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PR CABSTRACT . , . Kl
Tne,objective to deSign‘é PID Controller mith-negligible

parameter interdependency was carried out., : As.a tesult the'optimum

‘;\_

tuning graphs developed by AM, Lopez, based on integral of error

‘criteria, ideal PID algorithm and steepest descent computing technique
.cen be used in conjunctionrwithzthis_neat ideal PID'controilet. Reseti
:inhibiting‘and dthericonuenient features arefaleq incorporated te.maie

this contrbller'more vefsatile{ . LT -
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Chapter I

Introduction -

"'The Conventional‘Continuous‘PID Controller' -

In its early days, the de51gn and appllcation of the

conventional continuous PID controller was somewhat of an art. [l]f
’ 9

.The choice of the PID combination itself was guided by intuition,

and experience "In those early days, the problem caused by dead o
: . -
'time delay and physical limitations were’ great obstacles to

analytical study of the system [2].: Hence, it is not surprising

/.. .

. to find that even the tuning”methods were;derived by~tria1 and

"} error Ouite a number of tuning methods are in use 'Tq name a,fewj?’fs -

riegler—Nichols method Harriot s method 3 C method etc. .Mostf
:Aof these methods were based on the'ouarter decay)ratio (or some other
arbitrary.constraints~which lack solid mathematical justification) |
as the performance criterionﬁl L R
| To complicate the matter further most of the conventional
ID controllers have their three parameters interrelated [3] Thus,
.heeven if the correct parameter settings wereaknown, it could well
:take hours to. settle down to the final adjustments._ It is thereforeivn'
' obvious that optimal tuning of a controller is quite a: difficult ?
e :

problem (By optimal tuning is meant that tuning which gives the e

‘,

"-best performance judged by a certain mathematically sound per- ; mlflj,-

.formance criterion).g,~ S }"‘ A e .~:p1'-- S 3:,~-'x-



‘Possible Improvements
nThe optimal tuning problem should not .be avoided ‘because .

it can be, shown that efforts devoted to optimal tuning ‘tan bring |

spectacular results (31. o :
The tuning difficulties outlined above aotually initiated

-\g’ the development of the digital version of PID controller, which
' has independent parameters iIt was shown in reference 4 that as
sampling frequency increases the overall performancelof a digital
PID controlier improves | “In the limit it approaches the performance
of a continuous controller ThiS‘means continuous PID'controller
- would be superior but for its difficulties in optimal tuning |
"‘ It was also proved by M Athans and K T. Parker [5 11],
that proper choice of cost functionals for. the: general tracking

.«problems, and application'of optimal linear regulator theory to'the. :

- optimal tuning problem indeed yield a PID type of controller as the B

l 801ution.-f l'".b;::.'*.

The above arguments with respect to continuous systems and

) optimality provide sufficient grounds to warrant taking a second

i

PR

look at continuous PID controllers.
A M. Lopez in his Ph D. dissertation [6] had indicated the

.: shortcomings of the quarter decay ratio 'as‘a performance criterion, "

,‘. especially if applied to higher order plants'f He‘3190'indicated the':?‘

desirability of using the integral of error as a performance index. v
_Hevused,a.steepest,descentycomputer program_to>search-for optimal_



.

~ no lag. and independent parameters)

'-action can not be achieved because of noise) If a close approx-

fsettings for‘plants withrdead time‘delay (using the integral of -

't

e

error as performance criterionvand assuming an.ideal_algorithm.with

-

A question arises as to/whether the ideal algorithm can be
[

. closely approximated (In rea& controllers, no lag derivative .

‘

L imation can be achieved one can use the results provided by Lopez'
Aas the optimal settings for a system with integral of error as the
performance criterion.. Assuredly this three fold —improvement.'

(better performance criterion independent pamameters and computer

:derived results) will bring about spectacular results when compared

o to the previous trial‘and error Situation

\ In both pneumatic and electronic controllers with purely o

passive networks, the parameter interrelating situation is unavoid- .

b. able [3] This problem can be solved by using active networks.

With the advent of~integrated circuits,'independence of parameters ‘

H's-can be easily achieved Also due to “the negligible D C drift of -

to D. C..conversions as,was necessary in conventional electronic

RVAREE . .

controllers [7 8] A certain amount of lag must exist in the.t»

'derivative action.. Otherwisé the ga}n at high frequencies will be

\

not to build a completely ideal controller, but rather to deVelop

' ”; ‘as close an approximation to it as possible. _ A M Lopez 8" ideal PID

algorithm will be shown in Chapter v, PID stands for proportional,.v

<

1ntegral and derivative. e,;;

'».integrated circuits, one ‘can avoid complicated D C..to A C and A.C.

- lintolerably large. However, ‘the objective in this thesis project was -

: mmr‘.‘



- The Objective o ol

The ptimary obJectiVe in this the31s, therefore lis to design
a continuous PID controller with an’ algorithm closely appro;imating ;:g
‘the ideal one cited by Lopez,'such that all the tuning graphs ./. -
N developed by Lopez will be directly applicable ..';-; R 'ilj.;>
Other features that will be incorporated in the control er-
1are; integral inhibiting action direct and indirect action, ‘h».l;;
.l’manual control bumpless transfer, digital and analog set point -
:‘adjnstment All these are included to make the controller more
“‘yersatileiandfsuitahle for.industrialbusage; l o |

-




, Theoretical Background

The conventidnal PID controller is based on the simple idea

-

" of negative feedback It is ‘well known that the linear regulator 2
theory requires only state variable feedback [9] In essence the
B plant output is fed back and c0mpared with the det point (input)

The difference between them, the error signal will be manipulated

in a Fertain fashion to generate the control action. In turn the R

control action will force the plant output to move in a direction

v %
FAs

'SUCh as to reduce and eventually eliminate the error signal There—’bl{

fore,“the; sole purpose of the controller is to provide the desired

-

manipulation sf the error signal The position of a. controller in

" a .control loop is shoyn in-figure 2-1.

O T

. G r
] mw [ ] em
QONTROWER s TroE |, TN [T JpuANT
. s
AR R T
L Figure 2- 1 The position of the controller'in'a’ R Ty
‘ jr\\"-..v» C control loop.. LTSS

EE Pr0portional Action (P aetiq_l

)

The simplest way to manipulatq.the/error signal is to multiply

Noooom / S f

it by'a gainv-i_l(c_,as..the f.ollowing.'_

oy ‘ '
N . I BRI

P



\ .

i}

m(t) = Ke(e)

) .M('S)' nrcE(s)

;where m(t) is the control action'
: e(t) is the error signal
heKc.. is a gain constaqt,. v ) 4

‘andl : S‘. is the Laplace operator (a'ssuming'du(niiidlccndit\cns atebe'.“o)v'

=The proportienal action is shown in figure 2 2

r ()

L

e [ we L

Figure 2- 2 The proportional action in a control loop. b,

"‘From Figure 2-2 it is obvious that the control action m(t) is directly

.'-_proportional to gain K and error. signal e(t) ' A higher value of

';‘Proportional Plus Integral Action (PI actiogl

,m(t) will reduce the error faster. However, for a’ proportional only

= . o
'controller there will always be some steady state error-(offset), '
»otherwise the control action m(t) would be zero., Although higher

' gain will produce a smaller offset it might also 1ead to a reduced

. degree of stability in the cbntrol 100p.~‘2[ “:v‘ ]

The integral action is primarily introduced to cancel offset,f."

‘ By definition it is ‘the action which integrates the error signal AAee"



error persists the integrated ‘value will

grow with time, -and

;eventually will- be’ 1arge enough to eliminate offset completely

The formu13tion of PI action is.

K sy =

[}

. N : . ) l .
K (1 + 3—g)E(S)
B :
where'Ti is‘%he integralitime constant.
figure 2—3£'i

y o

(2-2)

: Qr:in blockfdiagram_formbin

’ R(S)

.’-Ei(s)‘ Ly Kc 1+i>-______>_ M,

' CC&):V

LY :
: f-

Figure 2 3 PI action in ‘a control loop.f

~‘Note that if e(t) equals a constant and t=Ti in equation (272),

. integral part will be equal to the proportional part. Therefore, the :

iy integral time constant T is the time needed to: produce an integral

: action equal to the proportional action.

-m figure 2-4

This situation is depicted

T

o



‘ _after overshoot has actually occurred (the error signal‘will change

e(t) 4

| ‘ 8
| | E
,A ‘vco'm STAN'.T'
-t
| lnn(t)\_
e Kee(O)t

& ' o e\
Figure 2-4 The relafionship between integral time constant

$

'rTi'and controlaaction ~._ o = ..;‘{,

At the very instant when disturbances or.load changes of a process

occur, the integral action is very.small becausevthe time elapsed
.is.still very short,: At this early time the major action is the.'
‘prooortional action Later thé integral action takes over‘and forces -
:‘the error. to diminish‘and eventually vanish as time goes on. As the
-error approachesvzero so does the proportionallaction. However, if

the values of l/T is too large the integrator will charge up too

I o
much and cause the output response*to-overshoot the>set'point; Only Lo

sign) will the integrator start to discharge. Actually, too much ."*
. ﬁ@ R > : o
7integral action will decrease the stability of the loop. e

The frequency response of PI action is shown in figure 2 5.- . ?

e



Amainly the'integral action is of importance.

of change of error signal tang hence 1s predictive in nature. 'The

’PD action can be-describedpas;;

x
3 s 9 8
CNGAIN s R T i
INTEGRAL ACTION o e
% ". c. . . . B .
-6db /OCTAVE/ SLOPE
T : A
. <
. . ‘ ‘\’J
Ke 4+ T ,
S o
L ~ W ‘RADIANS /SEC
rd lTi

D

{3'
Figure 2- 5 The frequency response plot of PI action.‘,

i Note that at higher frequencies proportional action predominateséi-
: % , )

0.,‘ ‘.. . ‘ )

This is inxaccord with the previous analysis, because the initial

',.,(

transient of the response con31sts mainly of higher frequency

components. On the other hand, as steady state is approached the

~¢output contains grimarily very 1ow frequency components and hence'

-

- Proportional Plus Derlvative Action (PD action)
. 5

o Derivative action is needed whenever substantial time lags

exist in the control lpop.. This action is. prOportional to the rate’

REd

13 . P -
-..m(t)=Ke(t:)+K'rd-§t—(-§— TR A S

.M(S), = K E(S) # K‘cidi" 'g:;.'E(_S) E

4

i Ké‘(:l,*t'fd'»ls)?E(“S_) T
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- §& where ‘f_I‘d'-is the derivative time constant. = Its block diagram form

oo

" is shown in figure 2-6. - : : .

R(s\) " if\ E_(sﬁﬂ I Ke(r@e) ,'.MQSL_

C'(sj .v

G

Figure 2 6 PD action.in a control loop
At the very instant when a disturbance occurs,.the_
derivative action is in the same d&rection as the prOportional action.;
“and therefore fulfills its anticipatory function. After the initial

‘L period the derivative action will becOme opposite in sign with

- respect to the proportional action.‘ This, 1"r¥35ct reduces the control

A N : &

) output, sloWs‘dq the process and.therefore increases the stability ‘i

: of the control 100? This sitnation is shown in figure 2-77 vfi
Q i
' ' ' o "/ g,—,;f

o



. - 11
SO T -
Q. ! _ ,
‘ . y
L B 4
- ¥
| -t
Kee) +
' ' Yy
| de(t)
Figure 2—7 The variation of c(t), K e(t) and Td during a .

sudden change of set point. '

Usually, when derivative action exists, the proportional

v

’-gain K can be increased because of the increased stability.a Undert

L

‘ '“steady‘state.the derivative action is zero . The above descriptiOnilfi)
liflcan als be derived‘frbm‘;he frequency response plot of PD action 3
. as shown in figure 2—8. '_ L , o : , | |



GAIN {n'

. DERIVATIVE, ACTION
T +tedb/ocTAVE

i
|
, l' > (). RADIANS [ SEC -
Td o .
| .i .. . .
Figure 2 8 The frequency response plot of PD action

If e(t) = A t, a ramp function (A is a constant), the control:

T

action will be

T

.‘ ‘=‘ S : , - _d e t \). . : s - -'
cm) = Ke(®) +R Ty g o o

S e )

R
L

_‘-,_Théyd'éiivatvi_:ve,,pa_rt: of '_t':ont;r_ol" aif,t:_ié_)n is éqizél to. Kc'-T'd'A:". When B |

oLt

A+ Kc'r d"f ._._ .‘ SRR - '..:A(-Z-,S?f-, L

(i) = KTy

That 1s to say, when t - '1‘ d’ the proportional part will be. equal to

the derivative p*rt aé shown graphically i figure 2-—9

.Q'l



CONTROL OUTPUT = R 13
M i o A - o
() S ——PD actionN

- '\'rD AC_TION

\D ACT\ON -

. ) — |
. , _ !

Figure 2 9 The relationship between derivative time

: constant Td and PD action ;11 _ : I LT

. It should be clear from figure 2 9 that the derivative action is Td
!

'units of time ahead of the proportional action.

..]Proportional Plus Integral Plus Derivativa Action (PID actiq_l

The f°rm“13ti°n of the three mode cgntroller is-gh

L3

| 'y de!té.‘: REDE
e(t) dt +‘,de 7o .

’ ) e ' . 3 ‘, ‘ T c .
B = Ko + 55

3 - - [ .
. R . . X v

MO = KAy T ES T e

4:Theiblpck{diaéram representationﬂcf?équatien (2;6) 1s.sh¢wn*in figure'zflor‘ )

. Figure 2-10 Block' dlagran'of a PID (chreg wode) contfoller -
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i

If e(t) is-again v"a",r_a'mp function the control action will be .as' shown

~ e,

in figure 2-11.

T

D_D ONLY ~

_ Figure 2 11 'Ihree mode controller action wit:h ramp input

) The frequency response of t:he t:hree mode controller is shown in

figure 2-12 uo. dnd w:_ in thude 2»!2. are derwed from e%m.\tmn 2= 6. :

S GA-LN

m—p -

~ -edbfoctave " - oo w =m-Eﬁilﬁ!i‘I—:;'
T T s ' +6d.b/OCTAVE .

.
- S

.- Figure 2-12 Frequenicy response of a PID controller' = .
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:In figure 2 12 the high frequency end eﬁhibits a positive slope
This positive slope represents the effective derivative action and is
| intended to take care of errors with primarily higher frequency o
components. Similarly the effective integral action is represented .
3by negative slope at the low frequency end and will deal with' steady
'1state errors which consist essentially of low frequency components.

-

:The manipulation of Td and T’ will shift the two corner frequencies
"fjof the reSponse horizontally, while -a change in K value will only -
shift the whole curve up and down |
.éenerally the integral action.will decrease stability, reduce

‘offset to zero and will increase the period of any possible ringing.~ g
h;‘The derivative action will increase stability and decrease the period L

<fof ringing. Therefore, when derivative action exists one can use

,7higher values of K and 1/T ' Unfortunately, the derivative action

»fifis also very sensitive to noise. i'ﬁ"..

References 1, 2 and lO give detailed discussion on this subject. ha

'l‘

'uModern Point of View

-

In the past, the\applicstion of Optimal linesr regulator'

1tftheory to industrial contr01%problems_1ed to PD type of linear feedback

"s]ﬁfsystems ltAs recently as 1972,“. Athans (5] showed that, in~choosing 7&,"'-'”

. "“LH_ . : >

'ifcost functionals, considerati’

haS‘to be‘given to;t ree factors.

- fg}These factorsiare; the cancelling of steadynstate'error' the boundedness |



in the same year, expanded Athan s method to cover the general problem
> of tracking n variables with a ‘nth - order system. " For example, the

following control 100p will reSult for a. second order plant (figure

-.:-2—13)_. -

2o55°

:‘65*!}‘Cs+allkdll‘

s

4!5 >

S

e ]




“action. Therefore;‘the.works7of‘Athans-and7ﬁarker_Can serve'asha ‘
solid’mathematical'baSis for,three mode controlling which was ’
h implemented long ago b& intuition ~and experience |
B In this_thesis, houeyer,»it is not intended to design an o
.;optimal:controller in.the-strhctest sense'because great‘effort iS'

t required merely to find a spetific PID combination for a particular
;plant.;'Instead to be more general, a fixed format PID controller
"fd‘with independently variable parameters will be* developed Such a B
_. controller, with easily adjustable parameters may then be applied ‘

",'to a wide variety of plants. *~;;"'

.Integral Inhibiting Action (Reset Inhibiting) [121131

By using integral action, the offset inherent in propornional
;lonly control will be eliminated However. when PI action is applied
.tzto processes requiring either start up, shut down, large changes in ~l
"4jcontrol point or major load changes, large OVershoots are generally : dvi
‘elj.lpresent during the transient, because of a condition known as integral |
.x'wind-up.- In. critical processes such as batch—sintering, batch brazing; f/L
A:;wdiffusion, crYstal arowing etc.; overshoot maz not be tolerated | f;tl\\lg
;ff:because it can affect the quality of the product. Therefore'many‘ | -
.:7»:critical processes using conventional controllers are started manually
"Vlfito avoid overshoot.iif;[g*idj“" ' L Lo

At the beginning of a sudden change, the error signal is f»f9

'4'$?1arge. The integral action will integrate this large error signal. ,:_

iffpx?As time goes on it probably will saturate t.;fintegrator;- Consequently
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the controller output will be at its maximum or. minimum values..
f";This situation is called integral wind-up The integral action will
'get out of saturation only when the error signal changes sign i e. the
controlled variable cross the.set.point (overshoot).A énce.overshoot ~:
'occurs, the integrator will start to discharge from the value it |

stored up during the initial moments. It might take ‘some time to B

'discharge and eventually bring the controlled variable back towards .

e .the set point. 1'd - v;;&\' | '

One scheme devised to remedy this situation is to use

. 1 ;derivative actibnr Consider the responses in figure 2 14

T s

. ) L . " ' <‘.‘ N ..... N e . e : :"- . . ST N DR ‘ AR N [
s SR o e L T g T s

*'Pigure 2-14 The various Tesponises to a set point change .

Ll S
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Except in the initial‘instant, the derivative action is in opposite |
direction ‘to both‘P and I actions Therefore the D action can - cancel
j'part of the 1 action. As a result, he overshoot will be reduced.to_l

" ‘some. extent Nevertheless, this method is not adequate ti?&olve the |
hproblem, especially When the steady state controlled variable is .
only a fraqtion of the maximum controller output. (i e. the integrator -
‘: has a great deal of range to charge up to a large value)

The reset inhibiting scheme to be used in the proposed design

is derived from the following reasoning. (1) Both integral and

. ° -

l‘derivative action are aimed primarily at on-line control where integral"
h“action can eliminate offset and derivative action yields quick response.'

to disturbances. (2) In a. practical controller there will always be

.oa limit to the range of output (output bounded) Initially the error :

Mf,is so 1arge that proportional action a10né would probably demand
Imaximum or minimum controller output.’ Therefore, the reset action
can actually be shut off initially.~»,'f:_jf‘gl'f"_ffi P

e

To decide the proper moment and amount at which té‘re~introduce:.

’ nxintegral action, the following study of figure 2-15 is required

g fffigure 2-15¢ the error signal at -’ point A will cauSe the proportion&l

. i.actﬁn to be either 702 or 62% of the maximum output,depending on the

l;gain settins K 'l So long as error exists. P action will;”f”different

"",“from its steady state value. The valugiof ? action wil:sdepend on

';ffboth the size of error amd the P action gain setting.» If the I action L

X 'is to assist the P action,_it 8 "uld ‘b Tin the same direction as;




.DROPORTIONAL. . Ty
| CONTROLLER OUTDUT

4ﬂooze

f-ERnoR‘~

+ ERROR

It

Figure 2—15 The proportional action versus error signal with

different gain K as parameter

P action. In the extreme, when P and I action combined give out_l _,_'f'.‘

3the maximum or minimum value of output, the reaponse will be the,
’ 3 yfastest.. Therefore, it is desirable that the proportional and integral '
f.action combined have the capabmltty of producing output extremes. :

' For example, if the errot requires the P actiou to produce 752 output,‘

v

B :=the 1 action shOuld be capabZe of contributing the remaining 251 of

';'the output range in the same direction. During steady state the P

action becomes zero. Hence the integral action aZone should be capable

of giving the output extremes. It should be realized that reset '{d .
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wind-up is no,longeraof concern because ‘the reset action is initially
inhibited. - . B T

: To conclude: wheneVer the’error'signal is within7the’

¢

- proportional band (and therefore the P action is w1thin the output

range) the I action will be allowed to- attain such a value that the

- combined P and I action equal 100% of output ranﬁe. This can be
4achieved by constantly monitoring the sum of P and I action. Wheneﬁer ;
‘iithe Ssum exceeds the output limit, the integrator will be completely
‘discharged in other words, inhibited With this arrangement, the ;
' :integrator becomes self regulating It adjusts its own;operating
Wdrange to precisely that amOunt needed to produce output extremes.r,.
x-WheneVer the extremes are‘exceeded it inhibits its own operationt ’

¢

Besides the elimination of the reset'windrup problem,thher -

1~this schemevaregiiﬁ-
j be no. start-up problam,and

yf'tive action is free to carry out “its original



ST o Chapter III

The Design of a Near Ideal PID Controller

With the design objective and its theoretical background Sy
already laid out in Chapter I and II, the design work itself u%y now'.
" be di_s_cussed. | | e

&

System Description L ‘ S - oy

For any real device, physical 1imitations are. unavoidable.
Hence, -an understanding of the operational limits of the controller

and the control 1oop is needed In figure 3- l a particular control :

- 'Figure 3-1 A particular control loop and ityi‘g(al,opetat';lhg -

4
_l'o}bp and it -,signal _ope‘ratin_g'ranges.' are -shown.
or L @
. _ | 3 .. PHYSICAL VARIATIONS
"conTroeer] L Go rof) [T 1.0
(CONTROLLER | ict) somd)| vrans] | BLANT kL
. PROPER - - DUCER SR
RS |- : ' ] em™m
) (-8V) : ' . | R
G Yoo o I R
R R c(t\ (i t.o5\/) N 1
ANC. fomr Cm ('OwsoM‘)i_' \/IC 1 sensORfe—rd
e e CONTROLL_B_ _} T

ranges - - S
Q.The distance between a. controller and the controlled plant could be
‘ ‘-‘quite;l'arg_e_. In ord{er t:o prevent the elect:rical signal from being
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affected by the distance, the controller output port is designed to be

-

a'Current source»' Actually the controller internal signal of 1 to 5 -'

-

volt is‘converted into lO t0450 mA current. This is because the[hajority .
. : 4

. of 1ndustrial transducers operate in the lO to SO mA range

- The. sensor within the plant will provide the voltagev

representation of the controlled variable This voltage output c(t)

will be subsequently transformed into 10 to 50 ‘mA range of current

o The reason- for the transformation is again the possible long distance

| l-between‘controller and:plant Upon arrival at ‘the controller, the _

i“a larger signal swing is desirable, , 15 volt is used as the power

output c(t) (in current form) will be conVerted back Anto. a l to

-

5 volt range of'voltage. The set point voltage is also in the range
< ) .

' -of l to. 5 volt [16 15]

4_for its parameters..
Proportionallgaih~x,'f’,_ -g.-J

Integral time Tiiiv“‘ ‘-‘;.: -

; Derivative time Td |
As will be shown in Chapter v, these parameter ranges are adequate )
for most industrial requirements. '.]}; T .,'hf'"' ‘;“l‘l}\a-

: \'j"

T Since integrated circuits will he used in the controller and

-ﬂ':supply voltage. A + 40 volt eupply is also needed for the output
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current‘drive The + 40 volt. supply was selected for convenience in

this prOposed design. If necessary a 90 volt supply can be used to
allow series connection of transducers._ L
‘It is presently quite common to. rack—mount controllers..

Hence, it is. convenient to have one set of external power supplies to

_provide power for several controllers and their accessories. In this

ab

proposed design, only. external power supplies will be used 'The-,sf
*required 15 volt and + 40 volt supplies are drawn from standar¢

. laboratory power supplies. he auxilliary 6 volt and 3 vplt =

supplies for logic circuits are derived from‘the * 15 volt supplies‘

- by voltage fegulators and voltage divider circuits. The complete

circuit_details for the power supplies are shown in figure 3~ 18

il

gManual and digital set point adJustments

~ Figure 3-2 The generatioh/of manual set point variations’

Tha manual set point voltage ‘can be easily generated ‘as shownu= ‘l

" in figure 32, R _' L L o =

,arru-

Ll

~> Vo (¥ rossV)

‘f'&'

ok S

. DO'T
SeTKD
oy
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TR
The.+ l to + 5 voltape range is. derived from the potentionxetcr
_and fed into the positive input of the operational amplifier »The
op-amp here serves as a buffer and . a voltage source.:wn 1-
| The digital set.point adjustment was designed into a part—~
icular.format This particular design is intended only to demonstrate
. the possibility of digital computer control. _Other ﬁorms.of’digital
rset point.adjustment are possible.A R - |
| For this particular design, the digital set’ point range of
”‘l to 5 volt is divided into one hundred evenly spaced steps, such.
isthat eachi | step equals 40 mV _ [(5 l)volt/lOO = 40 mV] The command
signdl, asking for any quantized value between + l to + S volts, is
.coded in binary format., To represent lOOlo in binary, one. needs at
llleast seven bits. For example, the binary 1100100 equals the decimal d
. ilOO and will represent a+5 volt output (+ 1 volt + 40 mV X 100) |

The devices chosen ‘to convert binary codes into voltages are y

‘o
e

| a Fairchild's uA?iZ 10 bit current source and an op—amp as shown in
;figure 3-3 The. resistorsﬁmaiked as RE‘in figure 3~3lare selected
‘sUch that each successdve.transistor in the uA722 device Will deliver
‘Tatwice as much current as the prqyious one. By applying a binary 1
dto any logic gate in the uA722 device, the gate will be closed and
‘the transistor below that gate will draw an integral number of current“bi”

‘ 'units from the following op—amp. As specified in the uA722 -

l';. Specification sheets, the maximuh current when aﬂl bits are on. T
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' Figure 3-3 Using uA722 and an op-amp to convert a. .

e

binar}' code into a voltage 4
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REI 2547 Kn. N

- RE2 5.094 K
Reatoa45 Kst
"RE4 20.60 Kst-

) ‘RES 4-l a8 Ky

| REG 81.43 K
RET 1I63.4 K

o REO® 3287 Keu -

"RESQ 644.9 Kn

RElo 275 Krt

n is -2560 uA. Taking the cur}rent through the least significant bit

' transistor as one unit, the. maximum current when all bits are on, o

9

corre8ponds to 1023 units (N =) 2% - 1023) Therefore, each unit T
| S

n-o

]quuals 2. 5 uA (2560 uA/1023 ';“2 5 uA) ’ Since only seven bits are

; needed to: represent 100 steps in binary, the seven most significant

= -bits in the uA722 device were chosen. ‘ This way the uA722 will be 'I

' --_"'able to deliver a heavier output current.. 'l‘he 1east significant bit

‘».."“m the uA722 device will now he the 7th bit, which delivers a current



:'8 times (2 = 8) the current of the lOth bit. | Therefore, the 7th
transistor will draw 20 vA (2 5 uA X 8), which is the new.current uniti
V‘For each step to . correspOnd to 40 mV the 20 uA drawn through the Op— ;
| ”amp should produce 40 mV Consequently ZKQ (ZKQ ' 20 uA = 40 mV)

.uwas chosen to be the feedback resistor value for the op—amp. -
Manipulation of the binary digits is accomplished through :

-,”:mechanical switches On the front panel But these mechanical switches

W,'are not directly connected to the gates of the uA722. Instead the

output of each mechanical switch goes to a.'D' type flip-flop.' The
‘D' type flip—flop has to wait for a read pulse before it transfers‘
| ’its content to the*gates of the uA722.; The purpose of the above is , ;-r
_»to allow time for manipulation of the mechanical switches, without

'.changing the previous set point leVel until the read—in switch is

’.",Tactivated The read in switch is a normally open mechanical switch

‘which will give a + 3 volt output when pushed on.v At the release of

\ i*the read in switch, the trailing edge of the + 3 volt pulse will

}~trigger a monostable multivibrator, which in turn will produce a one -

I
j hot pulse.f- he leading edge of the one shot pulse will act as the

n~read pulse xo the ’D' type flipeflop.

The width of the one shot pulse is calculated to suit the

. jparticular 'D' type flip flop chosen.“"
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A pedestal of l VOlt is added to the output to elevate the
’set point level into the + 1 to + 5 volt range. he complete circuit

- 1s. shown in the digital set point section of figure 3-18

ﬂError Signal Generation
| By definirion the error signal is the difference between the
‘set point 1evel and the controlled variable. Assuming that the
';feedback signal is in- current form, then a conversion to a- voltage e'l'
signal is needed After the current to voltage conversion the plant
5i-output and the set point voltage are subtracted from each other by
.;'-,feeding them into the opposite polartty inputs of a differential
'amplifier. Therefore the output of the differential amplifier is
lthe\error'signal The circuit to generate error signal is shown |
in' figure 3-4, . S T e
T D SR rﬂﬁﬁﬂponxf
L ek Cieow |0

- |oor 9 N Il Vone -

™
r

» v EEF:ERENTVN, L
AMPL\F\ER ' |
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o The’ double pole double throw switch ° in figure 3-—4 serves the »
»purpose of generating either + e(t) or - e(t) This switch therefore

4.1

-‘,_‘enables one. to select direct or indirect action. |

The Controller Proper

The ideal P}D'alg'orit‘hrnf__in; 'm’a.thematical"fo'm‘u_l_eti n_'-is‘:.‘__,_'“' :

+ '1‘ S)
i,? Kot

~$> |

)]
=

"K (l+

' The block diagram form is shown in flgure 3-5: ' -

CE(9) -

Figure 3—5 The block diagram of an ideal
o | PID controller S

',”f‘\irfThe signals from the three branchea in figure 3-5 may, at times,

o ;'t‘-fcancel each other partly. ’I'his situation-:‘can be visualized in

" '~'.'__:',j,figure 3—6'where the eigne of the signals”'ar considered. !
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Figure 3 6 Control action of different modes. «"

' positioned at the summing gpint 1nstead of positioned before the :“"

three branches, the Qignals within the three branches will be

considerably amaller (being only e(t)/T

' ?fffj_this arrangment, the output from the 'hree branches will cancel each

;, T -é(t) and l x e(t)) With35iff,



. ‘nhere -0:<fo."< 1 K ';"" 2, K" =10

:As mentioned in the section entitled "System description" in this
| echapter the gain K is limited to 20 in this controller.‘ With a being
: hrepresented by a potentiometer, K ! and K A are set to 2 and 10 |
1¥'respectively.. Hence the gain K can be Varied by the potentiometer
'.,'-_ between vaIues of zero‘ ‘an.d twenty. - The format %f ;:he proportional .

gain is therefore decided and «13 shown in figure 3 7

@
-




The circuit adopted is a passive Aead network which when

'jcombined with the branch of Tls ” will be very close to the ideal

L
V‘algorithm This circuit is shown 1n figure 3- 8.‘

Figure 3~8 The passive lead netWork '

“

eLThe transfer,fungtion of the circuit in figure 3-8 13".f{5-; o .‘-‘ﬁ
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e 3
CR. (R, + R_‘Z‘)\ ' '

.. [s‘cRr»+.1]r(' | e

" CR_(R} +R) g e
Let T """"’"‘““"' and T':'T=f»_c R, =T, == .. ~Then: ' . .1 o

Vo(s) i Tds + 1 . y \' : L ' . J 2 “
.E‘.S‘? S Rl+R2 A R
N ('r 'SC=—SY T

ST D T e

'Note that the ratio of T T OVer T is a constant.. The frequencyA,

d‘ d
vreSpOnse plot of equation (3—5), as giveﬁ in figure 3—9; sPows that 1 »Af;;.'f

~!*-and E¥T-are the corner frequencies correﬂiondiug to the zero and
s ~Td RS !‘uf
:f]pole location respectively.; On the logarithmic abscissa, the two T
,~.corner ftequencies will be maintained at a fiXed distance and hence_;l@f_;_‘-'"

7'3' 8 fixed gain difference, no matter in what position they appear along

3?*}the abscissa.vfln this manner, whenever the poaition of the zero cf—) L
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[

The velues of'the'lead network?were:choSen'to be:

‘Rl‘e‘9009~ ‘
o R, = 1009-- S }‘.'. o
‘);.}‘ _hf 5 7uf ‘ .

LT R = 0. 86 x- M MegQ where,o <M< 10 R o (3-6) 7.

L @ in other words TdS = T /10 As M varies be

.

BRI

S D EE I SRR R
vffSubétitutiné'équatio@r(3=6) 1nto;(345)':_-- -

4°v-_

. E(S) L Rt
e (T s+1)( R2

- e C s

g B T 1+ 60MS - FE R ¢ 50

oo TygFeM) x 100

w

: '»" .A B . ~ s . N a N . R . e .

) d

~a

[g

"?*Z:M oup, l—f will always remain one decade of frequency away from %—Tﬁ

R Ta d
L with aehigh frequency gain of 20 dB above the low frequency gain.,

As will be shéwn 1ater. thia distance of one decade and a gain :

eninag S
}“ fisure 3—10, s R

1&eal one.f The approximate algorithm in block diagram form is shown '

In equation (3 7) when Id equals GOM seconE:, Td' will be 6M seconds, i.
een zero and ten the derivanive

time constant Td varies between zero and 600 seconds.; With this set- f”

difu'rent of 20 dB make the approximate algorithm close enough to the'hyi
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PID algorithm

e . The »tr,ansﬁei:_ fuﬁ'

?}ffor’the‘aﬁbroximat;ohhiézf
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In most cases the tim; constahth Iused is of a rather small value

R 1
o [6]. The value of T o which is only one tenth of Td’ ‘can be neglected

d
Iherefore.}V; S , Q§: E;f.'

1 +T, s f»'iflrl o SRS
. A-£§l x [ dTl_l 1 1 S RO
-j._ - E(S) 1 + Td ER TiS . >":,._f: SR

T } _ ﬁ;;}, N eTQ}f iif ’f}hhhm}{ff{ ;M;:;tf,f:f‘;{ﬁzl‘»”n

:!

It s clear from equation (3-9), that'the algorithm adopted will give




a: fairly independent parameter‘set as desired Tc étcveyﬁhet the
approximation is. really a good one, the %ollowing‘analysis is carried
out. - Given the traﬁsfer function. | .
‘¢ k
'vo'(sj.-‘ o rs41

o d L1
- TE(S) ‘Kc"( TS+ 1 * 'r:isz):-

.Vhere Id 35'10 Td — Cee ‘;710) -

and the input;e(t)‘is a ramp i.e.

‘e(t) = At where A = consteht:"'

ST 1AL
OV (S)=K. et E ) 5
e TS AT TS T 2

SR '.Z'K;ATASu@ .: {3:5} ;;:A‘;e.KeA;A. ot R
(T,'s+1)s AT ',s+1)s,.j;.rrs-»;,% N

ifTakinS the inverse Laplace transform.vl A

nﬁj&(;‘.

v(t)-KAt+kcAT (1~e"- )/éAT'(l‘e )




'\Eqdationt(3413) ¢ah3be split into 3 perte::--'

| "f-'plotced :Ln figure 3-11

1., . T4

AL 4far (1__ wa-e

[

e
E e Tdy. ()

= K (&) + =5 L7 - (aT) +K,;r

( 1 -
PR d‘lo
Gy

R \,‘., ' : ¢

E ‘fthe:Piaetion is: 'v,(t) F:K‘(At)
o P K¢ 2
the T dction is: v (r) = = (At
B ; ) S T, 2 C ”

fand'e - the D actien-is:;ZVD(t) ¥'K¢Td.‘[0}9A(1b?:e.‘Fd')]: L

:Obviously, the P and 1 action in equation (3 13) ‘are identical to-ﬁ@
the ideal P and I action. Only the D actioq,in equation (3 13) shows

| =
- the, effect of approximation. The ideal D action for a ramp input -1 -

ot a4

. vould be,; - f

® rT

e Kch»EE'AtA'.., L RIS e"f”'(3fl4).l

: vTo compare the.ideal and the approximate D;aetiqn, bqth”df them are ~ -
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"lQOZ of the 1deal value. ;:

-‘sufficiently close approximation.

—
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. i /\ N :V' . R ‘ v‘l . . ) R ) o
TPUT OF D AC’#'ON ] . ) ' ) . RAMP |NDUT 4 KC_
Cé%;u \QS -1 o ¢ ) . = P ACTION

e ] o 1DELL D/ACT\ON //

0.9 AT < - === == = = em—emooa

THE
APPROX|MATED
D ACTION

- : . l' — — v— — - T _{— > t
‘i v
- "‘- . B 2 . A .
¢ ._‘04 Figure 3—11 Comparison of the 1deal and

the approximate D action under a ramp input :

o Figure 3 11 illustrates that at a time equal to T /10 the D ac%ion

‘has reached 63z of its final value, and also the final Value equals

-3

' Hence it becomes obvious that the algorithm adopted is a

e @

The integrator circuit 1s straightforward as ahown in figure ;

&"7 . a3

_3;;2 The output from the integrator circuit of figure 3- 12 is.:

I(t) = 0 fe(t) dt .
y oy T D e
£ ".T; e(t) dt I L € S L)
# j“\; o ‘ -—-'- X3

o
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: Figure 3—12.The integrator circuit o 1{'- i
- - i Lo L SRR

ii_Varying of integral time Ti-ia accomplished by means of a potentiometer

"Q-The op-amp chosen for integration must be selected with care te-have :

low drift and input offeet [16]

B The complete circuit for the PID controller proper 13 shown

'in figure 3-13 With regard to figure 3 13 ‘the following points :

:‘of interest should be mentioned. The value of M is designed to be fl’r:

u*adjustable in 20 steps, The first 10 steps vary M between 0 l to l,

v‘f and the next 10 eteps vary M from 1 to 10. The potentiometer at theQ

P

aummer is provided for padding the output to the range of 1 to 5
. i

'-ff::volt.\u;he zener diode acts as a voltage limiter.‘ The switchea

'"f'around the integrator are there fdr the purpose of reset inhibition;h o

i

L ?

:Output current source and filtering

\ The control voltage ' (t) generated by the PID summer will ‘gfp

g



- INTEGRATOR

1 |'0\—<-' 1oow S

_pugwgpuevwonx ce e ‘ SUMMER |
o AND X (+ |o) AMPum-;m :
; Figure 3-13 The complete circuit of PID cor\tcoller proper

u N
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‘ pass through a, 1ow pass filter, 80 that any frequency component above
E 10‘Hz will be attenuated Mainly, the controller controls plants

o with 1aYge time constants in the range of minutes [6] Therefore,
\‘d frequencies above 10 Hz éan be. filtered out without affecting the

. relevant spectral characteristics of the control loop. At the same

time noise and higher frequency components of disturbances are also'

: & .
e .

reduced.

The voltage to current conversion is achieved by the combin- L

" ation of an op-amp and a medium power transistor shown in figure

1
.

R TS ’\+/40,gIQl_T.

e og o . .
. VRLAC‘NVA’TIO_N R
/ pevICE

| S : — ‘,'Q\_HNPAUT lM.DED",
AR DT R

 TRANSDUCER

LOW PASH
.'»m't,'.'reR’

Figure 3 14 The controller output driving circu‘it

with low-pass filter S
. The output of the 'op.-a_mp.-'qngfc;:ly};drivgs the .'base' of the' ‘pow'e'r tr'an‘s-v‘

 fstors Thetrue ’.pu‘rpose is to keep VRE equal to Vi » such that the : ,

L
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op-amp differential input voltage Vd will be zero.,.The value of
' RE is chosen to be 1009. With 1 volt appearing across RE there will -
;”:Vbe a current of 10 ma passing through it. When Vi =v = 4 ? volt, p:
rl‘the maximum output, there will be 50 mA of current passing through
ﬁRE.i Since the éurrent through RE)is I (IE~[ ), approximately the .
‘ame amount of current will)be forced through the collector load

Therefore, the intended purpose to convert output voltage

._ranging from +L to +5 volts into a. 10 ma’ to +50 ma range of current

T has been achieved. If a +40 volt supply is allowed while the output

htransistor is driven to saturation at 50 ma, the voltage value of

‘o

. VRrvwill be +35 volts (under the situation VRE- +5 volt) In other _

fi«words, when the output current is at its maximum 50 ma, RL can. be
'chosen to have a value up to seven timés the value of RE_before the
‘ﬁtransistor saturates. This is desirable, because there is no control

I3 ; over the transducer input impedance 1. e. Ri ‘The’ best one can. dO 13

‘to set an. upper limit for the transducer input impedance.' In this

= o‘case the +40 volt supply sets the upper limit at 7009 It should be

‘remembered that this is a current sources therefore the transducer

if;input impedancj&will not affect the currept output.

Note that the output from the summer is actually from -O 6 volt

F';a‘+ 6 5 volt instead of the specified +1 to +5 volt range. This is

T T .
w_dictpted by the limiting diodes.; When VE-vin - -0 6 volt, he output

- of the op-amp,bedomes -15 volt in order to force enough reverse
vacurrent through the reverse biased base-emitter junction.' Understandably.?.ﬁ

'*ythis kind of operation will eventually damage the output circuit...
‘ S e ¥ R :

Y T
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The remedy is to use a diode as/a path by-passing the emitter—

: base junction when negative voltage appearsacross RE (ihis diode

is also shown in figure 3-14

Reset Inhibitiég
- The purpose of reset inhibiting was mentioned in Chapter II

A realization of it was also described The method used was simply

.,'.

L to monitor the output of the PID summer. Whenever the ‘sum exceeds

|
\ either of the limits (+5 volt or +1 volt) the integrator will be

' inhibited. .

First of all a direction detector is needed to indicate 2

in which direction the controlled variable is moving. If it is _:

rising towards maximum output, the PID summer output will be compared

: with +5 volt.‘ Otherwise the summer output will be»compared with +l

volt. After the direction detector a set of special comparators

is needed to check if either of the limits is exceeded And finally, 12.

a set of solid state switches to carry out the inhibit or- non-inhibit :

commands is required 3‘;7,}:.flyh N

-

’ R
I is chosen [16] The input signal e for it will be the negative

error signal, e(t), in the cOntroller. Since -e(t) = c(t) - R(t), S

For the direction detector, the circuit discussed in Appendix '_:

where R(t) 19 the fixed set. point 1evel it is obvious that —e(t) can ?.

represent the controlled output c(t) for the purpose of direction

detection.» Note that the input e(t) is a signal that varies around

the zero volt level Hence the circuit in Appendix I will haVe eref Ovﬁ"“‘ﬁ

PR TR
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The circuit of the direction detector is shown in figure 3—15 ’
Whenever a. major disturbance occurs, reset wind-up is -_-.'vf fi T
possible. At the same time, the error signal will‘ba large enough

3 to cause a change of state in the ditection detector. On the other

4 -\

hand. whenever the controlled variable approaches steady state, -

A .

_ the error signal becomes very small The threshold—level in the'
',‘i circuit is designed so as to disallow the error signal under effectively

- steady state conditions to cause any change of state in the direction

detector. It should be remembered that the integrator should never t_
g

be inhibited under line-out (steady state) conditions.; Moreover,_»iiffg;:wy.

s T

noise of amplitudes smaller than the threshold level will not cause .“

unwanted changes of Btate. i'ﬁ'c-:quﬂ»‘"Fﬁtpi'

‘The'same level'detector'with'hysteresfs'isﬂused‘asfthe.inputf?h3[: o
B SR R
stage of the signal comparators. iny this time e f does not equal
"zéro but equals either +5 or +1 volt.r Suppose er f equals +5 volts,_=[xjf}fh

and IV | = Q volt. then. e T s T

el m Y (e by e e e
Kigok“~%‘YL'('fgﬁf5)i+?e?efﬁﬁf SR L e

o ,...+ VL + e f whgre R")':—' R

Cor o =1 valt or -1 volt

”‘QUThe asymmetricaefPAIuea‘of eo are intended to act as the command

'rgi signals for subsequent logic circuits, The logic circuits'chosen
. v\—

l??are the RCA GD4016 COS-MOS switchea._ They»are biaeed 1n su h a mannerfﬂ{f:“t’

"'.s;that a +3 volt control signal is required._ To obtain thia i= v‘,t ,;j

.j;:.it was decided to pass the asymmetrical output e0 through -8 gain‘lO




R A

e re&‘ Y f \‘(*;;,;*%f S

' '3 V, ' RESE‘Q!‘”« E

—— —
. LEVEL COMPARA‘TQR

TINMIBITING 00 D
sE\_a:'r SWl'\'CH

SR

CD40\6

o - S



SN

) complete comparator as well as’ the reset inhibiting circuit are

B ;V, -

amplifier with a voltage limiter as - mentioned in Appendix I. The _'“d:

- . . 8

R

‘ . 5-shown in figure 3— . The operation of the reSet inhibiting circuit )

hfin figure 3- 15 is roughly described in the following ‘Suppose there ?.

:is a sudden positive step change in set point,‘and if it is assumed

, set point changes are’ shown in figure 3~16

: that the reset inhibiting is operating, there hould be - nqﬁovershoot

'_fin the controlled variable.' The controlled signal. the error and

ol -

PO

Figure 3-MB The response of c(t) and e(t)‘"f

under set point change and reset inhibiting?;u

RN
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" The error signal An figure 3—16 is going positive._ The positive errorz

f”_:will cause point A and point B of figure 3 15 to become - 3 volt and

‘ ‘+3 volt respectively. The values of‘voltage at points A and B will

- be maintained until an oppositely directed change of e(t) occurs. lfj':'
v':the expected reset inhibiting action is going to take place, ‘the - |
3error signal will not overshoot but will approach the new set point
.:ffrom one side only.‘ Hence there will be no. change of sign in e(t)
and no change of state in the direction detector unless another |
“{,disturbance should take place. At this very instant in time the
‘:voltage values at points A and B will cause switches l and 3 to. close .“;i“
*'and switchesIZ and 4 to open. The closing of switch 3 allows +5 o
volts to appear.as e éf at the positive end of the 1eve1 comparator.:‘;l
; At any moment when m(t), %he control output, exCeeds +5 volts, point B
| will become +3 volts and point D -3 volts.» Recalling that the
direction detector is still forcing switch 1 closed and”SWitch 2 open,fl.'

only +3 volt from point c.will be allowed fo’ pass through switch 1',.

ﬂ

‘fo The result is that switch 5 in the integrator circuit will be closed

and switch 6 will be open. Thus the integrator is inhibited.'

Once m(t) falls back below +5 volts, point c will reverse ”;"

S E e
-] L

its sign to become -3 volts,, Yet switch 1 ls still closed.. There-~l

When the orror sigual goes negative’ SWitch 2”1nd 4}.%&..

- closed, making +1 volt the er g at the input of the 1eve1‘comparator.

.',y

N This time, only signals from point D can pass through switch 2 and

1 \’4

= o contro% the integrator. Only when mit) drops below *1 volt, will the :}h!
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integrator be inhibited

&
There are three sets of mechanical switches involved with
the integrator. They are' | X \/w, ;
K j’ [VI) Reset inhibiting select switch
2) Reset on-off switch
3) Manual or-automatic select switch. B
: o . : o .
These switches together with the integrator are shOWn in figure 3- 17
A *GV » ‘
e EROM - RESET ST - IR
INH!B!T!NG L_OG\C_ S S o

low &

RESET _
wmmTwc,




e
o ’

RIS

' . When the reset inhibiting select switch is in the on .

i

positiOn, the integrator is under the control of the reset inhibiting
'-; Logic When it is in the off position, a fixed —3 volts level or

‘(Jv ' Q voltage appears and allows the integrator to fUﬂCtioﬂ freely

There are occasions when reset action must be cancelled

scompletely, auch as in the case’ of pure PD operation.f The rest'onj o

;off.switch serves this purpose.
R l"’The Purﬁosetbf.connectinéithe triple’ganged auto manualfselectl"‘?r

switch to the integrator is to provide bumpless transfer operation.;'r‘

X

When set in ‘the manual position as shown in~ figure 3 17, the first :

"

lof the triple ganged switches will provide +3 volt level to disable 'v . fﬁ;
the integrator and at the same time turn the integrator into a gain ) ;_;i cy!
f' l inverter The second switch will provide -mM(t) + 1 volt to the in~f‘d

';h'j put of the integrator. Hence the positive manual control output minus'

¥

b&7v one volt will appear at the output of ‘the integrator. e L

‘ o When switched back to automatic control, the integrator will 3” s
4_‘.,, !‘ B PR
i

be reactivated but with the initial value mM(t) - 1 volt stored in it.; T

g
set point equals ‘c(t) during the manual steady state,the automatic

W' control output uKt) will be equal to the previous manusl control

n" R
Yot

f< “tPUt nk(t) Thus o bump will occur during the transition.ﬁi_éf,»J‘**-~.’.

hﬂv}?Note'that all these mechanical switch outputs are tied to

5

'%the same point. However, the +3 volts for the auto-manual switch

and reset on-off switch are both derived from a voltage source, while

the -3dVQlts for the ese inhibiting select sWitch comes from a

e -+3xvolt and —3 volt occur‘at'th’ same time, :'
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vthe +3 volt will always over-ride tbe -3 volts.r In other words, o
,5'whenever the reset action is at the off position (gives +3. voltsl or
when manual controi is selected (+3 volts also), the integrator ‘
'-ceases to be an integrator, regardless of the state of tégbother

\_switchesu.

e

:Accessoriesjp”

| A setvot accessories.on the front panel is required ‘to -
‘select or inoicate‘the proper functions. They are. -' |
?;_'lyiuDigital or manual set point select switch
“";2>1ﬁManual set point knob |

3) Digital set-point switch set

kR

Sh) Automatic or manual control select switch

R - ‘ . l’

'5):LManua1 control knob il5'i.:,f -_ _e”” _h T e
]:6)”;Direct or indirect action select switch | 5 |
/?).'Reset inhibiting select switch s

: &)htReset on—off switch
'3?:;9l?hMeter reading select switch selects to show a) set point

"wrt>§b) plant output,'c) automatic control Output,_d) manual control |

!

:'fl output, e) zero check
‘.fslﬂ)eDigital set point read in'switch

: ‘:11) Power on off switches fort+15 volt and +40 volt supply

o 12) Indicating 1ights f"or ilS_'.'and + 40 volt supply R ‘
'3 : - S
e 13) Current output connector. a female plug for cable connection

at the back of the device5;

. A -



c L ' _u.'
L - < A ‘\
14) Voltage output connector' a female plug for: monitoring purposes

‘Et the back of the device:

)
«

flS) Input.connector a female plug for cable connection to receive B

Ny

feedback from.the plant output
516) Safety fuses' to limit power consumption from +15 volts and +40 VOlt
© supply |
17) P:‘.ZI’.D.l :pa,.r'am"eter ihdica‘tiﬁg 'dia].e

8 The present circuit lay-out is purely for convenience reasons."
’ The controller can be easily modified to a smaller size for industrial

ffuses. The complete circuit, and.the_appearance of the:device_is shown
r . ‘: .'.'- o K - . .

r,in‘the_fr"owing diegrams: )

o

LYy
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e Chapter IV ﬂ,

The Tuning»of an Ideal Controller.

The existing tuning'techniques are numerous. They.arel
: the product of different definitions of process and performance }
criteria [17 18] To, name a ffw there are Zeigler—Nichol 8.
closed-loop and Opan—loop methods, Gohen-Coon 8 method Harriot sg
‘ method, three constraints nethod and integral of error methods.
The co—existence of these methods proves two things. (1) control f..
“dlsystems with nonlinear elements are difficult to understand [19],"d§"

A Y

(2) optimal tuning brings marked improvement in. process contrdl and =

hence the effort to search for it is justified [3] o
A controller is.not.designed.for the controlliné of random .
noise, but rather for set point changes, disturbances and load changes o
[20] The solving of a tuning problem usually starts from thenproper
’_ characterization of the process itself and the choosing of a sOund B
Ta performance criterion. _ e object is to find a controller setting
.H.i; which &ill prbéhce the desired performance for a partitular plant.»,fj
The characterization of a plant jl~J T‘f;'t_:fc"? . ;u;ys“'» .

l - B AR ;

H The characterization of - a plant falls into the category of

V.open loop!nethod. In contrast to open loop method the closed loop
B uethod seeks to characterize the entire control loop. In practice
it became obvious that xhe open loop is superior.; Because the open
loop nethod'needs to upset the plant only once, while in the closed 1oop.
-method the necesaary informationbmust be acquired through a number |

e 4
"-JV of upsetsof the entire control 1oop. In many cases the closed



“

: open 100p method"requires information to be extracted from the process

S . MAGNITUDE OF

e .
N

e

loop method is not only cumbersome, but also intolerable.

following manner. 'ip":}*'n : f;lf

-’58

‘The

'*reaction,curve. A procesa reaction curve can be produced in the

,t_\

l) Place thercontroller on manual operation and allow o

the system to reach.steady state.

(8

2) With the control still in manual operation, impose a

3) Record the respOnse of the process output.

L4

A typical process reaetion curve is shown in figure 4—1.

v o . T . Tie -
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© . Figure 4-1'A protess reaction curve
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Different methods are available to approximate a process represented

by the process reaction curve in figure 4-1. The most common approx-5'

imation is a pure‘time delay plus a- first order lag. .One. reason ~">'-ﬂ~ﬁ‘

\

for the popularity of this approximation is that a real time delay
iof any duration can only be represented by a pure time delay There“

\is no other simple adequate ap roximation. A higher Order lag plus

]

pure time delay is also poss ble, but not necessary. The pure time ,:;g S

:“,fddelay plus first order lag pproximation is easy to obtain and

‘;:sufficiently accurate for mo t pu&pOSes. The-apprOximatedhprocess

o transfer function is' :

. -85 PR B (T S
. ‘where 8 = L'~ . dead time delay
i__i:'fft}OQSSfofeg'ftff1time constant of a 1st order e
| system

Ly
: 1.

:f‘The parameters K, 6 and 1 can all be obtained from the process

"fgreaction curve as shOWn in figure 4— ‘; In figure 4-2 the reactiOn

.”:ii“igcurve of a second brder plant with dead time delay, and its approx—-

S /-
25 1mation by a first order lag plus dead time delay are @m
7'7},Figure 4—2 reveals the closeness of the approximation to the.true

"”,.‘process reaction curve.
‘ [ ' R S O R R N
_3;: For plants with an undetdamped reaction cuLVe, the first

“'”-order lag plus dead time delay approximation is not suitable. Instead, B

Q

"’1a second order lag plus dead time delsy model should be used Note,plﬁ'




.'fof two parameters as in the previous model This extra bit of

 PLANIT ouTPUT
..5 _
05&0 «;5 siﬁy

L AC.TUAL PROC.ES5 G(S)

: R aes
APPROXIMAT ION G(S) (!_%‘55—77‘ |

e

Figure 4 2 The reaction curve of a 2nd order plant

v"ﬁ plus dead time delay and its approximation ;ff‘

S e ,-'-, Lo 'f' j". o o v‘ i -
Lo that-this model centactually represent both underdampedrand“over—

damped processes. This higher order approximation requires three

”parameters to be extracted from the process reaction curve instead

»
3

b

lfinformation insures a better approximation and as. a’ result better

g'controller tuning.

The trensfer function of the second order lag plus dead e'

“f_time delay model 183 :f

c(s>-,‘ “ B Lo R




f is comparable to tggt of the first oner model
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vl
L

.‘There are a number of methods to extract e » Wes £ and K from the .

:process reaction curve. Mayer s [21] method published in 1967 can

B

, be appfied to . both underdamp and overdamp systems with dead time ;

1'delay.: Me?er s method is good in the sense ehat the ease to apply

,Q.‘ -
& v &
= Qa

The second order lag plus dead time method is aabetter approx— E'Hd

:1mation for higher order systems.n However, in most cases th\ first

f_used. ‘

. Choosing the performance criterion - g.d’

U ) Ry 96" N q.

' order lag plus dead time delay approximation is sufficiently adequate._ é f

| ?;ﬁnless a higher accuracy is needed ‘oT. in the case of an. underdamped

' "2&?

i.jreaction curve,Athe second order lag plus decd time model is seldom

A ("
[

.~vr :- !'

\ : . 3

Most of the. time the- process under con?rol is at steadya SN

u

S staterl Starting up, or set point changes are rare to, encpunter.qt -

:l‘Under the on-line control situation the most frequent happenings o

Y

are load changes and disturbances. Hence the majority of control

»tuningp are tuned for batter performance undq; disturbance and load
A fchanges. The answer to what comprises the best performqnce, may
‘well be a: subjective one. Most of the older tuning techniques were

g _based on the so called quarter decay ratio as the performance criterion.‘

28 .

. “The idea behind it is that, if the difference between each successive 'h”

~45:*peak and the steady state Value is 8ne-fourth of the previous ,[ :

: difference’ the °“tP“f Will settle down very quickly. ‘This situation i

B 13 dePicted n fisure 4~3 'Q SORP T

However, the situation,in figure 4—3 is Only true for a: pure

RS 1 ﬁ

T e T e
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& v
CONTROLLED vAR\AB\_E A= S‘.\ R
\ a(h) ' a’b "4

, c( t)
ey

Figure 4-3 A response with ‘a quarter decay characteristic ‘

second order system. In any other system, there is no guarantee

?fithat this decay ratio will hold true through all subsequent peaks.a .
‘_There is another problem with quarter decay ratio as a performance'

icriterion. In a multi—p rameter controller such as PI or PID

tcontroller,»there are. i'finite combinations of parameters to produce '

‘:Ia quarter decay respo'se.t It was based on this fact that arbitrary
fconstraints were impHsed On the original Zeigler-Nichol 8 open loop
ftuning method.. It became knOwn as rhe three constraints method [lB]

'j7The fallacy with"uarter decay ratio is that, it relies upon a few o

1

: pfrpoints from the response curve to determine the goodness of a; control
“1So is any other similar method bound to fail (e g. frequency response o

”ff,method, also relies on a few points)

. e
R :
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The ideal performance criterion sh0uld be a single figure a
Ihthat aCCounts for, not only a few points, but the entire closedloop -
_response Originally, the purpose of a feedback control system 'was

to minimiae the output ‘error as a function of time after some. upsetﬁ

. has been introduced Both the magnitude of error and the time‘

- over, which ‘the error is present, should contribute to the definition'ﬂ"

of the optimal control Accordingly it 1s logical to propose a N

'.figure of merit to characterize the entire time response of the ‘

| system as:. R B (fj

o

hwhere F. is a function of error and time By integrating F with .

';'respect to time, a single number will‘be obtained, characteristic N

“'of the entire time reaponse of the system. The criterion of h“‘

'-':performance.:¢ should have the property of being zero only if the
: M :
"‘error is zero at~all-times. This is clearly impossible after

»disturbance has been introduced However, the Smaller £Hi vj%%e of L

€

f;@ is the better the performance of the aystenn» Optimum performance'-

a <L

f_ca%_therefore be defined as that time response which gives the L

';minimum value jﬂrh.; Since thevtime response of a particular system ~;~-'

’:_is a function of the controller settings, the critsrion of performance ‘:.

A4
'y is also a function of the controller settings._ The problem of

-'*zminimiZinzfﬁ,can be'mathematicallyzformulated;ag, e

‘- ’.f‘F{'e’(t)'.t_»l?ifs-'.,. = o R COR

BN
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\f.\ . . a¢ .v . R - " »_ . ) . . ‘ . ) ‘ ’ v} . » » . . ;l .

T, c 0 L e

?ﬁereKc; fi’ and Idlaté'the_conﬁroller.pgfametérsffor'gain,iinteéral o
\°tiﬁe,Aand~derivativg.timeirespeétiVely; »ihe.simultaheoué solutiﬁﬁ .-i
’éfkéquations(dFS) to.(4475.ié/;he necessary*céﬁdition ﬁO‘&ieIA'a
o dbﬁtrblle?-séttihg'thch‘ﬁiii cause'éﬁ dptiﬁuﬁ péffofmdnéé: Itiis‘
' obvi6us thén;‘thatAEhe ﬁs;‘of a-;inéie'fiéuré of merit to'chéraC£er£2e 
f tﬁe system responsé results in‘  a unique combination of parameters. 
‘as:the'optimgm sgtting‘ A number of possible definitions of ¢ 1s

listed below:

Qg ® / t e dt = ITE integral of error x time (4-8)
A 'fa?é"~, IR R ;b-f C L
- %sE 'ﬁ;//:e dtﬂ=:ISE'integr31‘of ertor Squared» (4 9) ‘ )

4 . (-] o C . » v » 4

IAE v//moeldt = IAE intagral of abaolute error(4_1o)

.ITAE U//\tl Idt = ITAE 1ntegral of absolute - .
, error X time B L (4511)

e = .v//.tezdt = ITSE integral of error square (4 12)
ITSE o
' e X time : '
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Some of the above/;i;:ed criteria are applied to a- linear second order:
_'system
< . . 1 '. ~>_: v‘ o . ) ‘ . ’» " . o N .
G(S) = B — . T - (4-13).
ST+ 285+ L. R .
: o G

with a step function as the input variation The resultan@ ¢ value~

versus system parameter variation is plotted in figure 4 ~4[22].

N -

INTEGRAL
), OF
T erRROR

s

P

, INPUT: STER
- i¥ ' ST ctuuc:rKDN i

LQNEAR SECQND
: ORDER SYSTEM GCS)

a | '§5+|

e e e
.

;prigurei4—4nIntegrals of'erroriverShs g R 2
system parameter variation

‘:From figure 4 4 it- 13 clear that ¢

f,thatlhave.selectivity,1 Among the three, the performance criterion
R B :

o

D'SYSTEN\ PARAhJETEﬁ'HF?'

ITAE’- IAE and ¢ISE are the curves



Q

’ 'it can be concluded that ]

- time appears because'small error occurring late in time do not-

]

' those of ISE and*ITAE criteria. - o

_'role in: the choosing-

66

¢ "is the 'most selective one. .When apply all different ¢'s to

ITAE

higher_order eYStenS, ®lTAE still méintaine its selective character

‘while the othet o's wane into non- seleCtive curves- [22] Henee,

ITAE'iS,SuPeriQr to_the others, for hoth‘

low ang high order systems In practice the most often usedwcriteria. |

oA -

are: ISE IAE and ITAE i R - o »."

The ISE criterion (integral’of error éqgared) is'relatiuely‘

»in$ensitive to small'errors While large errors" contribute heavily

to the”valuelof.the integral. The use " of ISE as a criterion will

“‘ result 'in responses with small.overshQOCS- 'Howevet, long line—0ut

N
| | N ) . |

contribute much 'to the-error integral. o 5
TR g ' R .

' The IAE criterionl(integral'of absolute errot),is more

: ‘sensitiVe'to smaller'errors'but less to large errots’than in the casei

-

of ,ISE. Often the result of using this criterion is intermediate to

LY

The ITAE criterion (integral of absolute'error weighted by

'time) is insensitive to the initial unavoidable errors, but 1t penalizes

h
!

.heavily thOse error that OCCur late in time. Consequently, optimum

g

'respanse as defined by ITAE has the Characteristic of short total

response:time and larger-overshoots. S

Among'these7three-eriteria'(LSE IAE‘ fTAE); if seneitivity
{8 not an issue, then 1t is left ‘for. the individual engineer to choose. .

The particularity of the system, or even personal taste can play a

CC o
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:.Tnning relationghip based on integrals~of error criteria
With 'the process‘model properly-defined and the performance
criterion chosen, the focus. should now be brought to the control

loop itself In figure 4 S, a simple ‘control loop is shown with its

-controller blocks, process block and its inputs. vft
) : oL

g ERROR D(S) DISTUR e_ywc-_:
'ssrpomji. SIGNAL

3 : \ L CONTROLLED
-1 CONTROWLER  conTROL PLANT e
' SIGNAL ‘
g
‘.Figure,4;5“A,§imple,feedbeck'control'loop'i e

frﬁé“pfpéésg block inelndee-the'dynamics‘of the neesurement-deviees
ano thet"of ‘helnelvee. : Two input aignals are shown a change in .
'sé;fﬁoiﬁi.t ) and- a disturbance signal d(t)

o The transfer function for the control element is-aesumed to.

be repreaented by either. e

-

_.“ G (S) - K 'T‘ | 3l_: o .B"control | ~?-ft4—l4).
‘[or’_,‘ ‘G‘(S)-p R (l +.?l— B ”{ ) PI'Control - (4~l§)11
e - TS - e |

~rbr:j- G, (s) - K_ L + Tl + 1, S) PID controli o (4-16)

' Equations (4-14) to (4—-16) represent the ideal controller algorithms

-
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" with no lag in P or D modes and no interectiqn between all three
modes{"Honever, ae was pdinted‘nnt in Chaptef,III, these‘ideal‘,l‘
algonithme can bé:very clnsely eppreXimated by the tqntreller pronnsed
in thié'thesis.'.ﬁence,fit,ean be'claimedlthat'any tuning relationsnip‘

'deVeloped‘for an-idealleontrollef; should alSo fit;fof,this'controllet;
m N . . N N e . N . .

This point will be' shown to’ be - true. later in Chapter V. - ]‘
Assuming the process is a first order lag with dead time .
delay, and'a‘PID_cpntrollerfisiused,,the response to eﬁdisturbance
“can be written es:"
_ Lo © -85 ] : S S
c(8) = —5— - D(S) . (4-17)

182+S+1\K “o” ®S(p s +s+-1-)

_ i

©If the disturbance 15 a unit step, then i
B =5 T 1)
and S ses e

c(8) = —5- ——s 1. (419
8T+ S+ KK e O°(T.ST + S 4+ =) _
/ ce .Aj‘ v’ < . e ‘ d ' : Ti \..

v

‘Making the tranéfdrnation'n_#'rsjfthe fdlloWing‘eqnatidn feeultngx

. °‘-E£'-':; — e G20

B The above transformation is equivalent tQ introducing a dimensionless

e t° defined by
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- . o S (4-21)
. . T ) . . .
. Expressing equation (4-20) in time domain: .

I 1 N

‘where - - o 8
e -2y T

T (—-u +u+-—)

,(4-23)"
Equation (4 23) indicates that the dynamic characteristic of the »

_ time response is a function of the dimensionless parameters._f\

"?2 KK 3 %4 and ;g-;f Of these parameters, only —9 contains pure
1 et Ty » i
: t characteristics.‘ The other parameters each contains a

troller setting, and thus can be manipulated to obtain an optimal
reSponse. o
For a unit step disturbanciw the error signal is given by

vftﬁf#4¢¢?f‘*[Tfffﬁ;-»;;?’ﬂf;;f i{¢d5" 

Combining equations (4—24), (4-21), (4—22), (4-9) and using ISE ‘as B

performance criteria, the result is. ,

:_;fawbii' ;2 ST TR T o
' ; [x(té)lsdt?fa_;'i; _'.' " - ' ;(4525)f




o
.

'.“The analytical calculation of the function X(t ) involves ‘the '

-inverse transformation of equation (4 23) However the presence Pf

" dead time in a control 1oop makes the analytical calculation of

3 the inverse transformation extremely difficult."It seems reasonable

» then to consider numerical techniques to evaluate ISE in equation (4 25)

o

‘In. order to minimize the ¢ISE in equation (4 25), the optimum

"controller‘settings.K T and T’ have ‘to be found The multi- :

1 0 :

parameter optimization problem was solved by the use of a modified

) - !

a'steepest ascent method known as optimum gradient. This optimization

technique has been extensively diScusaed by Bekey [23]

Using integrals of error as performance criteria A, M Lopez o

Vm

'~set up a control loop simulation and a three dimensional Optimization h

"program on an IBM 7040 digital computer The result was a set of

h.l tuning relationship graphs and equations Those tuning graphs and '

lequations that are- related to this thesis are listed in Appendix III. ;~

3\\With the understanding that the designed controller should

.';be a very elose approximation to the ideal algorithm, A.M. Lopez s

N

tuning graphs and equations should also be directly applicable to :

&1

- _the controller designed.l These graphs and equations will surely enable

':hjthe numerous trials necessary in the older tunning techniques.»

'_”.and 26.:-. e

';_one to determine the optimum aettings rapidly. They also eliminate -

For more information on tuning please see eferences 24. 25

z



- Results' and’ ConclUSi'ons

éha’pter‘ v

In order to test ‘the designed controller, the complete :
control loop must be set up.
were simulated by a hybrid system, consisting of a PDP8 digital 'l»\ -

\ computer, a EAI TR-48 analog computer and a REDCOR 610 linkage system.

LS
+%

CONTROLLER

Axffric(ﬁ)f}f;f.

Kﬂe%éﬁﬁﬁi;“'

A detailed diagram ‘is shown in figure 5 l

v

r%F—FP*f*F

o —— — —— — —

The plant itself with dead time delay

'WQMMQ,

. couveRTeR

~

 REDCOR S
el e ) PDP B |
s | DIGITAL

AlD.
D/A

L JEOMPUTER

V'k;”u

PR
i

"ANALOG

‘_}ocs)

A 4

: -‘Aw -

e

1?"Hvaau:
SYSTEM .

l.

'COMPUTER




O e T e

e

At” From figure 5 1 it is clear that the D/A and A/D converted tOgether; ;,.‘

with the digital computer functions as a dead time generator, while R
the analog COmputer simulates the plant preper. The control signal

¥

| f% plqudisturbance.:f'

CPY : . RIS .. . S N . ', - N L .

is sampled by anA/D converter at a certain rate. This rateris 7:}iff

e R . '
: R

1
determined to- be : 3072 times/sec (Appendix A II) Considerations S
c o b s

sg _ B have been given to the capability of the hybrid syStem and thﬁ Q“i-"-l

desirability of higher rate of sampling.

The sampled analog signal is converted into binary code andA

o

:'stored in- a specified memory area of the digital c0mputer.: After 6 ieu~T
‘j__un{ts of time, this binary code will be brought out and converted o
back to an. analog signal. The reconverted analog signal will then
be sent to the simulated plant in tha analog computer. The detailed

Cer . explanation, flow chart and program “are listed in APPendix A II*‘

4

The following plant models were used during the test of the

designed controller: . . . o
[ (s) i A°’-r? S ey

- l... S .F-ed?eosfiQ“t: ﬂ5;f‘ Cl T T R

ws T

2
+ _5,.+ 1f
R S




"rflfis used

',For all practical purposes, these two models can- represent most of
. the<processes. Plants without dead time delay are not considered here

-in order to shorten this presentation.f Furthermore, only PID controlling

)'-S

:«'form will be used

‘.‘

The originaliobjective of the proposed controller is to

A

i

_ ‘build a near ideal PID controller, so that A M Lopez s optimum .f%

tuning chart can be utilized Whether this design objective is achieved

5.

"”'or not can be shown by comparing the results obtained from different

tunings» In all subsequent tests, the IAE performance criterion

&

ﬁFirst order plant with dead time delay }--- .‘Cf I.;é ,
The chosen plant parameters for G (S) E;ng:ei are: !
and . o R \ f K

-*, T .= 2 1 min = 126 sec

"VflThree arbitrary ;—~ values were chosen to t st the designed controller.

L] . Y“
..g

‘ flnThey are ;"" 0, 2s 0.5 and 0 8 Using T '*12: sec,';g T 0 2 meansv

 ~- 25293c,ﬁ.-1..-q-05means a -63 sec, and-—-OBmeans 9 '1008

'-.*?fsec.a For each of the ;—-values, Figure AII-I contains the optimum

"U‘f;P Ie D settings.: They shall be designated as K o Ti i and T

Tt

é‘

do* -

"p'The %Ontroller will then be tuned according to these opt jp

AjSet %oint r(t) will be held constant at 2 5 volts, a mid point value
. eI T T e e R
i Then the ‘cont .“9-!1’lioop:’vi;;l...l.,.?e:’---e11m4'~ o cone

.....

ko<steadlistster

When stetdy state arrives, a disturbanoe“'fjl volt

values. T
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‘ magnitude (a substantial one) will be imposed.onto the control out- di_
_put.’ The control loop is upsetted and the Output response will be |
,_gecorded This reSponse should be the optimum one A
‘ Then each of the . three parameters will take turns to vary rllh
baboue and‘below the optimum values while the.other'twovparametersl
‘.remain at their respective optimum values. .Thereioreéﬂaptotal‘of-
s six variations will be obtained. Each of ‘these uariationejshould:
'bring an inferior response to the supposedly optimum responae.;_

The test. was carried out and the results are listed in -

"“-u Figure 5 2 to 5 10.',

" Second order plant with dead time delay 6 S f‘
Ke S o e 8
In the transfer function G (S) = = ‘ —— 3K ‘and
| L B Elalgy- 1SR
(R 2 w0
. - W n -
B - » ‘.' ) . . .--. ' v. - “n‘, -
- are chosen to be: S : _ .
-fK:-_lﬁ. ;*j' ﬁ.f ,
.. AR / S 0 ‘

n
... Two arhitrary values of e w' were choaen.» The&’are:”e-m'_- l'l and

eo%_-;a.o_;, 'I‘he damping ratio g is allowed to be either Lor o 5 to

"repreeent overdamp or underdamp s;atems. Therefore, four different

g

',‘sets of plant charaeteristics are available. Optimum PID settings for

N

1 them can be obtained from figure AIII - 2 to AIII - 10. lnv{f;f;_

v,

: b“vand its deviatiOns.' The aupposedly optimdm and non-optimum responses

-__'qebi.;-e- p "cOrded m fisure 5- 11 to 5-22. ‘

The controller was tuned according to the optimum settings _r,i:f_f'
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Test of reset inhihiting action

: Extensive trial of ‘reset inhibition was carried out. In

figure 5-23 the reSponses of a particular first order plant with

dead time under a set point change are shown. Between the two curves, F;ﬁ)

one is. under the effect of’ reset inhibition

’ {

It is obviOus from figure A5—23 that the”designed'controller-

has excellent reset. inhibiting feature.
f’“‘ | |

ExtremevsituatiOns were also tried.‘ With:KKv = 2,»%&fé 10
i
.‘erepeats /minute and Td =0 minutes, the same first order plant in

figure 5~ 23 was - put under a set point change and reset inhibition.
- Overshoot was found in the response. This was because of  the extremelyf

: high value of %r“. ‘Even when error started to diminish, the
i : -

integrator still charged up fast enough ‘to cause an overshoot.

HoWever, ‘an_ extreme parameter combipation like this case is
t unlikely to happen in real situations. The purpose of integral action
o is to provide offset free on-line control Its capacity to cancel

Joffset is determined by the integrator output range instead of the

eiintegral time‘; W

The parameter %— only determines the integrator 8

'Speed to acquire its offset cancelling capacity With critical processesi~.-

>VSuch as batch sintering, batch brazing, diffusion, crystal growing
_etc.. manual start up (very slow) is used to avoid overshoot.u This
:esuggests the speed to arrive at steady state is of 1ower priority

- than to avoid overshoot.
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_ Therefore, when reset inhibition is needed it is recommended ’
gto»have»the parameter‘%%- set towards710wer values. The relationship -
, : _ SR S .

' between KC’ Td and Ti for an optimum control under reset’ inhibition,

is complicated'enough to warrant another investigation,

‘Test of bumpless transfer.
'gvarious broCesses were'allowed tolcomelto,steady'state
nder manual‘control “ With the set point value set equal to output
value c(t), the control was suddenly returned to automatic._'The:-i

- resultant responses observed,were bumpless.

B3

Conclusion T o -
—_— ) - ,{ _ RN

. The objective to. build a near ideal PID controller was'
r

;achieved with' negligible interrelatiOnship between the three parameters
.'The PID algorithm adopted in the design was exactly the same algorithm
. which A. M Lopez used for his optimum tuning study Hence, Lopeais
: optimum tuning graphs can be readily applicable to this particular
PID'controller.‘-As'the ‘three parameters are'practically independent";v
;of each wther, tuning the controller becomes a straightforward task |
.The recorﬁings in- figure 5~ 2 to 5 22 proved that this controller, ”lf-
when' used in conjunction with the Optimum tuning graphs, proddces
'lsuperior responses than those supposedly non optimally tuned results._;'
The low drift integrated circuits used in this design, make

’it possible to abandon the DC to AC and AC to DC processing of signal’
h"as/yas necessary in the old day;a el Zj’ ' fr_b.,L‘iﬁ o

tif : The reset inhibiting feature is very satisfactory except in g

extreme;cases.f But | as explained ih the previous sectgon, most. of the'7
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;ime*;bese ex;ré@é caseg dé noﬁe¥ist."A.ierr'%I.Qalue één N
jélwayé circum&ént this_ptobiem without impéiriﬁg-the;éontfollérf

‘ _ A _ fol _ " N
 \capabi1ity; The reset inhibiting‘feature ig'éxpegtedbgo inéregse
;histcéntyéiier's vefsétilify. | | R | ‘

. _The manﬁ;l‘cont?olvfuﬁctibhs propeflyﬁ: fhé;tgaﬁsf;r from _
méquéiito‘automatic cohtﬁol is.aih;ys bﬁmplessf::Othérifeétufes .
:.éuch aé seléc;ed‘hgfer read;ouf;fanalog'and digitgi3séﬁbpoiﬁt.adjpé}-’
.méﬁfg«ppﬁe: $upply }ndicato?s, gtc;‘afe éll‘meént toAinc£easé fﬁe;

_conveniéncé in using-this unitif?y
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Lg?elvdetectof with Hysterisis

 The éitcﬁfi%z?=§§>‘level deté@for with‘hysﬁéreﬁsisﬂshoyn.

' in figure AI-1. . . / |

eo

vFiguré‘AIQI‘Level detector with hyStéresis, S
'”Thg‘outpgt volﬁage,‘ 

... e L
' But;: - ,,"H_ L

o S G e Ty L
'ﬂsuﬁsti;u;é‘equét;oniiiintbﬂéquétion 2

. ST S , o

‘l‘.v' Lt V .- . b- e ‘
37 Cres e 2) 2

1 .

o d:(#,vﬁﬂfqujw—‘eref)’Rf'+ ev"?' e
ey " - Ry * Ry 30 Tref

or..

103



104
sj - T 'L'Rh ref R
Substitute eQuation»j intovequation 1 SN .
RN 3 o~
=tV E VLR Y e
Or
. R4+R T e -»
eo'?—" yrele o . W

A ]

Initially, if ey is smaller than egj, the current if will

.:flow‘from e, towards esj and ei. VL under this situation will take'

on.a positive sign. ‘Usihg‘equation’3i

= L= »
eSj + VL R4 + € ef
and o
‘ o R, + R . - : -
| S Ry - |
If e grows and exceeds the value e*, =+ V =—+ e , the current
1 si LR, " Cref

r,if will reverse its direction and V will take on ‘a negative sign In

~,other,word8,v ;*‘"v 5’}> A

o _1_12 |
.sju ~?L_R4 - 5re£.

B T S ' ST
eo.sifVVL;<'_RAl)vf’gref o S ©
“From this moment on. ‘80 long ‘as ei’ié‘greater fﬁan;the value»esj v“'_»
. _ Ry ;
(e , = - \/ —3- ref ), the output will remain at the value of

O sj L RA»



R,+R

4

- VL(.

. R

(V. = +e .=e
4 . 8

.L' R

R
. If e

3
4.

) +bevref'
i

ref

“R,+R,"

L

4
- R

3 E
4, ) + eref'

), the output e,

So long as e

varies its,direction and becomes less than eSj

is smaller than + v

- the outbut value will remain the same.\

depicted in figure AI-2,

o voLT
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will switch back to the value:

R,
e

L RA

The complete situation.is

\ - e .
. w \. ¥I - . l -
MRaRy | N ,
Ra"™ . . |
o A I ,- -
1
3
‘ [ Y
] | ’
| - /
| )
e
|
A
B |
. S [
. , T
. _ eref : Qi
- : : NG ;
- , - R TVOLT
SRR P et KL VI KUV Ve
TP 2.eref L | o By | v .Bs3 B
7 i R4 "I—_'{VL"QEI i 1V-LR4.[> i\ ‘+VL Rq&@r‘e{
SRS DU e+ < ~«—>
V. BatBo, o] : ' |
. Ra : -

: Figure AI—2 Voltage output versus voltage input of the

: Figure AI—Z shows that ﬁ&e value IV

level

“level detector circuit with hysterisis ,h

R

4

The value e, has to exceed er £

i

level in order to enable a change of state.

ref’

I isvactually'afthteShold ?f

plus or minus this threshold "

Once the state is

: ;f. $%>S\.; ;
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3

changed the output will be kept in that. state,‘unless ei reversés'

its‘direction and. exceeds the opposite threshold point, With this

».ihysterisis, the chan%es of states at the output will be the results

7 A

of substantial changes of ei " Noise and errors of values smaller

than the threshold will not cause unwanted changes of state

;" One Spec1al ‘case of this circuit gccurs when the reference

voltage € ef equals zero. »The circuit becomes a zero crossing

,Q;detector with hysterisis 'Itsvvoltage.output’and input'is shovn ih

S, eo

T . \m(Ra+R$
T . - . /‘/ ) ‘R4.

R —— | |  ereo

¥ eref

4

L MRz | L Ra |
Ra . | TRa.

Y

'-VL(R«HR:)E/‘/; e

(.-.’ L - - . .

1
”) with hysterisis

Figure Al-3 e vs. e, of ‘the zerojcrossing.detector"

‘ 'Note the §§mmetry in figure AI -3. The ‘two states of output e, ‘are

bequal_in magnitudefbut opposite in sign;, This symmetrical output eo
o R o Y ‘ .

e
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>

can be used as 1ogic commands on symmetrical COS—MOS switches such

as RCA's CD4016.

In general{‘when éref ddes,not eéuel‘2ero;;uneymmetrical\
output will occur in figure AI-2. Lf-a eymmetrical output is needed
. one can use ‘a special crrcuit to tfansform the output in figure

- AI- 2 into a symmetrical one., This transformlng circuit is simply -

a voltage amplifler with voltage- limiters. I; is shown'in figure

-'-;AI-a. ' \\ o ) E
C Nt . , .

(AR o {//—f%;ch N
ok,
o AAA—L -
: o . = TV
From. . ' O TR /
\EVEJ d&hE,C.tOT" . : (5\’METR|CAL)
~ with hysteris ' 3 g .
gunsvrnrnegrme) : : , o : L REE
S mm<:§ R ?
-

)

2/ . , . .
_ Figure AI K'Transforming an’ unsymmetrical signal into

- 4,. a symmetrical one

-



'Appendix II  ~“ B R } -

The Generation of Dead Time ¥

[

Ixf ‘a signal x(t) passes through a device which is nothing

but -a pure time delay generator, ‘then the output y(t) should be :

exactly the same as input x(t), only delayed by 6 units of time.

This

situation is depicted in figure AII l

MAGNlTUDE

Y
%() INPUT ’r{ T

B

. 3.<£)‘<'>uwu1-_ )

>t

ﬁ ‘i f Oo

Figure AII-l y(t) = x(t-e ) —'1‘= sampling period

o _ = 3072 x T
This pure time delay generatgr can. 'be siniulated -as in\

figure AII-Z*‘ .. .' Lo f'.-', - R /‘

Bl

x| A I
—— — (DATA s-roneo | converter|

: COMPUTER | IR A D/A . ' B“’—)")‘(f_--eo)'-‘--: St

B PR -

.
| CONVERTER | - ' luegre FOREO | - S
: AR Tuwmtsor o} R 2 P e
Comme) P R

: __Fig’dte AII-2 Asimulatedpure tin_x‘ei": deiey';, gehe_'ria_tfef,‘ '

L

Tl
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: _The‘control-of the dead}time delay generator is;done‘by a computer
program. vAt the starting point, the control program will clear allv

the core content in a specified memory area Then, starting from ‘
 the first address in that memory area, the program bringéktjg the
c0ntent of that address The content is converted to.. an analog

signal and sent out as output y(t) Since/the contents of the :
‘memory is cleared initially, y(t) is zero at: this instant. Next, L
"the program will command the A/D converter to bring 1& the first _5{
rpsample o{ input x(t)~in digital format. This first sample oﬁ input

'is Subsequently stored into the first address of the memory area. ,
After this,.the program will wait for "T" seconds, before it repeats L
"the above sequence for. address number two;_ The total. number of

| ‘a %dresses in the specified memory.area is 3672 .Wﬁen~the program |
Tcomes to the 1ast address (the 3072th address), T D' 3072 seconds have
*\elapsed Then the program will go back to the first address and send
"out its content. However, the content in the first address is actuallyl.
‘the input signal sampled at T X 3072 seconds ago.. The program will

,Avrun through the memory area repeatedly.- lf.é is specified the .-;

| value of "T" can be programed in Such a way that T x 3072 equals e

‘Junits of time.' In other words, for any 8 value, one should sample it‘f;‘f»7"

5into 3072 intervals.v The number 3072 is three quarters of the total |

v:.'fmemory address in: a 4K PDPB computer. Also, it is an extremely high

f

'"', rate of sampling for this particular purpose where e usually ,'L

A \f"in figure AII-Z "_4:eép'""‘

"exceeds tens of seconds.t The flow and format of information is shown :

LR
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- THE "DEAD TIME .SIMULATION PROGRAM.
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' J“jicriteria are ahown 1n figure AIII"Z t° figuse AIII_IO.

Appendj.x 111 - '
OP'I'IMAL TUNING - GRAPHS BASED ON INTEGRALS OF ERROR CRITERIA
hA;M,»Lopez'in his;Ph?B; dissertationihadyset:up,a multi~»
‘tparameter optimizationﬁprogram”to iind out the Optimum Settings of'n
awcontroller for particular cOntrol‘loops hnder,specified.performance
'criterion.cf j | |
| | The performance criteria chosen were of ‘the integral of h
- errot type The plants chosen could be either first order plant with
‘tdead time- delay or second order plant with dead time delay %TheJct
' multiparameter optimization technique used was a modified steepesntwv
'ascent method&known as. optimum gradient [23] i |
| Both the contrwfIIOOp simulation and the optimization program‘-
{were.carried out, on an IBM 7040 digital computer., The result ‘was
“a set of tuning-relationship graphs and equations. hd. .

For ‘a first order plant with dead time delay

. -9 8-
Ke °

ey R

.gthe optimum PID controller settings for ISE, IAE and ITAE performance .

5_,->criteria are shown in figure AIII—1.. In addition equations in table'
Sen

' III-l were developed to fit the curves in figure llflé ‘For;aA_v'

| 'i-_second order plant with dead time delay. SN e
’.:"¥t<;1 t_;;:l._: { ﬂt ;;{g”sifu\ﬂ_“
w :‘-~v-r_o:p3%.
. G(S) - .“ZF ?.
C T :__n_ S T e .

h‘liithe optimum PID controller settings for ISE, IAE and ITAE performance_l
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For the optimum controller settings for one. mode and two

' mode controlling and the computer programs please refer to A. M. Lopez 8
Ph D. dissertation [6]

. All graphs and tables in this Appendix are extracted for A M Lopez s Ph.D.

thesis. . ;

Y
" Figure Afl-{ PID Controller: Settings to Min\lnl_u Error Iqtcgrall. : ,
o .




TABLE Am'—l'-

Controller A‘l.gorithll:

: "I\x'ni.ng.,%qunti,om:- N

- Criterion - .‘ '-_a
lpse 1495
“meC . LA

Cyme . L3sT

w(t) -

A

0,945 1101
©.-0,921 - .0.878

-0.947 0,842

~ Tuning Eouafions for PID._Ccmtro!.lerl.

B 5

i
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b

| L ()
X (1 + T,p _+ ?Dp)e(t)

d

’0-751
-0.749
-0.738

y

P  _' -  e(.':é){ '

- 0,560
- 0,482

0,381 -

|

1.006 =

1137

0.995 -« - -
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