. GT. 0. ) GO TO 4003 

NP =1 

4001 R = -A(I) 
GO TO 4004 

4002 I =39 -I 
NP =1 

IF(DX, GT. 0.) GO TO 4001 

NPR 
4003 R =A(I) 

4004 CALL CVDAF( 1, R, IERR) 

CALL CVADF(3, DX, IERR) 

CALL CVADF(0, T, IERR) 

CALL TFDA 
C THE LEARNING SECTION. 

5000 CALL STCL(1, , TRUE. , IERR) 

U =XD -X 
IF(ABS(U). LT. CONE. AND. ABS(DX). LT. CTWO) GO TO 3503 

AO =10. *(DX -DY)'T 
C AO IS OBSERVED ACCELERATION. 

AAO= ABS(AO) 

AAD=AD 

IF(J. NE, MV +20) GO TO 5001 

AAD=0. 

5001 DDY=DY 
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CALL CVADF(3, DY, IERR) 

CALL ST CL(1, , FALSE. , IERR) 
IF(NC. EQ. 1) GO TO 5002 

NC=1 
J =I 

GO TO 3000 

5002 IF(J. GT. 19) GO TO 5003 

DX =DDY 
5003 IF(DX. LT. 0.. AND. AO. GT. 0. ) GO TO 5005 

IF(DX. GT. 0.. AND. AO. LT. 0. ) GO TO 5005 

C TESTS FOR NEGATIVE ACCELERATION. 

IF(J., LE. 19) GO TO 5006 

5004 DA= AAD -AAO 

C DA IS DIFFERENCE BETWEEN OBSERVED ACCELERATION AND DESIRED ACCELERATION. 

GO TO 5007 
5005 IF(J. LE. 19) GO TO 5004 
5006 DA=AAD +AAO 

5007 IF(K(J). EQ. 0) GO TO 5011 

C FIRST OBSERVATION IN STATE. 

IF(K(J). EQ. 1) GO TO 5012 

C SECOND OBSERVATION IN STATE, 

5008 PK= K(J) -1 
C WEIGHTING FACTOR. 

A(J)= A( J) +DA *(A(J)- B(J)) /((AAD- DA- C0)) *PK) 

C CORRECTION EQUATION. 

IF(A(J). GT. RMAX) A(J) =RMAX 

IF(A(J). LT. -RMAX) A(J)= -AMAX 

C LIMITATION OF INPUT MAGNITUDE. 

IF(ABS(A(J)- B(J)). GT,DR /2.) GO TO 5009 

C PREVENTS CORRECTIONS BASED ON DINTS TOO CLOSE TOGETHER. 

B(J)= B(J) -DR 
IF(B(J). LT. -RMAX) B(J) =-RMAX 

A(J) =B(J) 

K(J) =0 

J =I 
GO TO 3000 

5009 IF(K(J). EQ. 5) GO TO 5010 

K(J)= K(J) +1 

5010 J =I 

GO TO 3000 
5011 K(J) =1 

C(J) =AAD -DA 

J =I 
GO TO 3000 

5012 K(J) =2 

C(J)= C(J) /2. +(ADD- DA) /2. 
IF(DA, LT. 0.) GO TO 5013 

A(J)= A(J)+DR 
GO TO 5014 

5013 A(J)= A(J)=DR 

5014 J =I 

GO TO 3000 

END 
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APPENDIX C 

Other Definitions and Symbols 

The following terms and symbols are defined here as they will 

be used in this thesis. They will generally be identified again when 

they are first used. 

Desired Acceleration --The magnitude of acceleration to be used in 

the acceleration and deceleration portions of the acceleration 

pattern. 

Desired Position - -The position which is entered in the command sec- 

tion as a final position. 

XD -- The desired position. 

AD -- The desired acceleration. 

X -- The system's position 

'T-- XD _ X error in position. 

R -- The input to the system. 

A(I) -_The present input for the Ith state. 

B(I)- -The starting input for the Ith state. 

C(I)- -The acceleration observed using B(I) as an input. 

N -- The reciprocal of the weighting factor for corrections of A(I). 

DR -- The amount A(I) is incremented after the first two observa- 

tions. Also referred to as the basic increment. 
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CONE -- Position tolerance for completion of position change. 

CTWO -- Velocity tolerance for completion of position change. 

DX-- The velocity of the system. 

V--- The velocity of the system as seen by the controller. The 

sign is positive for acceleration states; negative for decelera- 

tion states. 


