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5. YN OP SIS

Uptimization principles rre of
undisputed importence 1in mod:rn design and system
operetion., Here in tnis dissertation, Reguletory tachni-
qQue has been used to solve the problem end in designing
p practicel p-i-d controller,

To stert with different controllers
snd verious modes of their operstion have been considered.
Comperitivs study of different controllers heyéalso been
discussed. |

In the second chepter optimizstion
principlas sre used for the lineer regulstory system ,
derits end shortcommings of spplicstions of this theory
ere r1s50 included. The theory has been epplied to design
optimel p-1-d controller for the furnace temperrture
control.

Optimel settings could elso ba found-
out by using empericel fcrmﬁlaa& All such empericsal
tormulee’ which have practicel epplicebility heve baen
discussed‘in third chepter,

M electronic p=i-~d controller
heve baen designed by using optimsl theory. Test raesults
rre given. Keeping the experimentsl tolerences in viow

precticel end theoriticrl results were spproximetaly

spme.,
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Uniquo ecpocificotiono imposocd on
the porforncnce of tho control syotons rro chiofly dicte~
tod by tho proeigse nnturo of tho prrticuler jJob to bLo
hendlod by tho oyston. lirstly, it is recsonnblo roqui-
rocont thot tho ternsiont componont should not be
unbound~d ngo 1t epprochog infinity for eny boundod input.
Thio 1o tho typienl conditicn of ebgolute otobility for
¢ linacy oystom. S such, condition of rbooluto otnbl-
14ty 10 not complote rnd cufficient in dociding tho
porfornmenco of tho cycteon. £ control coysten muny be oxtro-
moly oseillntory though absolutoly steblao. In crseg of
this typa it will bgo dosirnblo thet tho osclllertions
should cottle down, within tho necoptod 1limito.

Concorning tho overerll porformanneo
of the csystom wein function of thae controllcr czployod
in cyotoem i to rnttrin thio very opeecotic roquircenont.
Thug rutomrtic controller 10 on instrunont utilizod to
mnintein tho controlled verinbla nt tho doociroed veluo.
The nutoartic controllcer oust be dasircnsd to provant tho
losd disturbencos affocting tho vnluo of tho controlled
verinrblo. oot importrntly, thorefore, tho control of
lord dicturbdbenecs hed elweys boon of prioe importrmeo

in tho ~utonntic procacs control gyctonao,

1.2 liodos of Comtrollor
tho eputonetic eontrollor, including
its marcuring naerng, doterminog tho weluo of tho controllcu

vericblao, comperces tho returl velua to tha dosired veluny
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detorcines tho doviption nnd producac tho countcr cetion
naeossery to neintein tho cucllest posciblo dovieticn,
ihe mothod by wvhich ths putoretic controllcer producor tho
ecountorretion io c¢rllod the node of control o control
rction,

| In enplyzing o cpocifie control probe
lem n choico birood on ceonomic frctors muot bo nrdoe enong
tho veriocus control rctions. Gonorplly spoosing, thoe moro
difficult éhe control problenm, tho moro complicntod tha
controlling merms baesmot. Ihis doos not ot pll norn thet
r eomplicrtad mutomntic controllor 10 nocessory to produco
good sutomntic control., uUn the contrery, the simplest
control daovicas rro often cnprble of providing o high que-
lity of control.

Eoch of tho control is eppliceblo %o
process heving cortrin eherpctorictics., Horo, tho offe~
ctivenose of the voriouclmodso of control by comprring
thae rogponses to r lord chrngo on o procose shovn in
Figel hns considorod.

4the process equstion is

5y . Ry

(1’1 8¢1) (125¢1) T.8¢)

vhore € 16 tho controllod veriecble = hacd in the lowor

vaoesol
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1= resistenco of lowor outlet velva.

"

3
i

1 tine congotent of lowor vossol = B1 Al.

Tz.“ tine constent Of uppor vescel = Lo na.
n = mrnipulatod verierblo = inflovw to uppor vaeosol.
u = Jlond verioblo = inflov to lower vossol.

If tho vossel timo conotrnts oro
aqurl, T = 2C soecs. Ap shown in rig bolov & chengo of
inflov to lover uooool mpy result in spprecicrble dovin-
tion for severel minutes. The follouing commento ecpply to
enrch typo of control. Tho nunbors corrospond to tho

nucbered covers of Fig.2.

1. Proportionerl = dorivetivo Control s It proéidos tho
senllosct menious error becruse the derivetive pert

of tho rcoponso nllowe the proportionnsl senoitivity to bo

incrarsed to ¢ high vrluo. tho stobilisgntion time is

sarllest veerusae of tho dorivetivo sction. ULfsat is

nllowad but i1c only hrlf thet oxperienced without dori-

vative rction.

2. Proportionpl - integrel - dorivetive ¢ It hoes tho
noxt srnellest maxinum dovintion end offoot ig olinl-

nrted bocruse of the Integrel pction, llowovor, the rddition
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of intogrerl cction merxodly inerecsaes tho strbilie

getion tico.

3. Proportionel control ¢ It hee lergo mexicum dovietion
then controllors with derivetive rction beccuso of
tho nrbsence of this stebiliging influence. Offset is

rlgo lerpo.

4, Proportionrl - inteogrel control 3 1t hes ro offsot
ol tho intoarnl retion. 4+ho unsterbilizing influonco
of integrrl response ig raflocted in tho lerge woexicun

dovintion rnd porsisting dovirtion,

6. Inteprnl control 3 It is bast sufited for the control
of processoss hoving littlo or no enorgy strorego ond
the rocultc of tho comprrison cra'not represontrtive of
rll intogrrl control. ilovevar, on this process, tho
rasults indicerte r lrrge eexisun devietion end r long

cstrblligetion tine,

with tho result of this co~prrigon
in mind, it 18 logierl to eok why proportionel - integrel
dorivetlvo control rction is not univorserl employod.
The snowor is pgenorsily brocd on ecomomjic rorsong, bocee
use erch rdditionel control retion uguelly requires en

rcaltionrl plcce of cquipment thrt must bo purcheeod,

inptellod mMd Deintrined. In padition, areh control
nction cry requiro edjuctm-ont of ¢ perrereter cuch os

proportionerl songitivity inteprel tino or derivetiveo



time. This often requires considersble instellietion

snd maintence time in order to obtsin the proper

rdjustment of persmeters.
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Tho word optipum 18 coooecirtod
with syston dosign in toehﬁicrl litoraturc. Theo
optimum control oystem is dofinod s5 tho control oystcm
thot ninimizos o givon orror indox for o giveon dyncoic
process £nd subjoct to given dosign constreints, It
chould be noted thet e optinum systcm 15 dofinod in
torns of mathematienl modol of the dosign problem.
1f tho mathometicnl model i oltorcd, thon tho ninde-
nigotion lendo to n difforont control sysotem. A typienl
chengo in tho mnthemoticel nodol nrisocs from tho erdjust-
ment of voight foctors in tha orror indox, o procedure
which cey be roguirod in order to ortify rdll tho dGooign
gpocificntions sinultencously.

Perenoterg such r0 groing end tino
congtento ere ndjucted, wvhon the configurotion of tho
controllor io roouned fixned end o 11imitod number of
preraoters rro ndjuctod to ninioigo tho orroy indox.
Prreroter opticigetion 1o the aeleepion of thoso
prrenotoro to minimige the orror index.

thon tha syotem optimlzotion rooults
in lincor controilor, tho eontrollor is torned tho
lincrr optioun controller. Un the othor hnhd vhen tho optie

oum controllor 1o in fret non-lineer but one constreing
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oneself in investigeting only 1inarr controller s the
resulting linesr controller is termed the “uptimum
uinesy Controller®.

There rre two types of problems

in optimel control

1. Regulator Problenm.

2. Irpcking or Servomechenism Problem.

1. Regulstor Problem s Cuppose thet initielly the
plent output or sny of its derivetive is nongero.
Provide a plent ;nput to bring the output snd its derie

vetives to zero. In other words, the problem is to
epply e control to teke the plent from & non-gzero stnte
to the zero state. This problem may typicelly occur
where ths plent is subjected to unwented disturbsncss
thet perturd its output. (e.g. s rsder control system

with entenne subject to wind gusts),

2. Iracking or Servomechsnism Problem 3 Supposs thset
the plsnt cutput or derivative is required to treck

soma prescribed function, Provide a plent input thrt

will cruse this trecking (e.g. when s rader entenne is

to treck sireraft such s control is required).

2.2 Design ms » Lineer Raegulstor ¢ Consider a linenr

time inverisnt system



~8a
x (t) = Ax(t) + Bu(t) + Fz(t) cosssas (1)

where x(tg) = xg

and define three messur sble system outputs
vy) = ¢'x@)
0. [} .
y (t) = D x(t) veesees (2)

yd(t) = E x(t)

Where x(t) is sn 'n' stste vector, u(t) is »n 'm'
control vector, Z(t) is s 'k' disturbence vector,

y(t) is an 'r' output, yo is a 'p* vector of the
outputs specified to have zero steédy state end yd

is o q vector of outputs to be used in derivative
feedbsck. A, B, F, C', D' end E' ere constent - coeffi-
cient matrices of sppropriate dimensions. It is assumed

that O0<q rgn, pLn and k<n .

The control "uo“ is assumed to the

output of s 3 term controller with input y,y° snd y¢

t

R(t) = -k]gy(t) - ky [¥O(t)at - kg Fa(t)+u, ....(3)

so that

‘td.
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Where kp, ky end kd ere the proportionsl, integral

snd derivative feedbsck gain metrices of the dimensions
mxr,mxpandmxqrespectively, snd u, is the

m - dimensionsl initial control vector. Such 2 regu-

‘latory is shown in ¥ig. 3.

from eqn. (1) and eqn. (2) it follows thet

Falt) = E'%(t) = B (Ax(t) v Bu(t) « FZ(t) ) .u...(4)

So that the p-i-d control lsw, equation (3), becomes

.t
W) = - k0 x(t) - Ky fn 2(t)at - k,E  Ax(t)

+ Bu(t) + FZ(t) * u

Ir Z2(t) is assumed to be slowly verying quentity or
s constant i.e Z2(t) = Z = constent. then

T
W) = - (' + kg B'A) x(t) - kiD!f(t)dt * U

0

- kdE Bﬁ(t)

§t) (I, +kEB) = -(( kG + kgB' A ) x(t)
L ¢

-vkin'v/;(t)at + 'uo

Yo



. -1 t '
W) = - ( I +kEB) ( kC + kB A ) x(%)
+ kD x(t) cu (I +kEB)Y
i x(t)dat uo m d )
o 1 -1 ] 1
uw )=~ (I, + kdE B) (Kpc + kdE A) x(t)
+ kD x(£) dt  + u Cveeseses ()

o _ ] "1
where uo. = ( Im + kdE B ) : uo 0000000(6)
The control law equation (5) in s more compact form

J
W) = - k' x®) -k, D xat +wd L. ()

Where new m x n and m x p dimentional, proportional

N .
end integral gein matrices kp and ki* gre given by

=
n

] -1 ! ']
( Iy + k4B B) ( kpC + kB A)

&
b
!

r -1
= (I +k;EB) Ky

Equation (7) shows that for s given system, equations

(1) and (2) sny p-i-d output constrained controller



equation (3) cen ba reduced to » “p-i™ controller with
complete - stete proportionsl feedbeck ernd integral
feedback limited to the seme output verieble y°(t) as
used in p-i-d control lsw, eqn. (3). It also shows
that‘optimum complete stete fesdbrck reguletor perfor-
mence cen he achieved with sn incomplete - faedback
reelisetion, by introducing e derivative cuntrol
ection.

How, the eugmented with "p" integrels
of outputs y°, The rugmented (n * p) th - order system
for Z(t) - constent, is the defined by

x(t) = Ax‘t) + 0 u(t)’ x(to) = Xo 00031’0(9)
where r ]
X - X
A . Tff A
x =1, U= U - U,
V= Vs,

Y b

¢] o

>
o
o
>
&

- - |

snd the supscript 8s designatss stesdy ~ stnrte values.



by essocirting the syster model, equation (9) with

the quedretic perfafmance index

P

A

Jd = i #(t’ Q X(t) * “‘(t) Bu(t) dt 00.00(10)

t%
wvhera
| % O
L
v =4 = o
¢} Qp
A
Qn = Qn;Z O is enn x n constent metrix.
» A
QQ = Qp;> O 41 r p x p constant netrix .
A N\
sma 8 = R > 0 18 sn m x m constent matrix .

The solution for the fesdbasck - grin - metrices kp'
rnd kg* in squetion (7) cen be obteined, provided
thet the conditions of complete controllebility end

AA/\'&
observebility of the triple | A, By Q rre sstisfied:

Th'n'

LR R B N N N (ll)
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Where Pll and P12 gren xn send n x p dimensionsl

submatrices of an {n +p ) x (n + p ) constent

matrix.

- -\
P P
A 11 12
" 0.‘...“'..(12)
Pio  Pgy
" N

The unique positive definite solution of sn (n+p) th
slgebraic matrix Riccati equation
AN AN AN AN
P A A P PB

+ R BP+Q=0 ,...(13)

-

The asymptotically sﬁable optimal closed - loop system
obteined by substitution of equation (7) in equation (1),
elso reprasents'the closed - loop system when the p-i-d
control lsw equation (3) is applied to the system in
equation (1).

-
-t
x(6) = Ax(®) +B|-k* x(t) - k,° Dl/x(t) at+ud
—
'tO

+ FZ(t)



l ;
x(e) A B i x(t) | & !
U | e
, l.!(t) : Py & ¢ 4 | t &
| | ~kp Aelty 0 Iy BI | ult) -k, b
[ f ;
[ - - =
;x(t ) PR
mad | o 3 - o )
[ o‘ seseve 14.:
{u(to)J uog
‘ o & =1
Whor ¢ uo = - R B P12 Yy

Tho p-i-d controllor roelisotion oquetion (3) roquircs
tho foodbrek - gein motricos kg, k4 ond kg to be
detorninod by tho solution of the metrix equrtion (8).
Tho numbor of unknowno is mr < mp ¥ aq = alpvreg)
vhilo tho nunber of oquotions is mn + mp = m(nvp)l, in
genorel ouch p syston hove solution if

req 30 sesssssens (15)
i.0. vhon tho sun of nunbors of proportionnl rnd
dorivetivo netion 1o grostor or qual to tho syostom
ordcr. +08 P ¥ q © ny the uniquo ronlisetion of o

p=i-d controller 1o



cvenee (16)

un the other hend, for r *+q n, the raelisstion
cf en optimum p-i.4 reguleter may exist, but the solu-
tion for the gein matrices k,, kj end k, 1is not unique.

It can be expressed =as

i
!

', *
end k; = ( Im * kd EB ) kg

Where erbitrerily chosen metrices G (of the dimension
rx(r+qen))mnd H ( of the dimension ¢ x (r + q - n)

ensure the regulsrity of the inverted pert in the first
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of equation (17), the dimension of which is
(r+ql)lx(n+q)

fhort Comings of the sbove Method 3 Although industrisl
regulstor design is nesrly rlways bssed on lineer models
of the processes to_be controllaed, such models sre elvays
inaccurste. Ineccurscies mey erise from spproximstions
mede in the theoreticel description of the process,

from linserising » non-iinerr model to obtein one more
emenable to enelysis from errors in parrermeters identifi-

cntion rnd from meny other sources.

Adventages 3 If we sre given s system by equations
(1) end (2) in which the disturbences is unmessursble,
stability end output regulntion may be eschived by the
strte end output feedbsck.

Bumerical Problem 3

Design r p-1-~d controller using linersr

reguletory thecry for s second - order systam. The system

peremetors sre



. ! i
h = 1l Qﬂ "! ' Qb = ] 0.0000.(18)
! 0

folution 3 To find the control lew, we must first

find kp‘ end ki‘ i.e., P, which cen be found from
the Iicertl equrtion

AN AA AA =1 A A
PALA+AP « PBDK B8 P+Q =0

[ _'!
A 0 ! 0 0 |
A : .
tHere ] = ! = -1 0 0
v o 1 ¢ 0|
0 -1 1
/\1
b= 1 0 0
L(L ¢ 0|
A ‘nB i :
B z = '
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VYow, #iizplifying the rbove mstrices, we et

| s
" Pt Pz Py
"~ Pgp T Pgg Py

“Pap " Pgz Pgy

—

PygPz1  PigPop
922921 922

PagP2y  Po2Pg,

——y

PioPos

PogPoq

PagPos

presermse

pll
o
4
o
B -
0

l/dding the L.H,E, mrtrices snd then equeting

corresponding elements with H,d.0. metrix end

fying, we pet

= 5
P11

Pig = 2
p = 2

——

“P1* Pay “PeoPas ~Pr*Pm

Pio Pi3

0 0

o 0] «..(

simpli~

1
P
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. o Optimum gein

.
»
a
°
[ }
Sl
u-
-
-t
a
‘0'
L+ |
[ 41

« « vptimum control lew (equrtion 7 )

u(t) = - kp‘ x(t) « ki‘ U' zx{t) dt =« ug

becomes

t
u(t) = = 2 x(6) = 2 x5(t) -[xl(t)dt +u
O

Y]

000000‘20)
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Tomporeturo 45 onc of tho most
irportent procoss verisble. Go hero em cloetricel hontod
furoncoe is considorad to control itg temporoeture 1.0,
vo rro intorooted in dosipning oo controller for tho
tuffrl furneco, Tho spocificetion of furnoco sro givon
basloy.

tloptor viro of Kpnthgl heel (ﬁi -
Chroniun elloy) 14 Gy input 440 V, 3 o, 50 Hz.
erpoeity 10 Rl

Thornol cnpnacity of Hootor wiro Cl = 65 B.Th.U/ L
Thornel conductivity of dertor wira Gl = 0,32 B.Th.U/ ' min. /¢
fhermol erpeelty of hooting chember Cg = €0 p,Th.U/ I

Thoroerl conductivity of chrnbor 32 = Que&u u.Th.U./mim/'F

Tov, beforo enolyzing tho problom lot us considor tho

folioving nocumptiong

1. Tho herter hns ¢ nogligible incuctrnco.
2. Tho moss of tho motel in hoater rosistenco is sompll,
3. The lerd viro from tho voltrgo gourco to tha hortor
mry bo nosuvnod to conduct nogligible hont cury
from tho coll,

In cloctrienrl hontod furnreco 40 ghoun
in rig.4. Lot tho thornrl erpreity end thormel conduetrneo

of tho heoter bo Cl rmd G1 raogpoctivoly. Inon hoat 4o



tronsforred from hoertor to tho surrounding fluld

rccording to the raolotion.

ql s Gl (@1 - 92) tototcot..‘gl)

shere q] is the hert trenomitted from chembor 1 to 2.

Gl - 1s tho Qifferoncc batwoon henter aleaont tomporrturo

ond tho rmbiont temporoturo,.
6, = 15 tho differonco botwvocn tho tomporsture of tho

hoeting chembor mnd tho emblont tomporsturo,

Tow, combining rnd cquoting tha rrta of input hort with

the rate of tho output hoet, vo hrve

46,

© + C vessseece \E
q 9 *C — (22)
at
dgl
is tho storrgo of hart
vhere €
1 at

from (21) ond (22) we got

d@l
Q = cl J—————— < Gl (91'92) 0000000(23)
at
.horo q 4c tho toterl hort rrto of tho hooting olomant

orzboddod in tho hortor, "loo, 9inmilerly for hooting chemb-e



de
¢ ......(24)

q, =4, (06 ~6;) = 056 +Cy
dt

resrranging equation (23) ena (24) we obtein

. ey
q=C + Gy 0y -0 6p
at 1 l
e 1 G G |
or 3 £ ce— q L . 1 el - _'_}_. ea .....(25)
at Cq Ci Cy

N a8y
emd 0= - Glel + G, + (Gy + Gy) 6y
dat
GOZ 01 (0‘ hi 02)
or T m—— Ql A 1 02 esess (26)
dt Ce Co
let @, = Xy g = Xp fnd q=u
G G 1
, 1
tien Xy ® Ci Xy = - xe b -E- u
1 1 [ NN N ] (27)
+ G
] G Gl 2 +
o= 1 xq & "';;""‘ xp * O




— -
- = —
;{ ul - Gl h |
1 m—— -
§ cl cl x “1
. =
X G G, ¥* G, +
2 1 1 o
L J Ce Ccz X I
Uy/lyq
.. ’. “
GI'Q'GQ
Co
M
]/’U]
D =
0
N

fubstituting the velue of G,, Ggy €

. 005

004

- 0005

« 007

-2h-

§
EA]

= 10

1

snd L, we get

u ooo(:



‘015 15

with weighting metrices

1 0
A -3 )
R=1] Qnﬂlc vlp
j oo 0]
Now, from the Riccsti equetion
AR MDA A ab At A
PA+AP-PURBP +¢q = O
" - B
A 0 5 5
: N -3
where A= = 30 4 ?
IV 0
) 1 0
i 5
L) 4
. ./\1 -
.. &= 308 -5 7
0 )
n

=3. 10

.....‘.(%)
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P
P13

Poy

Pay

o

P13
Pog

Pas

-

~-26~-




Py Pig
-10"%
Pzy  Pop
P33 Pag
Pi1 Py
Pa1 Pgp
| Pay Pag

- - _
P13 1.5
!
|
Paz| | O
oL d 2
p
18 1

on simplifying, ve get

e

-

-

5p43 * 4pgy

v moe1t 7Py,

OPgy ¥ Pg TP

5Py * 9Paz * P23

23

-6pyy * 7Py

5912 + 4922 ¥ Pgo

"5912 M 7p22

- 921 + 7922 .

-5p31 + 7Tpz2

P13 ¥ 9Pgy ¥ Pyo

5Py ¥ gy




P13 P1P12 P11P33

~2.26 x 10-
, +
P11P21 PPy Prsfaa ©° 0=

PuiP3y Piefsy  Parfas

00.(

'Summing the mrtiricee on L.,H.E. snd than equeting the
elements on both side, we get
Pgq*Pyg = 1 (Comparing 33 element)

or 913 T e . ........(31)

=5pgq * 7923 ~ <825 g Pgq = 0 (compering 23 )

or "‘5913 + 7;)23 - 0225' ® 0 -..u..(32)

-5913 * 4Py ¥ Py = 225 PyyPig = O (compsring 13)

LB BN O BN N ] (33)
~9P31 ¥ "Pgp =225 PygPy; = O

or =5 ¢ 7932 913 - , 226 912 = 0 ssv0cves (34)



......(35)
(compering £22)

_5p11 + 7p12 * 5912 ha 4932 - ,225 pllplz = 0

...‘..(36)
(compering 12)

5pgq * 4P3g * Poy ~ «225 pyqPgq = O (comprring 31)

or 5 + 4P32913 + pzapla “"-225 911 = 0 KRR RN N (37)

5Pg) ¥ 9Pgp ¥ Pgz =5P1y Y TP3y = +225 Pyypyy = O

{compering 21)

or
5Po1Pyg ¥ 4PoePyg Y PogPig — SP3gPyg 7 -.225 Py P

'.....'(38)

+ 5p11 * 4921 b 931 - 220 p 2 +1=0

bp +4p _*+p 11

11 12 13
' 2
or 5P11P.5 ¥ 4Pyp Py3 * P3 5P33Pqyg ¥ 4PoyPy3 T 1

2
- « 225 913911*91330 .........(39)

Row, from the eqn. (31), (32) we get



end 9.23 = 0,7 913 + 046 oooooooco(éO)

Hence, substituting these velues in the rbove

aquations’we get

“5P.n + 4 (7py5 + .045) + Pay = 04228 Pypyg = O

or -5?11 + 2.8 913 + 0,18 + 933 - 0,225 pllpls % Q see (41)

-5 * 7p32 pla - . 228 912 = O

or 912 = 32 pse pm + g2 0-0-0-0(42)
-5921 + 7922 - 5912 + 7?22 + ,225 plapzl = 0 scovneas (43)
uspll + 7p12 -+ 5p12 - 4922 - « 285 pllplg 2 0 ececcos (44)

5 ¥ 4p3p Pyy Pia (¢7p]3 ¥ .045) -.226 pyq = O

2
or 6 « 4932913 \ .7p13 + <045 p,g - 225 pyy = 0 ceee (45)

5 <+ + - + - .
PoyPya ¥ 9P Py ¥ PogPyg = BPgPag ¥ 7 = <226 P e Pgp= O

L K N N (46)



2 +4p .0
5p11P13 ¥ 4PyoPg T Paa T P3Py T PoyPis T PoyPys

= 0 000‘0000(47)

Now substituting the vealue Py ™ ag 932913 + 22

in equetions from (41) to (47) end simplitying, we g2t

-160p32 - 110 +* 7932921 = 0 _ sscensee (48)

14p22 - 160[732 - 110 hd 7p32921 = 0 sssovass (49)

-6pyy + 12(32py, + 22) * 4p_, - -225p13(B2p5, v 22) = O
'.....000(50)
2
S« 4932[)13 * .7p18 * .045913 - .225911 = O essveees (31)

- o =
5pgyPy3 ¥ 4PogPya * PoaPyg - SP1aPy3 T 7 - -226 P1aPeyPas
.‘......(52)

2
5p33P13 * 4Py3 (32PgoP.q ¥ 28) ¥ Py * SPgyPyg v 4P2pPys

2




-32—

2

2
jaPaz * BBPy3 * Pyg * 9PerPy3

10 pyyPyg * 128 P

0.2259 ==0 s8ewe -0000'0.0000‘53)

2
L 3
13711 T Pas

Agein, we have from eqn. (48)

7932921 = 160932 + ,110 .-..-.o...(fﬁ)
15.9
921 = 28,6 + it — 000000000.(55)
Pae
16
921 28 * ..‘..‘..'.(56)

Paz

Now, substituting the vmiue of p,, in equation (49)

we get

922’5 0 0&"§00t00(57}

Substituting the value of p,, from equation (56) »and

Pgo from (57) we get from equetions (60) to (&3)

. SE

o o 911 = + 52 ...........(58)

P.g



2
Also, 5 ¢ 4932913 - 0.7p13 + .045913-.225p11 B 0 ...0(59)

i6

o S ———— ) - -
6pyg (21 + P * PogPyy 5"11913 * 7 -.225p,,0,4
( 16
2] + 932 z O nooaooo(GO)

e e
10 9111313 + 138913933 + 903)13 * [313 "40?13 (21 « P32

2
- 225 pla pll s O .ooooo-o(ﬁl)

Agrin, substiguting the velue of pll’ from equetion

(58) in equrtions from (569) to (1) end simplifying,

ve get

o p + 16
32 0000‘00000(62)

P13
118 + 166 932

2 _
Pnd 112 pgz - 644 paa - 1128 932 - 944 = 0 sees s (63)
By hest snd triel method, we get

Pay L 7.3



£8 pgp *+ 16
118 + 166 p,,

= 1.55

Pz = 1.566

P =z 57,1

= 266

266

.’.'..'..(64)
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k = .86 4 - -000000(65)

. g | 266 | .
Ki = 103 Llﬁ : 3 ‘:;4 Q.OD'OO'(GG)

... Optimum control lew becomes

u(s) = - 0.86 xl(t) -~ 4 x(t) - 4 xl(t)dt + Uy se..(67)

Tharefore, the optimum control lsw becomes

'00(68)
= - LB86 Gl(t) + 4 92€t) -4 Ol(t) at

*

lence, the above control system can be shown rs

in r1g. 5.
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Thoro rro nunorous mothodo of choooing
good sotting for controllers, howovor, whon thrco rospon-
pog rrae prosont, tho siturtion 10 nuch morc cozplox
end conaéquently, only o fov of tho mony poosibdlo

pppronchos

1. Ziogleor - Michols llothod ¢+ Ziogler cnd lichols
havo given o rulo of thumb for cdjusting tho propore
tional oonoitivity °6" rosot reto 'I' cnd dorivetivo

rnto "U® in tormo of the raooction curvo of tho procoss .

5 1.2 . 0.6 .
o o m— 1} 0.6
R L lz ¥
r ¥

tihore Lr 15 the offoetivae log in minutes rnd ﬁr ios tho

reocetion reto in cm. por minutc pon kg/en.

2. Cohon ond Coon Mothod ¢ In 1283 Cohon rnd Coon
published "Optinum® controllor sottings, which cro

corroctions to tho ziolglor - Tichols formulns. Thoy

took into cecount tho solf - roguletion of tho proeoss,

this vro dono by introducing on index of oclf - roguletion

= Elrl?

n

u
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which cen be determined from the process resction curve,
If the procees heg no sslf regulrtion, m 1is very
lerge, rmd u = o. The cohn = Coon formules, wanich sre

brgsed on eon enalyticel investigetion, sre the following

1 1

Proportionsl response sensitivity = - (1¢ =5~ )
r iy

proportionel + resget response

0.0 1l

Sensitivity = (1«
br By 11 u

' 11

0.3 s g u

Reset rante = ( 5 )

le 1

1+ u

proportionel + Lerivetive response

1.2 ( 1

Iy R

Sensitivity =

Derivetive time = 0,27 Lr



Froportionerl < uvorivertive rosponsot for r non-intorre

cting controllor

1.386 1
Conpitivity e (1= —u )
lp L b
3
] G o U
Q.4 &
Kosot reta = ( )
Le L
<
1+ 75
l
vorivotivo timo = 0.37 &, ( )
_ 1 e 1 ”
15)

whon the precoss hes no solf - roguletion, tho
cnprogooion in peronthooos oll reducos to unity, rnd
the formulero give rbout the scome sOttinpgo o0 tho
Ziogle Michols rocults,

fnothor method of Ziogler rnd
Hichols consisto of cutting out tho rogsot nnd dorivetivo
netiono ond turning up the proportionrl songitivity
until continous cyecling oceurs. fho ultineto voluos of
pronor tionpel consitiﬁity rnd periodic so dotorsinod
mry bo usod es e brsls for choosing good controllor

sattings.



2.0 Pu
500.68" Ic= — DD
2 8

iho ultinpto veluoo mey rleo bo obteined from tho
Jodo piot of tho opon loop.

Thaooo mothods »ra velurblo guidos
to rolocting good controllor cdjustmonto, bocruse thoy
rro onrgy to opply if eithor tho romction curve hng

beon pun or tho ultinerto velvoo hovo boagn found in one

monnor or tho othor.

Proportionnrl rosct rete controllors
do not rlupysc hrvo thrco teprrote ndjustmonts. lvo of
thogo throo cdjuctoents any bo synchronliged so thet tho
rdjuctnont of only tvo 412 roquirocd. In como controllors
0 fixod ranto $ino ig incorporrtod co thet 1t roquires
no ndjustment. If tho tvo cdjustoonto rro proportionrl

bend end roocet rrta, ths procodura ic ro follows 3

1. 8ot tho rosot rntoc to goro or to eo lov n vplue po
poogiblo.

2. voterninoe tho proportionsl bend.

3. Chock tho oroportlonnl brend sotting rnd vhilo doing
tho notn tho period of eycling in ninutoso,



- AO'

4. ot tho rosat rot¢ to ono divided by tho poriod
of cycling in ninutoo,
5. Agpin choeck tho otobility of control on n rocovery

rnd trim orch odjucstoont ro nsod.

If tho seprroate sdjustoonts copo

included, the procodurc may bo 5 follows s

1. Sot tho rasot reto rnd rote time to zoro or to oo
lov velue rs pocsiblo.

2. vetornince tho optimun proportionel Bend rnd vhilo
doing so note tho porioed of cycling in wminutce.

3, Fet tho rete timo to onc cight of tho cyeling in
minutas.,

4, kedueo the proportionsl bend by onc fifth.

6. Choelr tho sotting rnd note tho nov poriod of cyecling
in minutoo. ‘

6. Fot tho reéot roto to ono divido by tho nov pariod
of eyeling in minutog no found in ctop 5.

7. Chock thoso sotting esnd trin if nocosorry.
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In cerly 1960c govorly nov typos
ot alectronic controllers hnve boon dovoloped whieh rro
fully compotive with pneunstic instrumontu for procoes
naplicetions, Tho mejor esduventeges of theso instruconte
rro negligble trensmiscion 1lsg, tho nboonco of dord
gonag due to friction or hystergis in moving porto,
crprbility of operntion nt low tempornturc rnd conpo-
tnbility wvith other eloctricrl dovicos ouch o8 oclactronic
napgurcmaont tremgducers, drto procesaing oquipnont snd
computer s. Tho mejor disedventoge in procoss wvwork ig nced
for intrinsicelly sefe cloctricrl oquipnont in hezepdous
rroers. flowever, noy this problenm hns overcomo. It ig,
hovevar, usunlly nocessesry to convert the finrl olcet-
ricrl output of tho instrument in to sn nir procourn
gigrnrl to oparste p convontionel pnunptic dirpnregn
voeluo in rost npplicntiong sinco there 18, e yot, no
rorlly setisfeclory oloctricelly neturted oquivelcont
to tho dirphregm velve.

4.2 pandsn Gonnidnxetionn s -

Tho importenco of dosigning tho
control cyotoenn to sult tho cheppctoristics of tho proeoos
crn not bC ovarlookod. Tho soloction of the controller

doponds on thao operrting roquircoontes of tho procass



.

rnd tho tolorrenccg pornittod in tho porfornencoy Q..

the nexinun off pot, tho oinipun dovirtion md tho

Lexinun Socovory time vhich een bo ellovod. If offcot

cen not be tolerrted, thon tha intergnl rotion must

be $ncludod in the controllor. {inceo this ig tho only

vey of olimineting offsot or reducing it to n no;ligiblo

rmount in tho presonce of significent chrenges in lord.
sorivetive netion ie gonernrlly crllod

for when the prococs hegs » lerge numbor of storrgo clcoonts

ond thus considorable tremsfer 1lng. If n o:anll ofisat

i9 not criticel to the operntion, then it mey bo possiblo

to omit thelintagrnl action s~nd tho uge of derivetiva

711l depord on the other fretors rmd rlco on vhathor »

amrll onough offset cen bo obteined from proportionel

control nrlone without inerersod grin usurlly sverilnblo

vith tho rddod dorivetive oction.

4'.3 Eﬂm 3

Thorac is no brsie dosign of iloctronie
controller, nlthoupgh cortsin bnrsic cloctrinic circuit enr
bo idontificd in coproreisl instrumoento. The input rnd
outp.t cignonlo rro usunrlly dlrect curronts of n fov nilli-
emporog in nmegnituddo slthough no strndrrd renpg2 nns yot
b~ron pgrcod. Tha prircipel conmponont of thos» inotrunonte

i high gein oporrtionrl raplifior, wita r grin usurlly
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egecoding 1,000t1. ?ho grin of tho proportionnl circuit
doos not depond on tha gerin of tho rplifior but upon

tho rrtio of tho input s~nd focdbreck resistors or
copicitores rmd thus cen bo vory esccurntoly cnlibretod.
Tho orror cipgnal 1o génarptod by prssing the input
currcnt froo p suitrblo mnonsuring instrumont through e
raosigtor of nbout 65C0 ohm, S0 generoting rn input voltego
tvhich is subtracted froo ¢ dosirod vrluo voltrgo sot

by » voltepe dividing raosistor.

1. Proportionsl Controlloro s An electronic proportionrl
controllior ic en enplifior vhich rocoivos ¢ smell

voltnad signel ond producos n voltege output nt » highor

povar lovel. & schomptic dingrem of euch o controllor

ig chovm in I'ig.1.

for this controllor

0g = K ( 04 = 94

Ry Ry

Jhut tho trencfor function of this controllor iso

2, {g) H
6(s) = o = 1 = n

Bi(n) R
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n, is tho grin of tho proportionrl controller. fho grin

-

up con bo adjustod by chrnging tho rotio of rosistence

(Hllﬁe) in tho foecdbrek circuit.

2. Proportionsl-plus-Intogrel _loctronic Controllor ¢ In

the proportionel control of » plent wvhoso trensfor
function dooo not poscesses rn interrel 1/8, tacro ie o
otepdy strta orror or offcat in thn rocponca to n otop
input. Such en offset con bo olininetod 1f tho intogrel
control is includod in tho controllor.

In thoe intorgel control of s plent,
the control sipgnnl, tho output signel froo tho controlliar,
rt eny instent ig tho rron undor tho ecturting orror
signrl curve up to thrt instent, Tha control signnl n(t)
con have non-goero velue whon tho ecturting orror cignel
o(t) is zero, rs shoun in Iig. 2.

yig, shovs tho prineciprl of
obtrining proportionel plus integrrel control retion in
alectronic controllor. isecentinlly, ve insort rm £poroO-
prieto circuit in the facd beck prth to grenorato the
dosirod control ection, Ifho trrnsfor function of tho

controllor mey be obtrincd ro follov 3

Eo (o) Bi c1 &< R
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-
By(s) - Ep(s) K = E,(s)
KR, C,8
i |
Hence, for 557 1
Ry CiS+1
E (s) i K(Ry Cy 8+ 1)
E, (s) KRy C; S+Ry Cy S +1
R, C, §+1 1
= 171 = 1+
I, S
Ry C4 8 i
Where Ty = Ri C1
s E_ (s
@,
I.s
i
E, (s)

3. Proportional ¥ Derivative Controller : Derivative

control action, when added to a proportional controller,
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provides a2 meens of obteining » controller with high
sensitivity. An advaentege of using derivastive control

ection is thet 1t responds to the rate of chenge of
actuating error and can produce s significant correction
before the magnitude of the actusting error becomes

too lsrge. Derivative control thus snticipates the

actusting error, initistes en errly corrective sction end te-
nds to incresse stebility.

Although derivative control does
not effect the steady state errer directly it sdds
demping to the system end thus permits the use of a large
velue of the gsain K, which will result in en improvement
in the stesdy state sccurscy.

Becsuse derivative control operoates
on the rete of chenge of the esctusting errer »nd not
the sctusting errer itself, therefore, this mode is
never used slone. It is always used with proportional
or proportional plus integrsl action.

Fig. shows the principal of obtei~
ning proportional pius derivative action in electronic
controller. Essentinlly we insert sn sppropriste circuit
in the feedbsck path to generate the desired control
actioh. The trensfer function of the controller msy be

obtained es follow ¢

Ep(s) 1

A ———————————

E,(s) Ry C

"

S+ 13
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Ei(s) - Ef(s) K = E,(s)
K
Hence, for 771
Rd Cd S + 1
E_(s) K (R, C, S+ 1)
o] - d “d -
= = Rd Cd S+
E, (s) Ry Cq8*+1+K
E (s)
o = Td S+
Ei(S)
Where Td = Rd Cd
4. e — L] —J

( p-i-d Controller ) :
p-i-d controller is essentislly »
comppomise hbetween the sdventages and dissdventages of
p~1 controller snd adventages of p-d controller. There

is no off set owing to the integresl action, and the



-} L]
24 k o
—— 4
Sl S YYYX
1]
Ry ' c
— Ly
R2 R, T

FIG.I1{a) PROPORTIONAL PLUS INTEGRAL PLUS DERIVATIVE CONTROLLER
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stabilizing effect of the derivative allows the gein

to be incressed, so reducing the maximum deviation

and increasing the speed of response compsred to 'p'

and p-i1 controller. The destablizing effect of the inte-
gral asction, however, will not permit such 2 lerge
increase in gsin &s with p-d controller., Thus the maxi-
mum derivstion snd recovery time are not quite as good
86s with p-d controller.

Integral controller used elone has
been omitted from these comperisons es this mode of
control is best suited for processes with little or no
copacitence. Feed -~ besck circuit used in the controller

.18 shown in Fig. Fig shows equivelent ckt. of Fig.

Applying Kirchoff's lsw to the sbove ckt. we get the

equetions for the above feedback circuit ere

I,(s) ~ Io(s)] + Ry Il(s) = Ey(s) ....(89)

c.s

Iz(s) - Il(s) + Iz(s) + Rilz(s) = 0
Cq S | c, 8 veees (70

Simplifying eqn. (69) we get
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1 . 12 (8)
I,(s) + Rd = Eo(s) - cecces (71)
j__cd S a Cd S

Substituting the value of Il(s) from Eqns. (71) in (70)

we get
_ Iz(s)
( Eo(s) +
I2(s) - Cq S -
Cd S
1+ Rd Cd S
Cd S
Iz(s) + R:1 I,(s) = O
1 1 1
or Iz(s) - + + Ry
d
c4 s 1 + Rd Cd S Ci S
Eo(s)




2 :
R, C Cd S + Rd C., R, C, C

R | d"i717a

2
S+Cs+C_ &
d . d

2

Io(s)

C 32 (1+R,C, 8).

'Cd 1 d d

. Iz(s) N Ci s

Eo(S) Ri Ci

or

2

2
E_ (s) Ry Cy Ry C, 8° + (R, C +R,

from Fig. we 2180 have

k(ai-ef)zeo and eg = 64

o o we obtain
J

R R, ¢4 S E_(s)
2 1”1
B, (s) - ( °

Cy

Ry

Ry

0...0‘72)

-

R, C. R, C 32+(Ric

171 d"a i

P L FRRE ST
HTRMW" acy MR OTY of ROM‘(FE = Eo (8) ;

+R_C.) s+1

d d




. 2 (2)
. « Irensfer function L . 1s
(s)
P : A
5 (6) KRy [ Ry Cghy Cq 82 % (By Cy%R, CyvRy €601 ]
: o o .

LR B N N N (73)

If the loop gain 18 very much grester thesn unity, then
this last equrtion mry be simplified to give

o
By(e) nlfa C, R, C, 8%+ (g CqoR C,+Ry Gg) 84-!;]

1 "1 g d
By (8) lig Ry Cg &
R T 1l
=xp[1'ds*(1+ d + 9 5.
Hy Ti 1'15'

.. 1 : o ‘
where ”‘p e % 1‘6 = Rd Cd end Ty = Bi Ci

1%2

vefinding A= 1+



Eo(s)

"
=

then

r T 1
(1+ _4 5+ )....(74)
Ei(s) 'Tis

The velue of depends upon the calibration of the
potentiometer, cut off frequency etc. The above equation

can be writen

E,(s) 1
= Kp ( 1 + Td S + ) .000.(75)
Ei(S) Ti S
rewriting the control law equetion (88),
q 4,6
——— = 0086 ( 1 + 4068‘*__.__ ) 000000(68)
o S

Now compering the sbove two equations (75) & (68),

we get

=
n

C.86

0. 22

-3
e

]

1

4,6
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Now, if we teke R, = 5 M ohm then Cg 1urF

Ri = 1 M ohm then Ci = ,22 1u Fc

4.4 Procadure of Setting snd Testing :

1. Set the derivative time to zero end the integrel
time to imfinity (es large ss possible) by & loop

gein of 5 and test the stability by moving the set

point. Select e vealue of gein thot gives = desired

trensient responsae.

2. Turn in derivative time and incresse loop gain about
25%. Try seversl relsted velwes of derivetive time
end loop gain until a trgnsient response with good

stebllity snd minimum perilod of oscillation is obtsined.

3. Turn off the derivative action snd decresse loop gein
by 35% from last step. Set the integrel time to give

g good return on a load chenge.

4, Turn in derivative time to 30% more thsn the velue
set in 2. Set integral time to double thst value
found in step 3. Set the proportional sensitivity above

20% higher in step 3. Iry seversl values neer these

settings to see if o better response can be obtained.
use the highest derivative time possible because this
will improve loop gain asnd provide smeller period of

oscillsetion, .



5. Teke a print of the input output signal end compsare
it with theoreticel one.



The prototype model of p-i-d
controller is developed end tested in the Laboratory
- by giving the input from the signsl generstor end
output of the controller wass given to CRO. The output
response of the controller was is displayed ond noted
down on CRO screen. The curve on CRO is found to be
approximately seme within the limitaf ﬁewb’??ﬁbﬁ &Enc

lowever, the better responsas cen
be eschieved by using computer. But in Indis, Fectories

cen not besr this high expenditure.
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