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Digital control algorithms have existed for some time in direct
digital control installatiOns gmwever, the expense ‘of high resolution
~analog to digital and digital to analog converters makes these ﬂﬂ
positional algorithms uneconomic for single loop control Using
frequency as .a feedback medium, rather than direct A/D and D/A
conversion, can result in an economical single loop digital Y
controller. Employing this concept the traditional position algorithm
is replaced with a velocity one, inawhichva voltage controlled .
oscillaior-and\stepper.motor replace the A/D and D/A converters
respectively. Test results from a controller using a PID velocity
algorithm indicate that frequency feedback can produce a controller |
with performance characteristics similar to those of the conventional

three mode analog device,
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Chapter 1 @

INTRODUCTION

Between the extremes of the single loop analog controller on the
one hand and gomputer contrdl of many loops on the other, lies a field

of application for an economical single loop digital controller.

The single loop digital controller could bé expected to replace
the analog device, resulting in better control ;esolution and drift
free output.3 Because the digital controller interfaces easily with
acgigital computer, it would provide an excellent back up for a
compﬁter operating in the direct digital control environment, or as an
end device for a supervisory computer system employing setpoint
control.‘These obvious advantages of digital control have been
apparent for some time.3 howev;f, the relatively high*tost of using
analog té digital and digital to analog converters with'sufficlient
resolution to yleld meaningful results has made single loop digital -
controllers uneconomic. An alternate approach in the development of

the digital controller has been the use of frequency as an intermediate

nedium between the analog and digital states as shoém in figure 1.

+



- A/D - digital

S
S

analog controtler analog
input output
CONVENTIONAL
stepper
motor
. . - . 4
i |' ; modified i
> VCO - digital . ; » :

analog | j 7 contgrollor " / analog
input | N bt B . . ) output

P - - : frequency

FREQUENCY FEEDBACK

CONTROLLER CONFIGURATION

FIGURE 1

Use of the voltage controlled oscillator and the stepper motor as

¢ : . ‘
analog to frequency and frequency to analog converters respectively
have eliminated the need-for the conventional analog to digital and

digital to analog devlces.

Problems encountered with transmission of analog signals over
c -

relatively 1ong distances in a nolsy eg;iyonment éan largely be
eliminated by using ffequenéy féedhack. C;nverﬁihg to frequency at
the end device and using it as t;e feedback mé@ium pro;ides immunity
to analog noise and removes th; need for extensive filtérin; to

S

produce a " clean * sigﬁél. ~
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Using the frequency feedback appgoach Montgomérie et al1 produéed
a workabie PI’temperature controiler in 1968. The’#urpose of this
research®was to extend tbe scbpe to includy a deri#ative‘term, hence
develoﬁing the digital equivélent of-the cdnventio%al analog three
mode controller. Several other features were added?to enhance the -
ﬁéntroller performance. Instead of providing'a confrol output for
each of the terms, as was previously done, the coméohents,were added
to pfoduce a composite control'signal\fbroeéch‘saméle period. To
provide added Controller'flexibiiity a sampling raée édjﬁstment has
been added to allow tuninglof‘the controller sampling ?gte to the

! |
process response time. .

<



to the existing analog three mode cont

Chapter 2

THEORY OF OPERATION

The aim of this project was to implement the digital equivalent

roller using the frequency

e}

feedback concept shown in figure 2.

o) process ot
4
stepper - veo
fo fln
controller i : 5etpoint

FREQUENCY FEEDBACK CONTROLLER

FIGURE 2

<

~ Consider the stepper motor output shown in figure 3.
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pulse input
to stepper

(R ) N I

idealintegrator-

.0 (t)

--stepper
output

time

STEPPER MOTOR CHARACTERISTICS

FIGURE 3

. .
Providing the step size is sufficiently small the stepper motor may

be considered an intégrator with the following transfer function.

fa

* B . ] . . M .
The difference in stepper output and an jdeal integrator is shown in

figure 3..The diffefence is due to the stepper quantization error.

o



s

. ,e(t) = KO./-fo(t)dc _ (2,})

3

c

6(t) = Stepper output
6fo(t) = frequency input

f to stepper motor
! -

a#f

N\

To produce an output’propsrtional to the '‘measured éfrof the stepper

motor input frequency must be of the form.

£, (t) =K, d e(t) © e(t) = error L (2.2)
01 1 ¢ 8 ,

I PN
=, v
T A

o

Extending thils reasoning, the terg corresponding to the integral of

g .
the error is obtained. - & ' ‘ (-
The'derivative term i; obtained in a similar fashion. _°
‘ 2 . }
f03 (£) = 1(3 a~ e(t) & 2.4)
at® | '
Combining the three terms
(1) = K, d e(t) + K, e(t) + K, d% e(t)  (2.5)
N i 2 3 _
,\\ . d:hu N dtz

Using.thié frequency as the Stepper motor input



B(t) = KOKI e(t) + KoKzfe(t)(jt + KOK3d’.e(§E) ' (2.6)

w which is the transfer function of a conventional PID controller.
Simplifying
0(e) = k[e(e) ;1 feledae , T4 o) ] (2.7) .
T d .
T de :
: : : i ‘ :
\ B L ]
K = :
: KoKI
I B . T = K .
i =
Ko
T, = '
d KoK3
i

Since the digltal controller is a discrete device, consider the

discretized eQUiValent.at time t‘; ts—l' \\\\
. .\\\<\
e . =K ["e 1 ;if' S pe (2.8)
s-1 “g-1 t = s e At 4 T s-1 Lo
s v : Ti O j d'—‘AT ,
At time £t = 8 ™
" | ' (2.9)
- e ax[e 1 Z: Ae] (2.9
8 s + T, 5% ej at Td 8
i~ t
[ -
- A ) \
o =% [egsd Fejar,l qaryt, 2B ] (210
: T, J T, At
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Subtraoting

o -6 =K |e, - Le at , T, 2%s72%:.1 .
s s-1 \eo €s-1 *+ és + d AL (2.11)
i
v @
Now
e, =T, - Cg R | - (2.12)
Ty = setpoint:
7 Cq = feedback variable

_ e - -r . te 3 -
% - %1 K [:(Ps g " Tg-1 - cs—l) 3 ot ¢s)
i .
L YA, -c) - ol - ¢y )]
4 —= s 8 s-1 s-1
At ; .
(2.43)
Assuming no sétpoint changes ; L -
e, - e - K [(cs_ - e ) 91‘ (rs -c) 4 Ad @"Ac -1 -Acs)]
) t
| P ‘ '
required proportional integral derivative
correction “term .term term
(2.18)

+

The integral and proportional terms can be obtained by 2. . .

straightforward evaluation of the difference between the setpoint and

. feedback signal and between two successive feedback signals

respectively. Direct evaluation of the deriva.tive term ac 1 Ac )
is difficult; however, 1t can be evaluated indirectly. It is. shown

in Appendices A and D that the derivative term can be evaluated in



|
\

i

\

\\ :
both sign and magnitudé by measuring the amount of deflec&ion " x "
in the feedback variable c(t) as indicated below. ‘ ' \

o | SR

c(t)

ts
time

DEFLECTION MEASUREMENT

N
kY
4
L7

 FIGURE &



Chapter 3

IMPLEMENTATION

- To 'minimize the sampling time,‘ a scheme using four counters as

shown below y-zé.s implemented.

set point

accumulator’

counter A

4 4 I » 1
. . Tj ,
7 T > Td
n .
2
counter B . \ . counter C
- K
y
stepper
- motor
¢ . - COUNTER CONFIGURATION
'FIGURE 5

- 10
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Each of the three terms is evaluated individually as follows.

*

)

1 Integral term (rS - cg |
The set point T 4 1s preset into counter A. The voltage
controlled oscillator, with c(t) as voltage input,‘is enabled to
counter A for a period T. Setting counter :ain the count down mode
produces a residue pfoportional to (rs_1 - c§41) #s shown in figure 6.
The residue in counter A is multiplied by'the appropriate gain and

placed in the accumulator as the integral term.

. .
In the interest of minimizing the sampling .time, the term
(rg_1 - cs—i) wil} be evaluated instead éf (rs - cs). The reason

will become apparent later.

a



counter A preset
/
S SR
N
N :
AN
AN
N
N
AN
: , N .
< N f“"T
e N
AE .
= AN
o { N
o » N
\,) .
- N counter A
\\[,/_ residue
-— T
tg—y
time
INTEGRAL EVALUATION -
FIGURE 6

2 Proportional term (c_s_1 - cs)

‘At time t = t__, the voltage controlled oscillator with c(t) as

input is counted up in the '1n15t,1ally zeroed counter B for time T. '

’
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13

I

e sample time - - ——— -~ é»wuwl
.- —residue in B

—
-~
—~—

.
/
1
!
/

\\ /F-residue in A :
N N
\\ §/\ — \C(i) .
N N\ ‘
c N\ e P
3 )
[
o bor bt o
g .
et — L e —m— » g — o -t
tg—y . : : ) ts ¥

time : ~d//
multiply time

4
PROPORTIONAL EVALUATION

FIGURE 7
. ‘

After the appropriate delay dr the voltage controlled oscillator 1s
counted up in theiinitially zeroed counter A for period T. Again after
a delay of « (at time t ; ts) the voltage controlled*oscillatér 15
counted down in both counters A and B to yield the residues shown in

figure 7. The resldue in counter B, which is proportional to

, (cs_1 - cs), is added to the accumulator as the proportional term.

- ' -
The appropriate choice of «, like T, 1s dependent on the time
constant of the controlled system. For added flexibility the terms

oand T will be: variable to allow "tuning” of the controller.




3 Derivative term (ac - Acs)

s-1

Subtracting one half (\)f the residue in counter B froxh the
residue in counter A (see figure 7a), 1eaves a residue in|counter A
proportional to the magnitude of the deflection of c(t) and hence, as

\
shown 1in Appendix D, proportional to the term (Ac o1 - Ac%)

{

;

]
—residue in B . \
. ! i]
- r
i
|
ST~ , , |
~ — ¢
~ ~ oo residue in A
S ~ after subtraction
~ =~ )
. S o v deflection of c(t)
p ~ %\{/- :
- .
o \\\ _\\C(t)
(8] ny - ~ .
~ ™~
© : ~ - \\
w - ~
I g B ~ ~
a /2 \\@ “
R ~ ~N
¢ - ~ <
~
S
RN
~
tss ) ts
. time T

DIFFERENTIAL EVALUATION

FIGURE 7a.

The counter A residue remaining after subtraction is multiplied by

the appropriaté gain and added to the accumulator as the derivative
4,,t;rm; Although only one partiéular cése (velocity'and aéceleratioq

.negative) is shown here, Appendix A demonstrafes the consistent

relationéhip betweeﬁ\the,sign of thb A residue emd_(Acs‘1 - Acs) for

14



all possible combinations of velocity and acceleration for c(t).

To minimize time the sum of the tﬁrce control terms stored in
the accumulator 1s strobed in parallel into counter C. The evaluation
of the next sample 1s started while the contents of counter C 1s
clocked to the stepper motor with a proportlonal gain. Sequence timing

for a typlcal sample period 1s shown in figure 8.
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= : Chapter & | 1

|
CONSTRUCTION

I

|

Because. most of the construction is a sty ightforwa a
B [ .
é hardware will

not be discussed but rather only shown on the schematic drawings in

implementation of digital logic, the magorit '

Appendix C. Only those eléments which have a unique construction or
which directly affect the controller performance will be discussed

in detail.

o T

Maﬁy design factors interaot to affect the controller performance.
Preliminary considerations soégested that performance would be altered
by such factors as system time constant, sampling rate, quantization
V and gain to name a few. Since this 1nieraction between factorq is
quite oomplex, mathematical analysis to determine the controller »

settings for the best regponse is difficult Therefore, the design

philosophy used in this thesls was to mathematically determine the
maximum and minimum constraints on the parameters, build the
controller, then further specify the parameters by evaluating

preliminary per¥formance tests.

Several significant components and conceptS'yill now be,

discussed.
1 'Stepper Motor

Use of the steppengmotor as a frequency to voltage transducer
can be accomplished by coupling the motor output shaft to a

potentiometer. To enable connection to a standard analog computerﬁfor

17.



testing purposes, the analog voltage range for both the feedback
signai into the voltage controlled oscillator and the control voltage
from the potentiometer attached to the stepper motor was set at 0 to

+ 10v. Connecting‘counter C to the stepper motor as shown in figure 9

resulté in a digital to ahalog converter withﬂadjustable'gain.

Counter C is preset ffom the accumﬁlator 3} the end of each v
-sémplé periodz Th; ﬁp/down control line for counter C and Stepper
rotation are determined by the sign of the accumulator. Simultanebus'
with the efaluation of the next control signal, fosc isienabled to
both the stepper and countgr C and-is inhibiﬁed when counter C
reaches zero. The amount of stepper movement Avout is proportional

A

to n_ times the original residue in counter C. The stepper used was a
0] ‘ ﬁ
1.8%/step coupled to a one turn potentiometer which produces a

quantization error of _1_ or ¥ 0.05v. Obviously this error can be
reduced by empioying azggaller step slze or a multiturn poténtiometer.
Performance of this unit will also depend on the stepper input
frequency (fbsc).gwhich will affect the rate of ocutput voltage

change. Testing the stepper motor capability disclosed aqmaximum‘v

skip free-inpﬁt frequency of approximately 300 pulses per second. In

the interest of prolonged stepper life it was desired to reduce this

frequency, therefore, f was adjusted during preliminary tests.

oscC

Adequate response speed was obtained for fosc = 50 pulses per second.

<&

.

.18
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2 Voltage Controlled Oscillator

o

Performance of.the voltage controlled oscillator is an important
factor in the performance‘of the controller. The oscillator frequency'
is counted up in a counter for d specified aperture time T‘to produce
a digital resulty The amount of resolurion,‘and hence the quantization
error in.this counx,vis dependent on two factors, namelyt the°
oscillator frequency and the aperture time T. ldeally, an infinifely
high oscillator'wouldrproduce a good resolution count with a very |
short aperiure time. Practically, the linearit& ofla voltage

controlled oscillator deteriorates rapidly as the frequency range is

" increased. 13 As a compromise, and for reasons of availability, a

14

voltage controlled oscillator with 10 to 10k hertz output was chosen

(A schematic is shown in Appendix C). The nonlinearity was found to

be within 0.1%. Having chosen the voltage controlled oscillator, two

20

factors remain to be resolved, namely: the aperture and sample times.

o,

Aperture time

N7

As shown previously, the discrete nature of the stepper motor

produces a voltage uncertainty of +0.05v. Because the complete control

o

signal consists of three independent componen%s, each component must

'contribute a maximum error of +0. 0167v.to preserve the output accuracy.

'The errors introduced in each case result from the analog to digital

‘converslon and subsequent multiplication. The A/D conversion is

performed‘by counting the voltage controlled oscillator frequency,
therefore,the counter enable time will dictate the quantization erYor.

It can be shown (Appendix B) that an aperture time of 0.08 seconds

IS



will produce a quantization error of + 0.0125v for each component,

yielding a worst case composite error of + 0.0375v.:

—

. Sample time

From the Nyquiet criterion the minimum sample rate is defined as

| £ = 2f, B | (4.1)

where- f is the highest frequency ¢component 1in the sampled signal An

‘accurate evaluation of f is, difficult to obtain, but since f 1s

&)
required only to set a minimum bound on f g @ rough approximation can

- be made. Because typical response curves are approximately

«

' sinusoidal, 5 We can consider the sampled cprVe to ber of the form

o

) ce(t) =2 sintuc% ' o . (&.2)
d o(t) = 2w cosw t ' C(s3)
. dat . - ,

21

de(t) —=2w, o C (k)

at ’ o .

Using the resﬁonse_curve for an analog system with a ten second time”w

s
I

constant d c(t) ax was found (figure A-1). ‘ *

°

at |
o D a'cd(:) ax = 0‘.23‘7Y/secc= 2 i - (#.5,)‘ ,
5§§I8 rad/sec - ‘ (4.6)
s . f' -w = 0. 019 hertz’ : : o (#27)
- . c _cC . . o9 .
27 ° '
| fs = 0.038 hertz"' ° tea £ 26 sec (&4.8)
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To allow for the rough approximation used, a sample ﬁime‘of e

approximately two seconds was chosen.

Making the sample and apertﬁre times variable results iﬁ a more
flexible éontroller. By-accompanyihg each aperture time increase with
a corresponding'voltage'contfoliéd-osciilatér‘frequency decrease, the .
final count and hence the resolution, will reméin unchanged. This
feature will allow tuning the controller to a wide range of process

7

time constants. The implementation is shown in figure 10.
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,“;— sequenco
generator

l binary S oscillater

— ] o

~modified VCO
frequency to?
counters A and B

_sample rate
- switch

23

4

e« ‘ binar
counteyr + vco

SAMPLE RATE SCHEMATIC

FIGURE 10

3 Sequence Generator

e,

"The implementa.tion of the timing diagra.m shown in f igure 8

required a sequence generator with nine sta'ble states. Because severa.l,
.of the interval times resulted from rough appro:dma,tions, the cha.nces
‘of - possible a.lteration, gOVerned by preliminary test results, were

fa.irly high For this reason. an easily adjusted sequence generator

|



24

was desired. By expanding and modifying the n-flop devefeped by
Gold.berg,16 a sequencer meeting the above criterla was developed To
explain the operation; a partial schematic 1is shown in figure 11 (A
complete schematic 1s shown in Appendix c).

—decade counters

i

 SEQUENCE GENERATOR SCHEMATIC
 FIGURE 11

.

Assur - 1s high, feedback through the inverter to all

NAND i other states are zero. The remaining states

(other : %%ikj are inverted and used as inputs for the #1 NAND. A zero
output from the #1 NAND holds state 1 high. State 2 goes high when the

o . . . . ~ -
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counter reaches 06. Feedback from state 2‘through the inverter forces
all otﬁér states (other than 2) to zero. This 1s a stable state and
will femain until the next desired count is reached. Time duration
changes. are eagily made'by changing the couﬁter connéctiéns to the
two injut NAND gates. Aithoﬁgh the generator 1s extremely flexigie,
4t 1s obvious that in operation one state is always nigh, therefore,
;n some cases a "dummy" state may be required to froduce the desired

3ntervals. Another featﬁre is the overlap between intervals. Because

&
o

the next state goes high before the present state goes low, care must

be exercised when using this'seQuencer.
4 Multiplication

From previous calculations the sample time was chosen as
Lépproximatély two seconds. This slow sample rate allows the required

multiplicaiions to be cafried out serially with Very little addition

to the sample time (see figure 8) and large hardware éaﬁighent '
' savings,'The'programmable divide by n counter1? is used éitensively -
to implement the sertal multiplier. A typical configuration is Shown

o N ,
in figure 12. '
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OO ® [ comers

T O

preset

‘ dlvide by

n counter
l : sign logic

up/down J

i

divide by zero detect
10 counter

jinhibit ]

|fosc accmulator

MULTIPLIER SCHEMATIC

_ FIGURE 12 o
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The value to be nultiplied-is stored in counter A. The up/down
count fog)both tﬁe accumulator and counter A is determined by the

sign of counter A. For example, 2a positive initial value in counter A
will set the A counter in a count down mode and the accumulator in a
count'up mode. A zero condition'inccounter A inhibits both counters

completing the multiplication. The accumulator count can be shown to
be n_ times the original count in A. Similar configurations are, used
forigacn of the three temms in the control equation. Theoretical gain

alculations for each term are given in Appendix D.

t



27

95 Sign Convention

" The binéry coded decimal number system was used to facilitate .

interfacing to the setpoint input. Positive numbers are repfesented

by counting up in the counters yielding the tfaditional BCD form.

Negative numbers are obtained by counting‘down yielding a 1000-x

(counters are three decade) complement of the original number. A sign

‘bit, which is appropri;tely set by zero transitions, is associated

with éach counter. Each slgn 1s associated with a partiéular stepper -
motor rotation (positive = clockwise). A negative number in counter C

is recomplemented on output by counting up to»zerO'with.the

appropriate rotation. The sign convention can be clarified best by an

example,
éaSe 1 Positive 20
| Céuntér c ‘
sign bit = 1 - (positive) ‘ 1”§
value = 20 ‘ '
- sign bit séts the up/@own count to down
and stepper rotation to clockwise.
- -counter € will count dowﬁ until zero
" detect. Uéing a gain of 1, stepper will
rotate 20 steps clockwise.
Case 2 " Negative 20

-

Counter C _ .

f<d

sign bt =0 (negative)
value = 980  (1000-20)



- slgn bit sets the up/down count to up and
stepber motor rotation to counterclockwise.

- counter C will count up until zero detect.
Using a‘gain of 1; stepper motor will

rotate 20 steps counterclockwise,

28



Chapter 5

TESTING

The prime objective of the test serles was to evaluate the
performance of the digital controller in typical con£rol applications.
Performance was measured by recording the system response to a step
disturbance in the feedbiack loop. Filrst and second oxrder lag
approximations to a process control valve, simulaied on tﬁe analog
computer, were used as the controlled systems (see Appendix A). A
system time constant of ten seconds was chosen as a typical |
representation of the physical system. The test configuration is

shown physically in figure 13 and schematically in figure 14,

PHYSICAL TEST CONFIGURATION

FIGURE 13

29
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analog
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i DIGITAL g

T system ——
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recorder

[ digital
controller

[

ol

TEST SCHEMATIC

FIGURE 44

Three serles of tests, as described below, were conducted to

evaluate the effect of various parameters. ° !

4
Series A (comparison test) 2

Using the first order process control talve approximation
. ’ N - 5 * .
(Appendix E) as the controlled system; the optimlzed response curves

for the digltal eontroller were obtailned. These curves were compared

o
4]

a

* ’ )
Optimum response§)used in the context of this thesis, refers to a

response that exhibits the best combipation of fast rise time and

J

minimum overshoét .
ol

=3
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to the optimized analog controller response for the same system. The
c

analog controller used was an analog computer simulation of a three

mode cor‘ltrbller"' (Appendix E). The results appear in figures 15 - 17.

[

/
) @]
m S
digital SVS(;‘““
' 1+st
analog G=1
. : t=10 sec
=
© digital__ Co ‘analog
. sample time k=4.0
] : . 2.15 sec ' : T;=6.6 sgc/rep
k*=0.9 . Td=0.l secC '
Gi=0.12
ﬁ:O.Q .
0 t T2t 3t 4t - 5t
. " fime ¢

SYSTEM RESPONSE TO A UNIT STEP INPUT

FIGURE 15



i system
G
1+st
G=1
t=10secC
digital analog
sample time k=40
2.15sec T;= 6.6 sec/rep-
© k*"—' 0.9 ' T ;'o] sgcC
G;=0.25 ="
' B =00
| 1 I -
t 2t . 3t at
time

SYSTEM RESPONSE TO A UNIT STEP INPUT
FIGURE 16 .
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--digital
—analog
N ‘
all parameters the same
as for figure 16
1 | l h | 3
t 2t 3t at 5C
time

SYSTEM RESPONSE TO A SETPOINT CHANGE
" FIGURE 17°



i

" Series B (derivetive term)

o o P

The PI control algorithm is optimal for first oxrder system519 as

proven by the seriles A set of tests (derivative times were approximately

zero) To evaluate the effect of the derivative component, a seoond
0

order approximation to a process control valve was used (Appendix E).
‘Because of the nature of the controller another modification musﬁ be
made. All calculations regarding the derivative component were done
assuming a fast enough sample rate to ensure that the feedback Variable.

had a monotonic slope with no inflection points (Appendix A) Using a

step function as an input it is obvious that this criterion is ‘no.

o

longer met, thereby invalidating all previous derivative calenlations.

‘Monotonicity can be restored by expanding the step over the entire ,p
[ )

sample period (figure 18) Using this" modified step functien as an-

input, the effect of derivative»gain on the>system response was recorded

©

in figure 19. - o . e T .

Q
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MODIFIED UNIT STEP INPUT

pjmmEIB

0 10 20 o, .
time in seconds

.. cantroller
sample time
. 215 sec . W
kK'= 0.9
G'l=0.25

- e(t)

time in seconds °

"EFFECT OF THE DERIVATIVE TERM
© FIGURE 19 | |

a .
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Series C . (sample time)

@

This series of tests demor}stré.tes-the well documented resulis

obtained by varying the sample time. The results are shown in -

o

figures 21 - 2k.

controyllecr '
sample time
o 2.15 sec
k=09
—~~ G;=0.12
o = -
\6 ﬁ—0.0 ’
o ) o [S]
| | ] 1 |
[+ o W t 2t 3t 4t 5t
time

- EFFECT OF SAMPLING TOO FAST
) : FIGURE 21

o



ce(t)

controtler
sample time
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17.20sec -
k*= 0.9 .
G‘=‘0.12.
p=0.0 ‘ | ! o y
e L= L N | Ll
. t 2t . 3t a4t 5
’ - time -
EFFECT OF SAMPLING TOO SLOWLY
FIGURE 22 . )
Ve
T ———m. o g
—M - - =
B con\t}rollor . . system’ )
sample time G
- 2.15 800 1+st
k =0.9 G=1
G;=0.12 t=10sec
— - B =00
4+
N " <
o .
.
L L I | a
t 2t 3t 4t 5t
: time
P INPUT

SYSTEM RESPONSE TO A UNIT ST
FIGURE 23
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"controller sy__—£3t°m
sample time >
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k0.9 ' il
G;=0.12 o tReses
p=0.0 < |
. /.
v
| : - | |
t 3t St = !

time
SYSTEM RESPONSE TO A STEP INPUT
* FIGURE 24 '



Chapter 6
DISCUSSION

/-

Series A . ’ Ce

‘FPigure 15113 a comparison of the optimum digital and analog
controller responses to é ugit step disturbancé. There are two obvious
‘differences, namely: the fesponse delay and the steady state
quantization- errdr gf the digital controlier, botﬁ of which were
aﬁticipated. Since the curves are virtually identical except for the
delay, it is interesting to compare £he digital andhanalog gains for

the components.
Proportional Gain L.

for the digita.l controller

» ' : '
K = 0.9 o » (6.1)
‘from Appendix D : _
* ’ '
K = 4K . K =3.6 (6.2)
v v 4
for the analog ‘controller
K=04.0 - T (63)
Integral Gain
for the'digital controller ‘ ° .
- Gy = 0.12 ; ' (6-4)
from Appendix D &
?_g__ - _1_ = 0,12 = '0.056?9?7360» _ (6.5)
t T, 2.5 T ' . :

b
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for the analog controller

1 =_1 = 0.151 rep/sec ' . (6.6)
T, 6.6 » .

- Derivative Gain

for the digital controller

B=10.0 o . (6.7)
from Appendix D
° " E"S . | :
. T, = B/p. = 0.0 sec | (6.8)
for the analog controller
Ty = 0.1 sec’ I (6.9)

o
o

Theoretically Ta'= 0.0'seconds for optimal control of a first
order lag proéess, however, due to the COnfiguratioﬁcof'the analog '
,simulation (Appendix E) this_was'impossible to'%chieve.(required

Anfinite gain). Typical analog deiivative times range from 0.6 to

* 1500 seconds, therefore, Td

= 0.1 seconds @é&.be considered zero

c i

derivative'gain;

N

The apparently large discrepencies in the proportional and

integral terms are easily explained by considering the operation of

32

the‘digital controller. The control equation was shown to be

<

° ©

| -’ P T ' ’: . » ‘
: . e .o = KV[(c -c ) tAt (r - c )+ d (ac - Ac )]'
. o s s-l» s-1 | '8 T 8 s At s-1 s

[

(6.10)
which give§ an output correqtion dependent oh;gains of the various

a
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components. However; using a sanple rate several times fsster than the
system response time causes further corrections to be made before the
,ystem can respond fully to the original. This results in a pseudo
gain being obtained from the sampling rate. Therefore; the gains
recorded for the digital con®roller are §ohiewhat lower than the’
corresponding analog galn as expected This pseudo gain 1s a function
of both the'sample time and the system time constant and is difficult
to compute analytically Further verification is obtained by
.considering figure 21 . The response curve; obtained from an excessive

sampling rate is identical to the response curve uhich would be

/obtained from an analog controller with significantly higher gains.

Recall from Appendix D, that to maintain the steady State
deriation withinbthe desired error bounds, the minimum integral galn:
was limited to G = 0.25. The integral gain was increased to this
value and the unit step response recorded (figure 16). We note that
the transient response shows some deterioration. however, it is now
° ensured that the steady state quantization error is within the limits

calculated earlier‘(t 0.05v).'An added advantage of using the higher

integral galn-is the improved setpoint response as described below.

[»]
Another important aspect of the controller operation can be

demonstrated'by considering the control equation.

o]

6 -8 . =K - + s el) L Be
s s-1 [(CSel Cs) %5 (rs cs) *.d (Acs-l Acs)]
o ' . i

&
(a4

(6.11)

Lo

£

B



L1

If a setpoint change, rather than a change in the feedback variable

.

is produced, this equatlon reduces to

. 6 -0 = K{Q_t_ (e, - < )] (6.12)

This equation results in a response that 1s less ‘than optimum as shown
in figure 17. If the response to a setpoint change is critical the
algorithm must be changed to compensate for this. Mergler et a.l5 have
deVeloped such an algorithm for a two mode controller. The development
of an equivalent three mode modified algorithm is beyond the scope of
thkis thesis. From the controller timing diagram (figure 8) we note
that a step disturbance occurring in the to to t, time period will
also result‘in the modifiedycontrol equation (equation 6.12) being
implemented Because the occurrence of the disturbance:iS‘random, the
ratio of the t7 to t1 period to the total period limits the possibility
of a miss to 12%. Since the controller will be in a physical
environment with time constants in the oxrder of seconds. a disturbance
with a rise time of 0.26, seconds (required to cause a miss) will be
extremely rare. However, if a mlss does occur the results will not be
catastrophic, merely a response that is less than optimum.
Series B

The effect of the derivative‘term on the control of a second
order system can be readily evaluated from figure 19, vhich shoﬁs
the‘response with no derivative term compaxed with the - response for
T, = 0. 8 seconds (ﬂ=3 0) Because the derivative term obtains 1ts

d
effect from the curvature of the sampled signal, the linear input
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» 4
(modified step) during the first samnle period results in no
improvement during this time. However, from the second sample period
onward the effect of the derivative term is obvious.-Note that f,he
addition of the derivative ferm causes an oscillétory steady state
which was not present in the first order system. Since the oscillation
lies within the expected quantiiation error discussed previously
(t Q,O5v), this characteristic is not serlous. Because of the nature

of the controller, the derivative term will be effective for
distuniances'witn rise times in. the order of secnnds or longér. For
disturbances with faster rise’times 1t can be shown, by considering
the controller operation, that the derivative term wili add a
: pfpportional gain res@?ting.in a response that is less than optimum.
Since thé controller would be expected to operate in a proéess

environment where short rise time disturbances are rare or nonexistent,

the controller p:}formance will not be affected. ‘ ¥
Series C

'This series of'graphs demonstrates the effect of sampling rate on
contfoller performance. Figure 21 and 22 show the results of sampling
too fast and too slowly respectively.vFigureS'Zj and 24 show the

changes in response by decreasing the sample time by a factor of 2.

The curves are almost self explanatory ‘A fast sample rate tends -
to over correct for each error because the system does not have time
to reqund to.the(previous correction before the next sample is taken.
This pfodnces an oscillgtory’effect much the same as broducnd by a high

- gain éontrollér (This.pseudo’gain is a result of the sample rate as .




discussed eaflier.). Slow sampling allows the system to deviate a

‘large amount before a correction is made, ylelding much the same type

of oscillatory result.

The slower sample rate of figure 24 compared to figure 23, results

in more delay but still yields an acceptable response.



Chapter 7 s 5 I
CONCLUSION U
o } .
As mentioned in the 1ntroduction the main objectives of thii ‘  :"; ,_1 0
thesis were three-fold: combine the :-three control sigwnals into a
" composite control signal; provide added flexibility b; employing a
variable sample rate and probably the moet important, verify the cur?e
deflection measurement as a derivative control term. Fro&Dthe test Py

“ results it can be concluded that these objectives were achieved with a

e

degree of success. . ’ B

*

Throughout the tests, any response deterioration was ittributable

to either the steady ‘state quantization error or the sample rate.

Because these factors are the common denominator in performance

'k

limitations, it is beneficlal to examine them in more aédil. R

that the output qua.ntiza.tion exgr was shown to depend on botg tHe
step size and the potentiometer used on the output. Therefore, either;
reducing the step size or changing ‘the potentiom@ter from & single to
a multi-turn will reduce the exrror. Changing the potentiometer with

corresponding chenges in gain and stepper inﬁut frequency will provide

the easiest method to lmprove the steady state error.

el
Although the recorded tests were made using a system time constant

of ten seconds as a typical ;alue. fairly acceptable response was
obtained for time constants down to four seconds. Opefation in
environments with time constants below this value would'have to be
accomplished by a reduction in the controller sample time. Since it was

shown that the sample time 1s a function of the voltage controlled

/’ O

g

TP -
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" oscillator range, an lincrease in the output range of the oscillator
will reduce the sample time. An excellent voltagé controlled oscillator

replacement candidate 1s the HybfidASyéﬁgms Model 610, which would

]
replace the original 10k’ hertz range with a rangqtpf up to 1Q0k hertz.

[

‘Making the above modifications coupled with some hardware logic
simplifications, would produce a cheap high performance digital three

mode ot roller for process control applications.



10'

. BIBLIOGRAPHY

2 2

Montgomerie, G.A., Keeling, G/H and May, D., "Method of Closed
Loop Digital Control”, Proceedings IEEE, Vol. 116, No. 8, August,
1969, p. 1445,

°

Thomas, T.G. end Hughes, M.T.G., "Performanco of Digital Two Term
Controller”, Proceedings of the Symposium on Pulse Rate and Pulse
Number Signals in Autcmatic Control, (IFAC). Budapest Hungary,
April, 1968, p. 209.

Bajaki, L. and Feketé, I., "A New Range of Regulators Using Pulse
Signals", ibid, p. 553. ’

Mergler, H.W. and Walker, J.F., "A Wire Programmed Integrated
Circuit Digital Controller", ibid, p. S47. '

Mergler,LH W. and Hubbard, K.H., "Digital Control for the Single
Loop", Control Engineering, Feb., 1965, p. 61. )

Mergler, H.W. and Hubbard K.H., "A $ingle Loop Two Mode Digital
Process Controller", 1965 IEEE International Convention Record,

. Part 3, p. 207.

o

Kaps, G., Scaling of Frequency Analagous Measured Values
Proceedings-of the Symposium on Pulse Rate and Pulse Number
Signals in Automatic Control, (IFAC) April, 1968, p. 148

Mpshos; G.J.. “Survey of Countup-Countdown Machines", ibid, p. 75«

Gawlowicz, D.J. and Mergler, H.W., *“A Programmable Digital
Compensator For Single Loop High Performance Digital '
Servomechanisms", ibid, p. 222. . PR

Bailey, S. Tas "Incremenial Sérves", Control Enéineering. November,
. 3
1960, b parta. - " )

. f”

“ivﬁQQS/Mos Digital Integrata¢ Circuits , RCA Databook Series. 1973.

13.

N
“Enégmeering Product Handboq ", Datel Systems Limited, 197&..

146



14.

15.

16.
17.

18,

19.°

20. ..

‘Ogata, K., "Modern Control Engineering“, Prentige Hall

"'June57.1967,p.3u5 | o

"Linear Integrated(CircuitSWJuNational Semiconauctor,'1974.

(o]

Englewood Cliffs N J., 1970, ' B el

Q

o
Goldberg, J., "Build thé N- Flop", Electronic Design, August 16,°

1973, p.-52. S
ConnolIy, T.W. apd Bogers, A. E., "Analog Computation in .
fEngineer%ng Design% McGraw Hi1l, New York 1960 LA

Terao, M., "The SeIection of the Quantization and Jthe §ampling
for Efficient DDC", Digital Computer Applicatiogs'to Process

Control" Second {nternational Conference, Presented bf,iFAC,

© 0

-9 c oo

Lopez A.M., Murrill, P. w., Smith c. L., “Tuning PI and PID

!'Digital Controllers", Instruments and Qpntrol Systemsa February

1969, P 89. _ - , °
Corpio, A B., Smith, c.L. and M%; "Evaluiating- Digftal
PI and PID Controller Perfo me fstruments and Control

=]




a

Appendim A

o)

o T ACCELERATION TE’RM JUSTIFICATION'

o

As mentioned in the theoretical portion of the paper, a unique

' relationship exists %etween the residues of counters’A and B and the

magnitude and direction of the acceleration ‘term- This can beoconfirmed
by considering all possible combinations of velocity and acceleration

°as shown in figures,A~1cand A-2.

©

* . ' Q
Note on figures A-1 and A-2.

- dashed lines represent negatlive counter

resldues

- figure A in each case shows counter residues

‘ after time period # 6 e
- o 7 - figure B in each case shows countexr A"
residue after time period # 7 °
N
o



CASE 1 Velocity positive (Acs_.-Acs\) negative .
. 3

_counter B
A
add B/2
-.é to A f
o —
@
3 negative A
ne -
B residue .
o A B
& \k
4
™
CASE 2 Veloclity positive (acg.,~aGg) positive
counter B ¢
T—countor A
. ) ACg
- 2] .
= v [}
B | »
53] ' add B/2
o to A
0 AC
A -1 - D ‘
a‘ positi A
g . .
resldtﬁr g
A B
L ¢
ACCELERATION TERM JUSTIFICATION

FIGURE A-1

L.
=



=)

CASE. 3 Velocity ”negatlvo» (ac,_r~acy) negative

Q

counter B

3

N counter A )
» subtract B/2 A
e from A ‘

o

. —> B/2

pulge count

\ \ ' . ) negatlve‘A-———-—\—>
: ‘ ' . residue

(acy_~5Cq) positive

CASE 4 Velocity pnegative

[+]

counter B . '
. {coun‘af A . - »

"é
2l o
: subtract 8/2 4
’3 “from A - B/2 !
“positive A
residue
1
A [:]

ACCELERATION TERM JUSTIFICATION

FIGURE A-2-
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Summary (Figures A-1 and A-2)
.- add B/2 to A for negative residue in counter A

— subtract B/2 from A for positive residue in counter A
. p v _

Then the sién of the residue remaining in counter A is identical

to the sign of the term (Acs_i_— Acs).
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Appendix B
CALCULATION OF INPUT

QUANTIZATION ERROR

The analog to digital conversion is accomplished by counting the

voltage controlled oscillator frequency for a specified time.

count = £ * T | S (BY)
; vCO - . ‘
The counter resolution determines the quantization error as a’ result

of converting. Using a voltage controlled oscillator with 10 to 10k

" hertz output for a O to 10v input, consider an aperture time of 0.01

seconds.
minimumwéount = ] (B.2)
R 1..-=‘fvco' 0.01 sec . | (B.3)
fyeo = 100 hertz '1 (B.4)

Therefore‘a fre&ueﬁqy variation of less tﬁﬁnvioo hertz will go
undetected. This corresponds to an input excursion of O.lv. Extending
the abové, it is obvious that an aperture time of 0.08 seconds ylelds
an 1ﬁput uncertaiqty on0.0125v. Because up/down counters are used
the possibllity of elther count occurring exists. Thérgforé, the input -
uncertaint& limit for an apéftﬁre time of 0.08 seconds is-extended to

E

+ 0.,0125v.

52




Appendix c

SCHEMATIC DRAWINGS

gures are the complete schematic drawings

The following four fi

of the components used in the controller constructlion.

53
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Appendix D
CALCULATION OF

THEORET TCAL GAINS ’

From the theoretical section, the control ecquation was obtalned.
e - 9o :K[(C‘ —c)*At(r—c)*rd(Ac - Ac )
s  s-1 s-1 s T s s = s-1 s
; At
i
(p.1)

Proportional Gain K

The total proportional gain consists of the fixed gains from the
voltage controlled oscillator and stepper motor and an adjustable galn

»*
K to allow adjustment of K.

*‘§$% . 0 A F
K=K KX N
co c
Ks = stepper gdin
X = VCO gain
vco

Using a 1.8° /pulse stepper coupled to a one turn potentiometer, one

pulse ylelds _1 _or 0.05v.

——

200

K, = 0.05v/pulse J (p.3)

o]

Considering the voltage controlled o§ci11ator with an aperture time of

0.08 seconds.

K = 1000 pulse «0.08 sec (D.4)

veo volt sec
K,co = 80 pulse/volt | \ (p.5)
58
g




. . »
K = 0.05 volt/pulse e 80 pulse/volt e K - (p.6)

x - LH(*: . -n J . ‘ (D07)

From typical analog data

K4, =03 s (p.8)

Kmax = 50.0 (p.9)
\Yielding

*

Km;n = 0,07 (Dp.10)

. ,

K nax =12.5 A (D.11)

To improve the resolution 10K was used as the input switch setting

(see multiplier construction).
Integral Galn

From equation (D.1) the required integral gain is At . From
‘ T
previous calculations (see chapter 4) a sample time of a%proximately
two seconds was indicated. For convenience in the sequence generator

construction, a sample time of 2}15-Seconds was used.

From typical analog controllexr data ' -

Ty nax = 1500 sec/repeat , (D.12)
Ty min.~ 0.6 sec/repeat (D.13)

These values yleld the following gains

59



60

G At = 2.5 = 1°43e107° (D.14) -
i min
. T . 1500
. i max .
< . G =At = 2-1 = c6 D-l Y
1 max 2 .’; - ( 5) i
T 0.6 _ :
1 min

As shown in the impiementation‘$ection, the setpoint déviation
is determined as part of the integral term. OtNious1y reAUcing the
integral term to a near zero Qalue will allow wide deviations from the
setpoint to occur. Consistent with the ekpected output accuracy,
~detectlon and subsequent corrective aétion for setpoint deviations as
small as 0.05v is desired. Usipg an aperture time of 0.08 secondgf
this deviation yields a counter residue of 4. Since the minimum

detectable count after multiplication is 1, the minimum gain is limited

to 0.25. Therefore, the modified galn limits are

Gi min =

0.25 o (D:16)

Gy max = 3.6 ' »(D;i?)

To increase resolution,lio G1 was used as the input switch setting .
‘(see multiplier construction).
Derivative Gain

' From equation (D.1) the derivative term is Eg (Acs 1
. o At -
mentioned in the theoretical.section, this term would not be evaluated

- Acs) . As

directly but rather the value “x' shown below would be used.



count

tg. ts
time

DEFLECTION MEASUREMENT

FIGURE D-1

Appendix A showed the sign relationship between "x" and Qﬁcs_i - Acs).

The magnitude.relationship remains to, be found. S
8|x| = Ta ac ., - Acy | (D.18)
at , S

where 8 is to be determined

For convenience in evaluation set Td = 1 second

then

g* x - a-1 13 . (D.ig) .
5 TR |
p. Ty BT (D.20)

L

’ LN \ ; ' : Sa
Consider a constant acce#eration curve of the form. k

.

H



c(t) = 1 at? (D.21) .
ACS
e

3

o . 1,2

. Q - ——

, c(t)=7at
" ) _

ts-s
DERIVATIVE TERM EVALUATION
FIGURE D-2
Determine the difference in slopes.

Ac - Ac . . ) ’
s-1 sf=1d c(t) - d c(t) (D.22)
At dt ' dt

. t=s5-1 t=3s
From (D.21)

dac(t) = at (D.23)

dt
dc - Ac ~ ‘
s—lAt s a(ts_l - cs) 3 (D.24)
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Determine \x‘

E:

X‘::r p—c(t)\
I \ 'l'=ts.+ts—1
2
+C(t)lt ; C(tw
=9 - - t=ts+tS—1
2
21 2 N2
—~atg + —2-ats_1, _ la(t5+ ts—1> ‘
2 2 ’ | 2
1.(t2+t oot by )
-z-a( s 3_1) 8 a( s -1

Substituting equations (D.24) and (D.29) into (D.19)

.

(D.25)

(D.26)

(D.27)

(D;28)

| (D.29)

(p.30)

(D.31)
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Using a sample time of 2.15 seconds

*
g =3.72

From typica1>analog controlleé&data'

il

T

d max 1500 seconds

Td min = 0,6 seconds

From equation (D.20)
' *
B=1,8
8 max

phin

= 1500 3.72 = 5580

= 0.6 3.72 = 2.23

(D.32)
(D.33)

(D.34)

(p.35)

(D.36)



Appendix E

ANALOG 'COMPUTER DTIAGRAMS

The following two figures represent the analog computer

simulations for both the analog controller and the system (control

valve) used in this thesis.
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SERIES A~ FIRST ORDER LAG

H(s) G
Q(s) 1+Ts

S
,
SO

‘SER|ES B - SECOND ORDER LAG
H(s) _ 'Wﬁ'
Q(s) s2 +2.!;ASW"-0-W“2

|

CONTROL VALVE SIMULATIONS

FIGURE E-2

‘ . |
( ') Qf(s)
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