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ANALYSIS AND~ DESIGN OF 200 ··MW BOILER -
TURBINE UNIT CONTROL SYSTEMS ·THROUGH 

ANALOG .AND DIGITAL SIMULATION 

DUDA K. 
PLUCilfSKA-KIAWE M. 

BAKOWSKI · J. · 

WAGLOWSKI S. 

Institute o~ Power - Warssawa 

The paper des.cr·ibes the simulation approach which has been 
applied in the design o~ steam and temperature contl-ol systems 
o~ a power boiler. This approach is -illustrated on . the example 
o~ a coal ·fired boiler o~ · natural circulation /type OP-650l/ 
designed ~or block operati·on with a 200 MW single-sha:rt turbine. 
However the resul tet presented herein may be extended to other 
boil.ers .o~: s.imilar type~ The OP-6-50 k boiler is rated at 650 t/h; 
138 at; 540/540~C. 

The superheater. /comprising five stages/ and .the rebeater 
/comprising two st•lges/ are devided . into two parallel ducts. 
In order to confine the volume ot this p~per considerations on 

0 ' . 
the adpted simulation technique of the boiler - turbine units 
is skipped. This problem in conjuctian with the discussion of' 
adopted simplifYing assumptions was the subject of' earlier pu­
blicati.ons o~ the esame authors2 ' 6 • ~e same refers to the simu­
lation method of' a comples heat exchanger as this is the case 
with the boiler t~~e OP-650-k in which the flue gases in the 
convection ducts sweep simu,taneously two or even three of' the 
heated surfaces ~ting part of' different sections ~f' the super­
heater, having various parametres of th& heated medium. 

The steam temp1~rature cha..Tlge at one of' those 5urfaces af­

fects the temperature distribution of' flue gases and, thereb.y, 
the heat flux transmitted to other surfaces. The transfer fun­
ctions of such a complex heat exchanger are given in a previous 
paper5. 



1. Investiption o1~ steUL pressure cont;rol get.eM 

The diagram ot the conaidered ate- preas\JI'e control •7-
ateme is presented in :tig.l. !he· atwv ~ those a.yeteu was 
carried out on a linearized analog JDOdel lfia.21. 

The ~ollowtng mathematical repreaentat~on o~ tbe particu­
lar elements o~ ·the boiler-turbine m1it waa adopted: 

Coal mill 

The 11111 was si.JIIlll.ated topther w:l:th the pr~ air con­
trol system l~ig;J/. The priaary air COD troller is aet ·in such 
a wrq that the change ~ pulTeriud ~1 now- caused by • · 

step change o~ the quant1t.J .at raw ~ual--., be approximated 
by the response o~ a single iner·tial ele•nt t4 the I-st or­
der. Hence, it was adopted that: 

GMLisl • 
Ill 

Combustion chaaber 

In the case . 0~ suspension ~iring combustion proc'eeds much 
quicker than the pr·ocess of steam pressure cbange7• There~ore, 
it was assumed that. the ·changes o~ heat quantity trans~ered 
to the steam generator ~ollow immediately the changes o~ pul- · 
verized fuel flow: 

l2a/ 

The above reiat:ions ar, only valid when the combustion 
chamber is not slag,ged. When slaggin& is taken 1Jlto account 
the transfer f'~cti~on is expressed by1 : 

-~s kFN 
I sl = e ~1 :..:+~T:-FN-s 12b/ 

where: 

~2 
1,os a-
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and 
l - average thickness o~ slag deposit 1D -
a - temperature equalization ~actor 1D - 2 /a 

Steaa generator 

The trander ~1mction o~ the ateaa generator was determiri­
ed the equations given in tJ:Le . paper o~ Shwlak117a8 • 

GSGi/s/ = 
ApDR 

/s/ = 
kSG1 

6 QsG s 

· - lt.Pna 
/s/ • kSG2 ,,, 

GSG2/s/ = -~ 8 

GSG3/s/ = ~~ /s/ a 

kSG3 
s 

Steam superheater wri th connect1g pipea 

The . transfer function o:f' the superheater t•ther w1 th 

the pipes connectilltg the boiler outlet with the turbine was 
calculated treating tbe superheater aa a ainale .capacity 
element CSH and a hydraulic resistance RSH proportioml to -
the square of steu1 flow: 

/4/ 

Where: 

kSH1 = ~~n = [w~~pTU/] 1oo•/<SH2= c~ = [vsnl)p sn] 10011 
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Turbine 

Ac~ording to Rushchensky 7 it was assumed that the turbine 
time constants are . very . short in relation to those of the 
steam generator. The:re:t'ore the turbine transfer functions may 
be expressed as :t'ollows: 

~M.ru 
GTU /s/ = /s/ = kTU.1 1 ApTU 

/5/ 

For the case of the boiler type OP-650-k with a _lJlill 
type MDI-)) and turbine type TK-200 the values of' model fac­
tors are: 

~ = 1 ·kSG3 = 5,34 . 10-2 at)hin 
t . 

kFN = 1,44 . 103 Mc:al/t kSH1 = 24,3 ~/h at 

kSG1 = 1,87 . 10-4 atLmin 
Mcal/li kSH2 = 15,6 atLmin 

t/h 

k8G2 = 0 1 43 . 10-2 atLmin 
t/h TML = 2 min 

Test results 

The ~odel intended f'or the study of' steam pressure con-
trol s- ' was designed assuming that the combustion cham-
ber : Jlagged. The minimum regulation time at a damping 
coe~ . of' 0,85 was adopted as criterion of re~ulation. 

Llowing colltrol systems according to :f'ig.l WP-re 
.ed: 
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z2::s0/ 

!be characteristics pl.otted in f'ig=.;~§~ .f.~t in 
the case of' internaJ~ /fuel flow/ di.sturbanc~~e system PID 
without auxiliary signals. However in practice it is difti• 
cult to obtain the. clrum pressure ·derivative signal because 
o~ the pulsation o.Z this preasure. Tbere:tore, the . system pro­
vided only with the PID .controlle~.< sho.uld be·. considered suf­
ficient. 

In the case o:t external disturbances the smAllest :f'luctu­
ation aiapli tudes are• obtained wben using ·the ·PID + Dlf--rul 
system, l?Ut it can be seen that at trequenc~ee : below )xl.O_, Hz 

this system is equivalent w1 ~ the PID sy.stem w1 thout auxi­
liary signals. Bence, 1 t results . that· .a"t.:~·lOW distm-b&nce :tre­
qoencies tb8 PID con troller without .aU%1118%")' . signals is :tul­

ly sufticient. · · 

2. Investigation o~ steam temperature control systems 

The interaction o:t the pressure control ~iem on the 

steam temperature variation was stated. Therefore a simpli­
fied pressure controtl system. model was connected with that 
ot the temperature control system, to study this interaction 
e:tf'ects. 

The task of' the temperature control system consists in 

maintaining the steam temperatures beyond the particular 
stages of' the superheater in compliance with f1g.8. 

It should be stressed that the temperature beyond stage 
III should change with the boiler loada 

According to a. previous paper6 the parti cular stages of' 
the sup~rheater were treated as separate beat exchangers 
each of' which may be charactei•ized :.by following transfer 
functions: 

TR s 
I 1 exp I - 1 + T R s X D I /~ I ':) , 
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where D • 

· /T/ 

where 

1 /8/ 

/9/ 

· For tbe aiaulation o~ the trans~er-tunctiona ~/a/ the 

B.Hanus' approxi•tion Mthod' waa adopted. The re•'ning 
trans~er-~unctiona were simulate~ 1n a' clirect JUDDer. 

Thermocouples •were considered to be a1ngle inertial ele­
ments 

/10/ 

Injectm- desuperheatera were during the ftrat atage o~ 
the study considered as non-inertial element. baving aD 

·amplification ~actor: 

where 

• k 
2 

/11/ 

The connecting pipelines /unheated sections/ were simulat­
ed in compliance ri th: 



No 

1 

2 

J 

4 

5 

6 

7 

Numerical coefficients occurring in expressions for the 
transfer-functions G1/s/ - G4/s/ 

Coefficient Dimension I II III IV 

27 "' aek 52 J9 40 ""D 

TR sek 4,7 4,1 4,1 6,8 

:t"'D - 11 6,7 9, .5 5,8 

I2 
oc 

-0,03 -0,04 -O,lJ5 -0,059 t7fi 

ka 
oc 

t7h 0,25 O,JJ5 0,7J5 0,465 

oc 
k -%- - - - +O,J6 

oc ' 

kns -c;;- o,o6J 0,105 0,17 0,278 
. . 

- --- -

Tabl-e 1 

v I" II" 
.. . 

I 

62 150. 90 

1J . 2J 21 

4,8 6,5 4,J '() 

-0,062 -0,21 -0,165 

0,6 1,1 0,81 

- -0,75 -0,29 

- 0,045 -
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G I s/ 
TRs 

= 7Tn + T2 + T3 I .. s + .J.. 
/12/ 

where 

~ CR ~ I!Jl cR 
TR =- F «n T2 = 

~ T3 = ~~'D CD D 

Fig.9 shows the diagram of steam temperatur93 system and 
~ig.lO presents the block diagrams of: 
a/ ~he model of all the superheater stages together with 

t he simplified model of the pressure control system, 
b/ the s t udied variants of control system. 

The IInd stage 01:f the superheater is :fully radiated. 
This means that the steam temperature rise, produced by it, 
decreases with t he increase of the boiler load. Therefore, 
the control of the 1.nlet steam temperature to this stage 
was adopted. This·solution facilitates the obtention of a 
decr easing static steam temperature characteristic beyond 
the IIIrd stage /in compliance with the requirements present­
ed in fig.8/. Moreov'er, in order to reach this aim a signal 
r epresenting the boi.ler load was introduced to the main con­
troller. During the study it was analysed whether it should 
be the steam flow or· the main turbine . valve position signal. 
The results obtainecl /fig.ll/ indicate that the latter sol~· 
tion is more advantageous . 

A cascade contro1l system was foreseen for the Vth super­
heater stage.~t was similar to that applied for the II!rd 
s·tage but with a constant desired value preset on the main 
controller . Finally the effect o£ t he introduction to auxilis­

ry controllers /beyotnd the IIIrd and Vth superheater stages/ 
,i ther of the signal from the derivative · ~dt or of the 

ombin:ation of signsllS MnJ and B was investigated. It was 
stated that the opti.mum values were for the first case Tnr= 
- 37' a and T2 = 0 and for the second case MTufBRN = J 
/fig .. ll e~d/. The e1tudy was carried out taking into accom1t 
1:.' •? .. ypea of disturbances: 
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a/ 10% change of fuel f'low, 
b/ lOC.& change of turb~e valve position in compliance with 

the VDI/VDE RicAtlinien )507/. 
It was stated 'that the disturbances •a• /caused by change 

of f'uel f'low/ cause much smaller fluctuations of' controlled 
temperatures than ciisturbances "b" /due to ste~ fiow/. 

Theref'ore, ·in :f'ig.l2 temperature variations during steam 
:f'low dis~~bances are only presented.· They were obtained on 
a model rn co~li~~ce with f'ig.lO when asing the signal 
di~/dt as well as when using the signals Saw and MTu• 

Fig.l4 present:s the maximum error of' the regulated quan­
tity plotted against the frequency of' steam f'low disturbances 
/of' amplitude 2.5~/. 

The results presented above were obtained f'or the as­
sumption that static c~acteris~~c Mspr = f/H/ . is linear 
over the .whole range /without limitation/. However the actual 
characteristic of spra¥ valves injection desuperheater system 
is generally non-linear. Typical 41iz. and 1.:1. ,_,.a curves as­
suming a characteristic ·Mspr = :f'/H/ in compliance with fig. 
15 are presented in f'ig.l). J 

The temperature control of reheated steam .is carried out 
by controlling bot.h the dampers :in the f'lue gas path and the 
spray valves. This system foresees a ~I controller control­
ling the spr~ val.ves and an auxiliary controller controlling 
the flue gases dampers in su~h a manner as to assure in stea­
dy state that the spray water f'low correspon · with a desired 
value independently of the boiler load and the configuration 
of the operating mills. In this way small temperature fluctua­
tions shall be eli.minated by means of injection control, and 
the greater ones exceeding the relatively narrow range of the 
injection desuperheater by means of flue gas dampers. Hence, 
the dampers which are used for coarse regulation /and the po­
sition o£ which when changed brings about a disturbance in the 
primary steam temperature and in ~he combustion chamber vacuum/, 
shall only act in the case of grea·ter disturbances. 

It was analysed whether the auxiliary controller should 
be an integr a ting element /variant I in which z9 = 1 z10=0/ 
or a non- l i near element o£ relie£ type having an insesibility 
zone covering the r egulation r ange of the injection desuper-
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heater /variant II in which z9=o ~0=1/. 
Fig.l6 gives the ·comparisan of "the control process in both 
variants following a sudden turbine .valve closing by 1~, 
and fig.l7 - the comparison of frequency .responses of those 
variants. 

3. Assesaents of t~emperature control on base of frequency 
responses chara,cteristics 

The selection ~of the structure of control systems may _._ 

only be made when the spectrum of disturbance affecting the · 
boiler-turbine 1.mit is known. As in the .considered case the 
set is not yet installed the disturbance spectrum is not known. 
The test results allowed only to prepare the data indispen­
sable for the . sele1ction of the o.ptimum structure. The decision 
may be taken when the disturbance spec.trum Z I jol/ for the in­

vestigated unit shl!lll be determined. It is only then that the 
actual spectra A / ,jt6/ of controlled parametres may be calcu­
lated: 

/1)/ 

where G I jtl)/ - system response to •white• noise, 
The characteri~r.tic A I :Jj)/ shall serve as . a base for com­

paring the consideJred V'E!riants. This comparison may be car­
ried out basing on the regulation criterion: 

00 

I 
0 

to which corresponcls: 
00 

a • d~ 
dt I 

2 
dt 

K.., ~ J . /1+a2 w2
; IA/jW/1 2

dw 

.o 

/14/ 

/15/ 

the coefficient "a" being adopted independently for · each 
control system. ThEI control structure for which the calcula­
ted value of the ci"iterion KlU reaches minimum, should be se­
lected, as being the best one. 
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Conclusions 

A method that e:nables the choice o~ optimal pressure 
and temperature c~~trol systems co~iguration has been il­
lustrated using as an example the- OP-650 k type power boiler. 
This modeling techniques can be applied to investiga~e the 
control systems of other boiler-turbine units, priori to 
their actual operation. 

NOTATIONS 

e - specific · beat·.: 

F ~ heating au~ace 

G /s/ - tranater-tunction 

M - flow of a team or :t'lue gases 

m - masa kg 

B - fluel flow t/h 

H - position c•f injection valve S 

p - pressure 

q - per unit heat f'lux 

• - Laplace operator 

t - time 

T - time cona1~an t 

t' - time lag 

position of flue gas damper 

or heat exchange coefficient 

~ - temperatm-e 

jL - position of turbine 
regulating valve 

F OC 
Me 

atm 

! 
8 

s; h 

a; min 

• 



R - pipe 

D - steam 

I.NDICES 

spr - inJection w,ater 

i - input 

o - output 

14 

1, 2, 3, 4, 5 - steam temperature beyond the respective 
ntage of the superheater 

TU - turbine 

Fl{ - feed water 

RW - raw fuel 

PL - pulverized fuel 

ML - coal mill 

FN - furnace 

SG - steam generator 

SH - superheater 

PR - primary air 

DR -drum 
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CAPTIONS 

Fig.l. Diagram of in,restigated steam pressure control sy­
stems. 

Fig.2. Structural diagram of the model of the boiler type 
OP-650 k aa an object of steam pressure control. 

Fig.J. Structural diagram of the model of mill system. 
Fig.4. Steam pressurta transients following a at) step fuel 

flow diaturb~~ce. 
Notations: 1 - •ithout control; 2 ~ PI; 3 - PID or 
PID + D /f''flii 4 - P~ + D/PDaf or 

PI ~ D/PDaf . ~ ~ I r rof· 
Fig.5. Steam pressurta transients following a 10% step 

turbine valve disturbance. 
Notations: 1 ·~without control; 2 -PI; 3 - PID; 
4 - PI + D/PDx/i 5 - PID + D/Pnafi 

6 - PI + Df,PDR" + D I JL'I!fl' • 

Fig.6. Frequency response of the investiga-ted steam pres­
sure control 1:tystema /fuel flow disturbance/. 
Notations: s~ne as in fig.4. 

Fig.7. Frequency response of the investigated steam pres­
sure control systems /turbine disturbance/. 
Notations: same as in fig.5. 

Fig.s. Steam temperatures beyond particular superheatar 
stages /1 to ~)/ plotted against the unit of load. 

Fig. 9. Diagram of imrest:tgated temperature control syste ;11 . 
Pig.lO. Block diagram of the model of a boiler type OP-650 k 

treated as an object for temperature control /the 
investigated control systems included/. 

Fig.lla. and b. Investigation of varying the desired value 
set on the teinperature controller in compliance with 

the signals :tl:-om: 
1 - position c>f the main turbine value 
2 - steam now 
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c. and d. Selection o:t AMTu and ~B signals combinations 
:tor correcting the auxiliary temperature controller 
action. 

= 0.:3 2/ 
6 M.ru = 1 o ABmf • 

a and c - f'u.el f'low change 
b and d - turbine valve change 

J/ Allm = ABRW ).0 

Fig.l2. Temperature and . spray valve position transients rol­
lowing turbine valve position chang,. 
a and b - with control system o:t steam temperature 

· at: 

z1 = z3 = 1; z2 = ~ 4 = z5 .- z6 = z7 = z8 = z9 = 

= zlo = o 
c and d - at z3 = Zr = z5 = 1; 

~=Z2=z6=z7=z8=z9~~of0 and ::;; = 3 

Fig.lJ. Comparison of temperature transients: 
l - without. limitation of injection water, 
2 - with non-linear characteristics of spray valves 

a and b 

c and d 

Fig.l4. Frequency response of investigated steam temperatur-e 
control sys.tems during turbine valve disturbance. 
1 - see fig.l2 a and b 
2 - see fig:. 12 c and d 

Fig .l5. Static characteristic o:t spray water valve. 
Fig.l6. Step response o£ reheated steam temperatur~ .c.ontrol 

system 
1,2,3 - temperature, spray water flow, position of 

the: damper for var~ant I 

4,5,6 - te.c:~perature, spray ·water flow, position of 
danJtper for variant II 

Fig.l7. Frequency response of reheated steam temperature 
control system 
l - variant I, 2 - variant II. 
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OPTI~UM CONTROL OF A STEAM BOILER 

by 

H. APTER Societe C.I.I. (ANALAC) 78 - Louveciennes - France 
J .'H. LE OORRE, R. MEZENCEV, Y. THOMAS 

E.N.s.·u. 44- Nantes - France 

1 • SCOPE OF THE STUDY 

The aim of tb;J.s study is to obtain an optimal control of a 
process (presently it is a ste~boiler producing 1800 kg/h of 
steam under 22 bars, overheated to .360 °C) taking into account 
a knowledge of mathematical . model of the process, constraints 
upon control magnitude, and perturbations, which are: 

- low-level perturbations, unknown. a priori, so that closed 
loop control strucj~ure is necevsar,y (see reinitiation proce­
dure, section 8); 

- high-level perturbation, known a priori (e.g. power de­
mand or increasing pressure curve whis has to be followed). 

This type of problem can be treated with the aid of ?on­
tryagin 's theory, which involves solution of two point bound­
ar,r value problem raising important difficulties. Originality 
of this study is found principall.y in the development of a new 
rapid method for solving this problem (method of f and g) and 
in its adaptation to steam-boiler control. 

We shall first define precisely the process model and per­
formance index applied, then we'll proceed to detailed descrip­
tion of strategy relative to the method mentioned above. 

2 • . PROCESS MODEL (Figure. 1) 

We recall that the steam-boiler can .be described by: 
- state variables: 

- drum pressure (pB) 
- turbine pr,essure (p8) 
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- superheating· t~emperature ( e- 8) 
- water level in the drum (N) 

- excess atr (E) . 

- vacuum pressure in boiler f um ~e (D~) 
~ 

- control variables: 
- fuel tlow ( ~) 
- air flow (qA) 
- superheating f 'low ( qDS) 
- feedi.Dg w~t~ :tlow ( qE) 

- chimne~ regis~er position <Rr) 
- main perturbation: .. load .. · 
From a point of view of optimam design we consider the pres-

sure onl.7 and its contz·ol. variable: f':l~l flow (Fig. 2). 

ConditionS that rely ot~r quantities are: 
- N = .const = He (de, sired ·value) w1 th ·~ = qv 

- qJ. = f( <lc) s~h that t~ combustion is correct for each 
load ~ral.ue 

- qDS = c~, :so &. 8 aud p8 · ~hange arbitrarily 
- Dr = const by act;iDg on .. -~ 

We can write therefore (see J.ppendi% 1J: 

.PB = a~ - bqv td.th a ·and . b both constant 
note that · 

<lc m:Ul ·~· <lc ~ ~ max ... 

In fact, for various lead· values, we could verify that: 
- in steady state, 1;he ratio b/ a variation is lower or 

equal to 5 % , 
- in dynamic regime,~ both. b and · a may be known within 

accuracy 15 " (see .Appendix 1). 

3. PERFORMANCE INDEX 

Performance index selection is justified b7 the following: 
1) Control performances usually required (small deviations, 

low-level of control signal - in order to decrease the cost or 
to limit valve shocks) lead us to select a quadratic perform­
ance index with fixed 1~erminal time T which, on the other 
hand, makes more easy t he solution of Pontryagin's problem (in 



:ract it is mcnm. that 1D th1a case a coaplete the017 can be 

established U no constraints are present, see ~tbaDa and Jralb 
- Opti.llal Control, chapter 9) • 

2) Be~erriJ)g to the· model equation (previous section) , we 
consider :ruel flo•• as a control veriable.It would also be poa­
s~ble to choose :ror this purpose clcio/dt which would allow us 
to take into account a performance deterioration doe to "t"alve 
shocks, but we wo:ald have then a seccmd class procesa and a 
constraint upon st~te variable (CJc), i.e. two ditticulties 
that we preferred to avoid in a first stage at the atuq. 

3) .&.s the high level perturbation known a priori - a pres­
-· _IliuM desired value is ~·l~ted. . •• suppose that it varies_ in 

a step ma:Dner at a time instant · tp , · belong:t ns to interval 
(o, T). 

It i~ .· also poaBsible to consider . the iDstantaneoua varia­
tions of ste8Dl flow;_ this would bring as however, for control 
variable selected as above, to a performance index inconsis­
tent with essentilt.l p~sical signi:ricaDCe. It doesn't represent 
any restri<?:tion ·to the generall ty o~ oar .stu47. 

In addition we note that since PoD.t17agill 's the or;, allows 
to introduce into desigxi procedure the perturbation known a 
priori, we iaplement a predictive· control. 

Given these three principal. conditions, we define 
T 

J(T) = i J [ (P - P 0 ( t)) 
2 + .I. 2p2 ]dt 

0 

where ~ = const and T fixed. 

4. PROBLEM STJ.TE'.I!EMEIT 

~ recapitulation of the last two sections allows us to re­
state the problem .• 
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•. 
knowing that :x = u :x = P - Pc1 

.and u ~ B (B = const)~ with 11 •-- ~- ~ 
Clv = -co~t 

T 
determine u(t) that minimizes J(u) = ~ J[CP-Pc) 2 + cl

2u2]dt 
tor t E [o, f] o . 

of, = cons1t ~ -fixed 

Pc(t) = Pc1 + (Pc2 - Pc1) ..t'(t - :tp) 

r ( t - tp) = 0 tor t < tp 

= 1 tor t > tp 

By application of the Pontr.Jagin's theorem.. we obtain a 
canonical system as tollowas 

• 
'f' = -:x + (Pc2 - . _P01)-r (t - tp) . 
X:U 

toni an; 

'+' 
u =--

cL2. 
or B - the values that m1n1m1ze the hamil-with 

boundary conditions are ~ (T) = 0 

;, (0) • -x(O) 

Control structure is represented in lrig. 3, and the ditfi-

~ The case where u . cannot exceed a maximal value is con­
sidered only, due to facts that the desired value s~ep cbaDge 
Pc1 - P02 arising at tp is supposed positi~ and that 
P(O) - Pc1 is near :zero. hom theoretical point of view "he 
problem is no more complex if it is supposed that B1 ~ u ~ B2• 
~ We applied here the minimum principle_,which. ditters from 

maximum principle by the tact tbat \1' 
0 

is taken equal to +1 
(in lieu ot -1) • Under such condi tiona, the adjoint variables 

o/ written here are of opposite sign w1 th respect to the aci­
jo~t variables ·o! maximum pr1nciple. 
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cul ty of solu~:ion re~ essential.l7 in the determ1 n1 ng 

of '1' (0). 

5. CONTROL IlETERMINIBG WHEN IT IS BELOW LIMI! B 

In this case one has to solve: 

1\ 

tald.ng into account .the bound.ar7 conditions 'I (T) = 0 and . . 
'I' (0) = -x(O). 

Determining of o/ (0) can be performed with the aid of au.x­
ilia:ry functiona f and g defined by 

• 
'f (t) + f(t) "'· ('t) = g(t) (2) 

with f(T) = g(T) = 0 which involve therefore 'I' (T) = 0 in-
• 

dependently of '+' ( T) • 

We differen·tia1ie equation (2) 

• e ,. 

'II (1 + f) + f t' = g (3) 

. ,. 
Solutions 't', f , f of a linear· system (1), (2), (3), have 

to be independent of the functions . f and g , so they will 
take the form o~. .2 • 

0 
This involves two .relationships for f and g 

• f2 
f =--1 

~t 

• . g • 
g = f(--P ) ol} c 

which have to be integrated in backward time direction, since 
f(T) = g(T) = O. 

Having obtained so f(O) and g(O), according to (2) we 
11JBJ write: 
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~ . 

'f (0) • g(O) ·• ~(0) 't' (0) = g(O) + t(O) x(O) (= ~ 01 ) • 

-
Ra.erk. In present case all computations ~be performed 

unu•J J7 and some results are given in. the .Appendix 2. 

AssWiling that x(O) is near zero- we have . a probable 
control _tra~eoto27 as in !Pig. 4 (t1 can be zero) ._..., 

Referring to the canonical system in section 4-,_ _we ll can 
obtaill "(t) ~o:r t e. - [o~T] with the aid of - . the analog 
scheme represent,ed in Hg. 3; ·however, we have to compute_ the 
i.Ditial valae i' (0) before. 

We recal.J. that the equat~ona to be solved are: 

.. "' 
'f' - -:ct' = 0 for segments 1 and 3 . 

X = B . 
'f = -x + (Pc2 - P01) r(t- tp) tor segment 2 

We have otherwise the. boandar.r conditiou . 
~(T) • 0 'f(O) = -x(O) and switching conditions 

't' (t1) = 'f (t2) :a - oC~t ~{t:;) s · t.(t~) 
• f 

"'(t2) = If (t;) (if t2 ~ tp) 

f (0) is as follon: (:L'ig. 5): 
-.or segment ~ we have 

'r + fY = 0 (2) (g = 0 since ~ = o, see section 5). 

• Notation used in the general flow-diagraa. · 
~ The Val\lle of x(O) = P(O) - pc2 in the case when it 

doesn't reach the limit B could be specified with the aidat 
the obtained trajectories. 

!I!Bf Taking :i~to account . that ·.:'t'(T) = o, that the desired 
value step arises 1t time tp which is placed naturally be­
tween T/4 and 3T/4 , and that .l. assumes a moderate weight­
ing value. 
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If, integrating f in. t~ backward time direction :!rom t = 
= T, we suppose tl:l.B.t at actual time instant t , 't' (t) • 
= - ..C~, i.e. that t = 't2 , using (2) we have 

·--: ,J oe2 B 
"t' (t2) . : ,v • 

f(t2) 
,.., 

,., ...,,., 2_ •,y 

Tald.ng so t 2 .! ~ (t2) =,:; . .c-:s, and 'Y (t2), we can i!!!!!!: 
di t;a~ obtain V (0) and Y (0) b7 solving algebraic egua-
!!.2!!! (se~ shape of trajectories in Fig. 6). ,.., 

When V (0) ~- -x(O) we have t = t 2 = t 2 and 't (0) = l' (0) 
(= "1' 02) _. (the initial condition for 1' integrator · on Fig -
ure 2.). 

In the same manner as in previous section, only one integra­
tion in backward tizDe direction supplies the backing initial 
condition. 

When the time iw~tant t 1 is zero, the method in finding 
"t' (0) ( cal~ed now "'f 03) remains the same. However, the for­
mula for "f (0) i.s different now, because o~ the lack of seg­
ment 1, which makes necessary to solve a new algebraic equa­
tions system, then apply an appropriate logic (see _general flow 
-diagram). 

Finally, if in the interval [ tp, T J. covered in _the back­
ward time direction:, the equations "1' (0) = .;.z:(O) are never 
satisfied, the control is not saturated and we have to return 
to the s o l~r:t ~ on of I:Jection 5. 

Since he £unction g(t) is zero in [tp,T] , these three 
cases presented in I:Jections 5 and 6 meet together and may be 
summarized in the flow-diagram presented below. 

This flow-diagram was ilnplemented on two analog co~~putcrs, 

Analac A 10 for computation of 'f' (0), and T.R. 48 for c~u-
tation of fuel flow control with a synchronous 
DES 30 which took c~:t.re of the logic control of 
system. 

logic 
the 

system 
overall 

~ Sign ..., means that the functions 't', f and the variable 

t 2 are not yet necessarily optimal. 

»a Notation used in the general flow di~. 
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The. computation-of 'Y (0) ia periodicalJ.7 repeated (peri­
od 't ) tor a new value ot atate variable P( ~ ) - P 01 and al­

lows to restore periodicaJ.l7 the 1Dit1al cond1t10DS ot control 
integrator (of t\f ) • ~ 

Thia type at closed loop control with re-adjusting allows 
ua: 

1) To pertect analog pertoraanoes, which becomes ot prJ.m.ar.r 
importance when S8lJLSibili't7 coetticient d 1i (T)/ '0"1' (0) is very 
high 

( = ch 1 1:t the constraint is not present). 

In tact 1 tor low values at ol.. , an ODSu:t:ticient accuracy o:t 
the computation o:t "11 ( 0) llakea the 878tea divergent, which 
can be avoided b7 rein:1 tiati.on. 

2) To compensate model ~araciea. 
3) To react agai nat moderat.,.level perturbations • .. 

We distinguish l:Simulation results and results obtained on 
the process, mentit:mii:lg that the aiaalation was perto1"11l8d with 
the values identical to real process characteristics. 

1) Simulation results 
Method of computation of "¥ ( 0) presented above enabl~ to 

plot the control and pressure evolutions tor various values of 
the parameters .C , tp, T, "Pc2 - Pc1 , B 8lld P(O) - Pi1 • 

Figures 6 and 6'bis represent evolution of x .ancl x for 
• 

various el , with and without ll8.gni tude c0ll8tra1D.t upon x 
(= u) (P(O) - Pc1 = O, T = 200 sec, tp a T/2). 

We note that fo.r low values of oC , the control conforms to 
unit impulse d'(t - tp) while tor high oC , u beco•s iden­
tically zero. This clarifies well the meaning of ol.. • 

For low values ot oC , the computation of 1V(O) appears to 
be insutficientl,- ac '.urate, since the · sensibilit;.T coetticie:Q.t 
o'"t' .(T)/~"t' (0) assumes high value (equal to ch -:tit the con-

str8.ilit is not pre1sent). This justifies partially ·the need of 
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control reinitiatio~. 
on necessar.7 satura­

tion of the saturated control at time tp is verified. 
U now Q/. 18 tu:ed at 100 sec (and P(O) - Pc1 = 0) and U 

tp varies between 0 and T , curves in Fig. ? present a pre­

dict! ve utare ot this optimization • 
. Another illlportu:t point 'llliq be outlined: (case with con­

straint, l'ig •. 7bis). If tp is below some value which '1lJB:3 be 
called critical (he.re 100 when B. = 0.01), the control becomes 
independent of tp • It can be otherwise ver~ied (7 t er) that . 2 
\f (t, tp) is wlique for -('I' I-'.. ) ~ B • This is consistent 
to the structure of the hamiltonian which has a step arising 
at tp (we find by calculation 

B(t) = [P(T) - po2J2 + 1 (t) [CPc2 - pc1)(P(tp) - pc1) -

1 - 2] - 2 (Pc2 - pc1) . ' 

(this can be verifi,ed 1.n Fig. 11)). Under these circumstances, 
the curves 1' (t, t :p> 1.n lrig. 7 ter have to be "parallel" for 
t lower than the lowest valae of tp considered in this fig­
ure (here tp = 40 .sec) • 

In Fig. 8 the variations ot T when const".cai.nt is present . 
are shown ( 1.n tact :if there is no constraint, x and x are 
functions of t/cl.. , tp/eL and T/ei.. , and the cux-ve system 
with . T variable c•an be obtained from similar SJ"Stem with 
variable which is sbown in Fig. 6). 

• Finally in figur1es 9 (9bis) and 10, the plots ot :z: and x 
as functions of P(O) - Pc1 and of B , are shown. This com­
pletes a set of curves that permit: 

- to verify a go1od accuracy of the "method of t and g" 
with respect to the vanishing of 'II (T), and to the behavior 
of hamiltonian as a step function; 

- to select a pr:iori (by a user) the coeefficients a( and T; . 

- to provide a qu1asi-optimum c~trol for which the 
for 'f (0) compute1d algebraically on-line would be . . 

formula 
obtained 
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by regression based on the whole set of above silml.ation :re­

sults. 
2) Results obtained on the process 
First we ascertain that the model selected has an accept-

ab~e static and ~namic accuracy _as ~~ll. ___ In ~~c~tn absence 
of perturbation, the reinitiation with period 'l/4 doean .. t in­

volve any significant impulse of control signal, which ~s 

that even during co.nsidera~l& time interval 'f(4 the QB'tea 4:3-
namics can be approached by a simple integrator. 

On the other han.d, if the optimization is perforBed on the 

basis of steady state;.· the fuel flow values at tiae instimts. 
0 and T are. nearly /the same, which implies that the accuraey 
~ 5 % (mentioned earlier) for . the b/a ratio is preser:rett in 

steady state. 
Under these circamstances, a reinitiation period of arcler 

of T/10 would appear satisfactory to make the dittereuce be­
twe·en simulation 8ll.d process trajectories lower thaa 1 ~ • 

Finally, in orde~r to obtain a ·more .efficient con~1 in pre­
sence of random per-turbations, we performed some experimen:ts 
with reinitiation !J'eriod T/20 • 

.A. study underrtak:en now will enable us undoubtedl7 to in­

crease the reinitia~ion period b.7 readjusting modei parameters 

during optimizatioii~ process, thus decreas~ the per.torwitnce 
index value. 

We show _ ... re the1 records of pressure deviation and :tue1 
flow for following values: ~ max = 125 kg/h,~= 100 sec, ~ = 
= 200 sec, reinitiaLtion period = 10 sec, each record cor.re-
sponding to anotheJ:• in1 tial value of pressure deviatian. So 

from Fig. 12 to "Fi@;. 15 we proceed from an Wl.Satarated 'lara-

jectory to a trajec:tory saturated from the V87!7 beginniug ar 
the optimization pJ:~ocedure. 

9. CONCLUSION 

We came to esta'blish a method for determining optblal. con­
trol for a simple :process. 

This method is qlu:ick and accurate. However it makes neces­
sary the use of a c:onsiderable installation, which cool.d be 
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improved by appliCI!ltion of more adapted technical facilities. 
We mean here a use of a hybrid type II system. It would be -ad­
vantageous to inteJ~onnect a real-time digital computer to an 

· analog computer (type TR 48). 
The use of ·this advanced technology seems to be of capital 

weight for application of the method of f and g to a more 
complex process. 

The hybrid type II system would have to be implemented af­
ter a study on re~litiation, intended to determine the optimal 
value of reinitiat:Lon ~eriod under random perturbations and 
model inaccuracies, is performed. This system· could also adapt 
its~lt during operation. 

Besides, it would be interesting to try to simplify the f 

and g method. We have in mind to obtain from plots shown pre­
viously and from th.e functions computed in the analog solution 
presented - the apJ;JrO:x:imate algebraic formulas giving initial 
conditions for adjoint variables. These formulas could be nu­
merical~ computed in real time and introduced to an analog 
set-up represent~ the adjoint system. 

These simplified: methods, bY: their form as well as imple-
mentation, would_ elllB.ble to undertake an optimal multi variable 
control for a line of pressure of superheated steam (pressure 
and temperature), j~or which an identification is performed ac­
tually. 

Note. These researches are performed in the framework of a 
contract of D.G.R.S.T. (Automation Committee). 
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sanne 28 aout , 2 septembre. 
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Appendix I 

DETERMINING OF THE MATBEMATIC.lL MODEL USED 

TO' OBTAIN AN OPTIMAL CONTROL 

Steam-boiler equatic)ns DUQ' be classified into two groups: 
- equati ns of thermal equilibrium of flue gases and ex­

changers, 
- equations of . stem~-generator. 

Heat flu:r: into exchan.g~~rs in steadt state 

In order to determine a rate o~ heat flux supplied to fluid 
circulating in aaeh exc~hanger (evaporator, superheater, down­
pipes) , a total flux supplied b7 combustion and furnace tempe­
rature is calculated f:irst. Next, energy conservation laws tor 
each exchanger are written. 

It can be shown there~ore · that, 1n ste~ state: 

<I> ev = kev 4> 
A-.. = k ¢> 
'~-'s s 

ePee = kee ¢ 
<P = kc GJe 

where 
¢> = total heat flax produced by the combustion 
h

0 
= fuel calorific value 

w0 = fuel flow 
fev = heat flux supplied to the fluid in evaporator tubes 
cp 

8 
= heat f lux supp,lied to the steam in the superheater 

4> ec = heat flux supp,lied to the water in downpipes 
kev' k 5 , kec - coe:ff'icients depending in particu;l.a.r on 

boile·r load and on excess air control 

kev + ks + kec <: 1 

Steam-generator operation in steac1y state. 

Steam generator consists of: 

(1) 

(2) 

(3) 
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- nest of tu'bes 

-~ 
ipes or ecc:momizers 

Egna1;ions of eners;r and continuity in evaporator tubes 

Let Eev be the energy accumulated in evaporator tubes. We 

have: 

(5) 

{J.J ec = circulatjlng water :fl ow at the i.Dput of evaporator 
tubes 

h81 = water enthalpy at the input of evapor:ator tubes 

w:v = water :flc:>w at the output o:f evaporator tubes 

h:v = wat er enthalpy at the output ot evaporator tubes 

u::;v = steam flc:nr at the output of evaporator tubes 

~v = steam ent halpy at the output of evaporator tubes 

e sha1l suppOS4~ that: h:v = He(P) = wate~c- enthalpy at saturation pressure p 

v = lly.(P) = steam enthalpy at saturation pressure p 

d t hat the press111rt) at each point is equal to the saturation 
pressure p • 

Let •!v and a;v be the mass of wat er and steam respect­
ivel;r, in the evap4~rator t ubes ; we have 

w ec _ ( w :v + u.:!v) 
Equations of drum c:>peration 

/ 

•ev = Me + 

~e have a mass conservation law 

wea - wee + wev + wev _ wB = 
e v v 

:a = f eeding water flow 

•ev u; (6) 

(7) 
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~ = drum imler volume 

~ v = mass of water, steam, in t he drum. 
e, -

ie shall neglect the phenomenons of condensation or ~vapo­

ration inside the drum, which supposes that the steam and the 
water are at the sat1.1ration temperature at each point inside 
the drum. 

Next, we shall assume tbat - th~ feeding water is mixed with 
circulating water at the input of downpipes and that there is 

··. ~ 

no heat exchange be~•een water and .walls in-the drum. Neglect-
ing also the phenome:nons of vaporisation and recond&nsf.!.tion in 
the drum, we can wri·te: 

·w ev _ cv~ ' = .:.B 
v v ... (8) 

We '11 write now ·the energy conservation equation of the drum 

which 1s supposed to, receive no heat flax. 

-wBu + <JevH - wevR - (· Wec - w )B = iB vAv e e v ,. ea e 

where iB = energy accumulated in the drum. 

Equations of downpipes operation 

Energy conservatl on equation is: 

ee ee ,.J,... 
w heo - w he1 + ~ ec 

where 
heo, 1 = water enthalpy ~~ the dow.npipes inpnt or output 
Eec = ener gy contained in t he water of downpipes 

(9) 

(10) 

On t he other hand, t he mix~~ of f eeding water ~ith circul at­
i ng wat er issued fr om drum proceeds with energy conservation , 
thus: 

~ E, + w b. ~ e e ea. ea 
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(11) 

Simplifi cation o~ equations ~or stead:-state operation 

In steady-state, the equations (5) - (9) and (10) become re­
spectively: 

(12) 

. w _ ,_,ec w•v + w ev _ ""'B • 0 ea ~ + e v v (14) 

w ev- wB = 0 v v (15) 

-w>v(p) + cu:vH
8

(p) - w!v~(p)( wee - CAJ
8
a)H

8
(p) = 0 

(16) . 

w ech.eo - w•~e1 + <P eo = 0 (17) 

Snmm1og equations (13), (14) and (15) we have: 

<AJ 
ea 

Summing equatiOD.t:s (12), (16), (17) and (18) we have: 

(18) 

Using (18) and, <)n the other hand, (1), (3) and (4), equa­
tion (19) becomes: 

(20) 

We define then the coefficient~ qf and {!> such that: 

oC = (kev + 1~ec>hc ' f3 = Hv{P) - He(P) 
i . 
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Equation ( 20) can 'be written now: 

; - B 
~c.vc ~VJv = 0 

This equation is seLtisfied in steady-state only. However,it 
is known by experience that for s l owly varying regimes one can 
write: 

~ w c - ~~w! = kP 
r, dividing by k and setting: 

a = o(/k, b = ~/k we have p = a · - b wB c v 

~e have determined exper~entally the coefficients a and 
b in the following ~~r: for steam flow values varying be­
tween 45 % and 95 % of its. nominal value, 

1) fuel flow is v&lled until p = 0 (steady state) (for the 
rest all other quanti11iies are stable), so the ratio b/a is 
obtained: b/a = 0.09 within 5 %; 

2) s t arting from steady-state , we feed the step inputs to 
JB 

~ c (and next to ~ ,~ ) , and. obtain b and . a within accu-
. racy of 15 % 

( a = 1.25 bar/kg, 

Ap endix II 
SOME RESULTS OF CALCULATION 

\f 
The control is u =--

ot..'L . 
with Y being solution of - ~~ = Pc(t) = . 

= (Pc2 - Pc1 ) J (t - tp) 

( 't' (T) = O, ' 'f (0) = -:x:( O) ) 

We obtain 
(; 

't' (t) = + 'f(O) ch t/«. + ol.. 'fl (0) sh t/ + 
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which gives T- t 
sh P 

ol 

\.f . 
Knowing that u---- o(.l. and x = u we can calculate also: 

X(T) -
- (P p ) x(O) - (Pc2 - Pc1) ch tp/~ 

c2 .... _ c1 + 
eh T/ot. 

On the other hand, we can represent H(t) by 

T 

we take 

H(t) = H(T) - s dH dt 
t ~t 

H(t) = (P(T) - pc2)2 + 'rz. (t) [ (Pc2 - pe1) (P(tp) - pc1) + 

- ~ (Pc2 - pc1>
2 

} 

't (t) = 0 V t G ] tp, T J ~ (t) = 1 ~ tE [ 0, tp [ 

We recall tha·t x = P - P 91 • 

r (t - tp) = unit step. 
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· u 
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COMPARISON OF DY NAMICS BETWEEN NATURAL 
.CIRCULATION BOILER AND FORCED CIRCULATION 

BOILER 

I l'ltroduction: 

K. Itoh 
M. Fu jii •• 
H. Ohno ... 

· K. Sagara• • 

An allowuce for load nuctuation of a boiler baa become more· i mportant 

to the regulati011 of- a power arstem. A nUilber of efforts have been ~~&de 

to clear the d;yum.ca !)f a boiler in order to increase the alloV&Ace. 

~e tvo differeat tJpta of_ 'boiler diecuaeed in this paper ~ve been in-

atalled to &Mrve for the regulatioa of power sratem which have the load of 

-electric raU~ in the aubarba of Tokfo. ODe is a natural circulation 

·'boner (N-trpe) and tbe other is a forced one (c..t,.pe) of ?5 MW nolli.nal 

ratiq reepecti Yel.y. 'lhe 'boiler installed in the power arstem baa been 

cliaturbed with a randoa load nuctuation, of vhich power spectrum has a 

larp ao11Dt of 2 - 3 lli.Jmte periodic c011ponenta as shown in Fi g.l, owing 

to the start-atop of traiu. MoreoYer, the boiler has been r .-quired to 

allut down in aidnipt for the~ . reuon of no train I'UilDing. 

'lhe boU.i- contatld.q a arp size p-euare part is, generall1 , not able 

to start quickly clue to the theraal shock probl•. On the contrary , for 

the large heat capaci tr, it ila apt to absorb a rapid periodic load nuctua­

tiOD. In this &Mnae, the boiler suited for this situation must aatiaty 

each an i.Dcompe.tible requireMnt as to cope with the rapid Io~d nuctua­

tion as well . as to be able to atart quickl1. 

C-type boiler shortens ataJ~t up time by half as IIUCh as H-type. 'lbia is 

because of decrease in size of pressure part., 1111ch as drum, doVDComer etc. 

and it can take a large heat nux in furnac~ in the warming up proceaa b1 

securing the atable circulatJLon vi th a pump. '!be stable circulation be­

ing •cured the n011inal circulation ratio of C-trpe is reduced to one half 

or leas than t~t of H-tJPe. '!his c .:1uses to decrease water holding and 

Mtal weight in the circula ting loop by about 60-?0%. HoveYer~ thia •8.1 

be an und!tairable tendencr f4'3r the load nuctuation. 1herefore, the 

experililent baa been carried out to clarify the allowance for periodic load 

nuctuation of these two tJpea of boiler. 

• To~tro Power Supply Control Di.Yision, Japanese .National Railva;ra, 

!olqo, Japan. 

•• Te·chnical Headquarters, Mi taubiahi Heavy Industries, Ltd., 'fok;yo, Japan. 
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1he soaJ. of W.a inTeatiption ia to co~~~p~~re the ~ice of both typea of 

boiler to clarif7. the eaeential factor of the difference in the allowances. 

Boilers di8C1laeMtd are different froa each other in design philoaophy due 

to the different erection ti• and in main fuel auch aa pulverized coal for 

N-type and heaYy oil for C-type. 

C011parison of Allowances between Two 'trpea of Boiler: 

·'!he experiments haTe been carried out by means of changing the load 

demand including controllers. 

1he disturbance·•, used in the experi•nts are sinusoidal for N-tJPe and 

M-eequence of 20 aec. a bit, 127 bite per period for C..type.l 'lhe allow­

ance for such var·iable of each boiler aa drum level, pressure and tea­

perature ahovn in. Fig.3, ia calculated from experimental data and the 

design 1 illi ts. 

Usually, as a large dead time exiata iD coal pal.Terizer, the pulverized 

coal-fired boiler ia inferior to the oil-fired one on the load follow-up 

performance. 'lhe:refore, in arder to improve the follow-up perforeance, 

N-type which is c,oal-fired as mentioned abcwe baa been operated with oil 

for the nuctuating load. 

The allowances for two boilers are different from each other in the range · 

of 1-5 minute period. 

Theoretical Anal:r.aea and Experimental Results of D;mamica: 

In connection w:ith analysis of ~ice, the circulating system is par­

ticularly diacua81ad, since it is coneidered that both types of boiler are 

similar to each o·ther except for the circulating loop. The circulating 

loop is aimplifi~i aa shown in Fig.2. Ae for the doVDCoaer-riaer loop, 

two models are COJilsidered, one vi th head loss and the other vi thout head 

loaa. 'lhe folloV.Lng assumption are given: 

(1) saturated Pllrt in ateaey state al'WI!lya keeps ita condition, (2) in 

riser, heat nux jla uniform lengthwise, (3) feed water is mixed with cir­

culating water at the dovncomer inlet, ('+) in tubes, heat transfers only 

in radial direct~c)n, (.5) the physical constants of water in downcomer are 

uniform, (6) metaJL temperature is equal to the integrated mean value of 

temperature distrjLbuted in radial direction, (7) in evaporating segment, 

water and vapor u·e miXed uniformly and no slip exists between them, (8) 

to be uniform llix:i.ng in steam drum, (9) energy given by the circulating 

pump to water turt:ts into pressure head. 'lherefrom, the following funda­

mental equations al.l'e derived. 
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Downc omer - riser loop 

(1) 

(2) 

State: ..; :-1 (~I p) (4) 

(5) 

Mixing point 

Continuity: M-' + ~~ = t.A, (6) 

Energy: M ~ v + Mi ~1 = M I \,I (7) 

Bernoulli: (8) 

Steam drum 

d. ( \ \ ) Continuity: dt V~ V" -+-lw y' = M 10- ~~ - M.a (9) 

Energy: c ... W""' :t T + 1t (v~ ~: +Tw:',) cM,.~,.-t.A.t"-M,cl' (10) 

Circulating pump: Pt-._- ~~~ • "'· ( Hr•- k Qz) (11) 

where, H f>o is pump h-eadl for Q -:: 0 

As regards the downcomer - riser loop, the following differential vector 

equation is obtained from ~4.(1) - (5) by normarizing each variable with 

its steady state value, by linearizing it considering small perturbation 

from t he steady state and by Laplace transformation in regard to time. 
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Similarly, the following equation is obtained for the circulating pump: 

[ ::~] = [ ~~ 
-k' •I 0 

0 

j_ 
C«p 

0 

0 

I 
c~ .. 

Then, equations (13) and. (14) are expressed by 

vhere ~~ =0 far Eq.(l4). 

(14) 

(15) 

Since the whole downcome~r-riser loop is divided into 9 segments as shown 

i n Fi g.2, the equation of the loop is given as f ol low: 

'*-, = ( ~2A\1 · · · -~,.) X,o T (A-a~ .. -·· ·A\~)(A7A\,~ +~7iBt+ ~7 ) .r (16) 

So, the relation between inputs and outputs of the downcomer-riser loop 

is described as follow: 

r M,. r ... (~) T,~(s) ,.,,(s) 1' .... (~) ""• (17) 

= ~10 l ~. Ta.a(S) Tu(S) T~"(-s) Tac.(~) 

l ""· 
""'·· 

T"(s) r,~<~) 1' nl~) T~(s) r 
'I'ij(s) 'a in Eq. (17) are obtained by matrix inversion of Eq. (16). 

Furthermore, equations ·of other portions of the circulating sys~m, are 

derived similarly as follows: 

Mixing point: (18) 

\ I ' ~· • I l ( ' ') ~.-'1-(1-~.)~lt.L -(1-'JC.).';'·~~ ~ •• -(1-~.) 1-;: ( ... t-• .. ):0(19) 
l 1.1 l "l "• "~'r o '• 

c(t,.c')t · ~ , -1: c(t-.c') }~ ,. ~'1.' I \ c2o) 
Mel= ---s- c +----- ~ +'--·--/\ 

T wS+ \ •• l '(,• TwS+ l 1 ~! TwS+I 

Steam drtl.'lt : T~.s~ - T,s\,.-~M,o +(t-X.)~.t • -X,.,.., (21) 

Fr c'Tl equations (17 ) - (22 ) the matrix equation of circulating system is 

ob ained a nd the r elationship among veriables is shown in Fig.4. 

Though the head l oss through the downcomer-riser loop is included in the 

~ · ove stud~· , . anothc-r mathematical model neglecting head loss is also dis­

cus ued in the following. In this case, the loop is divided_ ·into four 
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parts, i.e. dovncomer, preb.eater, eTaporator, and unheated riser. 'lben, 

asiNIIIing that prtt!lsure is unifol'll at each dirtded part of the loop, trans­

fer fuDCtions ! tJ (a) 'a i n lq. (17) are derived in the same way as done by 

Terano and Varcop.2 ,3 

'lhus, in each case, frequency response of the circulating .,-stem is cal­

culated. 

'lb.e calculated &-esul ts are ehovn in J'ig. 6 - Fig. 7, and they are compared 

with the experi•ntal reeul. ts eTaluated from step: responses by Fourier 

integral. Both &Dalytical results in these figures agree cloee~.y with 

the plotted experimental result~ 

Matrix equations of the other eubsysteu show in Fig.5 are derived in 

the similar III&ZUler and transfer matrices of them are respectively calculated , 

in frequency domain. 'lhen the matrix equation of the lilhole system is made up 

b;r combining thoae of eub.,-stems and its tranaf er matrix is calculated. 4 • 5 

On the other hand, experimental data are transformed from time domain to 

frequency do•in by Fo~~rier integral. 

These corresponding results are shown in Fig.8- Fig.9 for respective 

types of boi ler . 

Differences of Bfnaaice Due to Circulation !Jpe : 
A comparison of the experimental results vi th tvo theoretical results for 

drum level responaes are given in l'ig.6 and Fig. 7 !or respective boUera. 

'lhe corresponding results have a cloee agrea~ent among them. 

Here, a coarparieon is •de of the resul ta for the drum level o! N-type 

vith those or C-qpe. Reaponaea to the saturated steam tlov are nearlr 

equal to each other in the ran8e of 1.0- 10.0 rad/min of W and the res­

ponses in the range of W represent the ilrl. tial avelling in time domain. 

From this comparison, it .. ,. be said that the initial ewlling is not 

affected by vater holding. 

In connection vith r~asponaes to the feed vater flov, it 11111.;y be seen !rom 

Fig. 7 that the dead ti• and the· time constant of N-type are 1.5 times as 

large as C-type. 'lhis difference is caused by that of water holding. 

From the above study, it may be mentioned regarding the dynamics of drum 

level that there might be a fev effects of head loss through the loop and 

more innuences of w. ter holding aDd ••tal veigh t. 

'lhe pressure and ~· level responses obtained from the vhole boiler 

sy.e:tem, as ahovn in Fig.8 and Fig.9, would agree more closely in their 

shape. !his may appear to justify the foregoing discussion. 
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Conclusi or.: 

The experime nt s r.ave been made to evaluate the load fluctuation al l owance 

f or and to verify t he dynamic model of two types of boiler. 

And t he dynamics of both types have been compared to make clear the 

essential f actors in the allowance. 

A set of mathematical models has been developed and the calculated 

results have been compared iJl frequency domain with the experimental 

results. 

Fore goi ng discussion suggefsts that whether the circulating pump is pro­

vided or not would give no essential difference between both types i n the 

dyna:r.ics of t he circulating 1system, eo far as drum level and pressure. 

And it further suggests that the differences of the dynamics and of the 

allo~ance are caused by water holding and metal weight. 
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Nomenclature: 

a : cross sectional area , ~ 

A : 1/~7.0 (kcal./kg.m) 

c J pecific heat, kcal/kg°C 

e internal t!nergy, kcal/kg 

ro: circumference of tube , m 

g acceleration of gravity, m/min2 

li head or h~lght, m 

h normalized enthalpy 

i enthalpy, kcal/kg 

L drum level, m 

M flow, kg/rllin 

I!! .. normalized flow 

p pressure, kg/m2 

Q volumetri•: flow, m3/min 

R heat transfer, kcal/min. m 

r normalized heat transfer 

8 Laplace OJperator 

t time, min,. 

T t emperature, oc 

u velocity, m/min 

specific ·volume, m3/kg I v .. -
~ 

'J 
v volume, 

":i weight, kg 

X co- ordinate 

.A quality of wet steam 

heat transfer coefficient . 
kcal/m2.min.°C · 

normalized drum level 

!ric ti on !' ac tar 

normalized pressure 

Time Constant 

Subscript 

1 dovncomer inlet 

10 riser outlet 

d water from drum 

r feed water 

a steam 

0 steady state 

m metal 

v water 

Superscript 

o : steady 

prime : saturated water 

double prime : saturated steam 

Follot.dng nomenclatures are given through derivation of equations. 

,.. c2 , 
t 

c 4 , Clp• Czp, C3p• c~' -€a ' ·.(:,' -€.~' -... , 
'-' ' c3, c3 ' 

~; K., ~\ e. .. , ~-' "1 , IT\.' fi, 

~ "t: ... s I ( ~ ... s + I ) 

T i.j (a)'s indicates the matrix element of Eq. (7). 

es and eR shown in Fig.3 indicate steall temperatures of superheater 

a r.~ r .ea t e r respectively. 
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Fig. 4 Signal P l ow Graph of Circulating System 
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ON THE OPTIMAL TEMPERATURE CONTROL OF 
THE MU.LTIVARIABLE CONTROL SYSTElVt 

"0 1CE-THROUGH BOILER" UNDER FAST LOAD 
CHANGES 

H. Unbehauen and P. Necker 

Univer sity of Stuttgart, Germany 

1 . I ntr oducti on 

The control of modern steam generators is described by a very 

complica ted mul.tivariable control ~ystem with numerous inputs 

and outpnts . The outputs are the actual controlled variables 

while t he inputs can be considered both disturbances and set 

po i nts. In a once-t hr ough boiler the feedwater flow rate, 6MSW' 

the feed water t empera t ure , 6~W ' the heat flux, 6Q, as well as 
t he cooling wat:er f low r ate, 6~ are the essential inputs, in so 

far as one negl ects the load s i gnal, 6L, which effects s~ulta­

neously 6MSW' AQ, 6~ and other system parameters but which can 
a lso ac t directly on the set points of the other control loops. 

The essent ial output s , according to the specific operating man­

ne r a r e the l i '\re steam t emperature, 6 ~a, the live steam flow 

r ate 6~, respe ctively the steam pressure, 6p0 (Figure 1) . Be­

t ween t he s e inputs and outputs is a number of couplings whose 

i nf luence can often be quite different . For a more exact system 

investigation t~hese couplings cannot be neglected especially 

since they of t en occur intentionally on the controller side but 

c an also occur i n the controlled elements a s unavoidable signal 

paths. 

~ith t he i ncreasing use of atomic power plants which presum­

ably will take over t he basic load requirements, the future 

steam power plant s must more and more be adaptive to faster fre­

quency control and t o cover ing peak loadingl. Therefore, the 

task f or the modern steam power plant will be to cover larger 

and faster load changes . The allowable rate of load change is, 

however, in most cases limi ted by the live steam temperature 

control system. Strong demands are r equired therefore on the 

constructi on and settings of the l ive steam temperature control. 

In this paper special attention will be given to the temperature 

control system 1r whereas in a later paper the power .load behav­

i our will be further handled. · 
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In the literature till now little is mentioned about the 

dynamic behaviour of on,ce-through boilers for large load changes 

and corresponding Elant investigations are being conducted at 

present cautiously. In the last few yea!s the calculation of 
the single elements in the control loop for once-through boilers 
has begun principally from the wor~s of P.Profos2 ' 3 , whose appli­

cation, however, is known-,only f'or a special case of the open 
--. 4 

loop behaviour of a very complex coupled system • On the other 
side only in~estigations on quite simpl.ified ·-mat~ematical models 
for the closed loop behaviour of once-through boilers are at 

hand5
• Similar as in the previ.ously s.tudied case of a drum · bc;>iler 
6 , 

system the multivariable temperature control of a once-thr9ugh 

boiler is to be studied with consideration of the exact calcula­
tion methods. 

2. The investigated boi.ler plant 

2.1. Technical data 

Since the calculatedl control behaviour of the boiler was to 

be checked experimentally, as. a practical example block 2 in the 

Ingolstadt power station of the Bayernwerke AG was chosen. This 
concerned an oil and giltS heated two pass once-through ·boiler 

with the data: live steam flow maximum 530 t/h at 190 kp/cm2 

pressure and 535°C live steam temperature. The plant operates in 

•floating pressure• manner. 

For the temperature control only the superheater construction 

is of interest. The super~eater consists of 3 sections. Between 

the first and second as well as second and third isection an in­

jection cooler is presEmt._ For· th~ actual temperature- control 

behaviour the superheater II (UII) and . final superheater (EU) 

are the determining factors. Superhe_ater II is described by a 

pure radiation superheclter while the final superheater can be 

described by a combin~i radiation and convection superheater. 

2.2. The block diagram of the temperature control 

As Figure 2 shows, 1t:.he temperature control results from two 

cascade circuits. This type of cascade control is preferred to­

day .for Benson boilers7. Thereby each cascade has a principal 



controller and 4 follower controlle·r. · The follower ·controller 
in the cascade.regulates the temperature inunediately behind the 
coo.ler according to . the set point given by the principal con­
troller in act\llating on the cooling water flow. In this way tem­

peratlllre variations in ~Da are quickly eliminated, assuming the 
injection water valve is sufficiently constructed. 

A pecularity• in the block plan is the coupling of the set 

po·int signal of the follower controller R2 , 1 with the control­

led variable of: the principal controller ~l ~ 2 • By that means 
the injection water valve v2 should always_ work in the best po­
sition. By·loadl changes AL the set points of both controllers 

in the first cascade are changed to counteract the inertness 
of the controlled system on the one lland while considering the 
sharp decrease in the superheater characteristic on the other 

hand (see Figlllr~) • 

Figure 4 shc,ws the heavily coupled block diagram for the tem­

perature control system. The controllers in the plant are Sie­
mens-Teleper.m x:elay controllers, which with the valve motor are 

represented as PI-controllers. This description is possible on­
ly under certaln assumptions, which will be handled nearer in 
chapter 3. 

In the deri\ration of the dynamic behaviour the distinction 

between heated and unheated boiler portions must be made. A 
change in the steam flow rate A~", for example by the action 
of the injecticm cooler E1 , or a change in the heat flux AQ act 
as temperature disturbances in the superheater sections, which 

is described b~r the transfer functions F Ql and FMl respectively 

F02 and FM2 • 
The live stElam temperature A~Da is influenced, as Figure 4 

shows, principally by ~e 5 input variables, the steam inlet 

temp~rature A~De' the heat flux AQ, the cooling water flow A£~, 
the steam flow A~" and the load AL.· As previously · mentioned, 

the entir~ control of a once-throuqh bcliler is described by a 
multivariable s;ystem. If a load change occurs, then all 5 input 

variables of the temperature control are chanqed. This ·is de­

pendent both on the controlled system as well as the controller 
couplings of the multivariable system. Therefore, for further 

consi~eration of the temperature control the reaction of the 

above mentioned 4 input variables A ""oe, AQ, liME and. 6M0" to a 
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step input in load ~L is of special interest. These variables 
could be determined fr1om the total behaviour. by consideration 
of the effective connections of the multivariable s·ystem_. The 

derivation of the mathematical model necessary for this from 
the physical and geometrical data would require a very large 
computation expense. Therefore· another way ·was chosen. 

The temper~ture control ·is computed -only ·. batweE:m ·the sections 

s1 an~ s2 in Figure ~· ~at· i$, _ ~e mathematical ~el is de­
rived only fC?r block ;ti. The 4 ·unknown·. input variables of bloc.k 
II fo~ the calculation . and simulation ·.Of the mathematical model 
are taken d~rectiy from· mea~urements made in ·the plan-t. In this 
way very precise _input v~iables ·f~r ·the investigation of the 
temperature contr~l · ar.e obtained, in which the internal couplings 
are already considered. Block I thus contains all the remaining 
interconnections in the ·mul~ivariable system ·outside of the tem­
perature -control system in which ~L influences all the outputs. 
The output variables . of block I ' are again intercoupled. 

Not at first considered in this model was, that variations in 

the s~eam flow change the steam pressure. Since the plant works 
in •floating . pressure,.• operation, the pressure changes propor­

tional t9 the flew ra1te. In the dynamic transient behaviour pres­
sure overshoots of abOut 7\ occur which can influence the behav-

-iour of the single transfer elements of the temperature control. 

3. The identification of the single transfer elements of the 

block diagram 

The deciding facto-rs of the temperature control system are 

the transfer functions F~i' FMi and FQi (i = 1,2). The analytic 
calculation of the transfer functions from geometric and physi­

cal data8 • 9 leads to well known transcendental transfer func­
tions which, however, .are not suitable for dynamic studies and 
especially for simulation on the analog computer. For this is 

the rational transfer function of the form 

~(p) n !: m (1) 

more suitable. 
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In order to obtain such a .system descri ption several methods 

can be made t o .. a9ree . For example i t is possibl e to calculate 
the s t ep responsE~ from the exact f requency pl ot F ( i w) 10 and to 

make an approximation of the step r esponse i n the t ime domain. 
I n many cases the techni que from G. Schwarze11 yields good re­

sul ts . Somet~es also t he t echnique described by F . L!ubl i 12 can 

be us ed , which rE~sults in a r ational frac t ion for F( i w) direct 

f rom construc tion dat a of the superheater sections . Another pos­
sib i l i t y i s t o approximate the frequency plot F(iw) of the exact 

pr ocess , which cc,mes from the transcendental form of the trans­

fer f unction, by a frequency plot of a rational fraction13 • 

_From the above mentioned methods the latter is universally 
and best applicable for the simulation of heat transfer systems. 

This can be established both in view of the calculated o·rder of 

the transfer func:tion as well as in view of the exactness of the 
approx~ation. The order of t he transfer function is the decid­
i ng factor in sin1ulation on an analog computer. As shown ear-

14 . 
l ier , this method supplies the most exact results and at the 

same time the small est circui try . A very exact system desc:rip­

t ion is insured as ·shown by a check in the frequency and time 

domains. In thesE~ investigations the previously mentioned fre­

quency functions of interest were approximated by rational func­
tions of 3rd ordE~r. Table I shows a section of the identifica­

t ion of temperaturP. control system. 

Next to the identification of the controlled system the dy­

namic behaviour of the controller is also of interest for the 

s~ulation on the analog computer. The plant investigated is e­

quipped with Sieolens-Teleperm controllers. T~is is a 3-point 
controller with t:wo delayed feedback networks, the "short time" 

and the "long tin1e" feedbac~ ne~rk. This controller in connec­
tion with its valve setting motor is approxinlated as having a 

PI-behaviour. As a special investigation15 has shown, this con­

troller can not be simulated on an analog computer without 

great expense. In order to investigate the control system this 

controller and the valve setti-nq motor were simulated as an ide­

al PI-controller with the transfer function 

(2) 
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This approximation naturally has to a certain extent an error, 

especially as the non-linear dependence of the controller par­

ameters KR and TI ~n the magnitude of the set point deviation, 

which always occurs wi·th such a relay controller; cannot be 

considered in Eq. (2). However in order to compaJre the parameter 

settings for both cont:t'ollers, numerous diagrams were made from 

measurements of the tr•ansient function of the Teleperm control­

ler. This permits one ·to establish the correspondi~g values of 

KR and TI of the ideal linear controller for every arbitrary 
combination of the 5 parameter set-possibilities of the non­

linear controller by different -set point deviations. Only by 

means of this .dependence it is possible to design an ideal PI­

controller for the simulation of the actual temperature control 
system. 

4. The control behaviour, of the two cascade circuits 

In the temperature control system described the best parame­

ters for the settings of the 4 PI-controllers are to be found 

which must be stable and also show good -performance. For deter­
mination of the optima.l controller set.ting in the sense, of a 

performance index yet to be determined, a variation problem with 

8 free parameters K_i . and Tii . (i,j · = 1,2) must be solved. --R , J . , ) 
Theoretically the solution is possible but would not justify the 

enormous computer expense. Therefore the two cascade circuits 

were studied separately. 

Although the cascade circuit describes an often used control 

system, previously only estimations were made in view of optimi­

zation of the free parameters. Therefore, special attention is 

given first to this question for the present cascade circuits. 

First the performance indeX must be established. In our multi­

variable contro~ systE~ the actuating variable o~ the follower 

controller R1 , 1 become~s sirnul taneously the disturba~ce for both 

the principal control loop as well as the second cascade by 

means of the steam fle>w change~~·. Therefore, for optimization 

of the first cascade circuit, the controlled variable x as steam 

temperature 6{" after the superheater section II as well as the 

actuating variable y = Yl,l of controller Rl,l are co~:idered 
the _variables (see ~Jure 6). The "expense criterion" 
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is for this preferable. Thereby large unwanted overshoots are 
emphasized and avoided by the x 2-factor. On the other hand the 
actuating variab,le movement of the cooling water valve ~s kept 
small by the y 2 - ·factor which is desirable in~ such a complex 

steam boiler control. As disturbanae we further assume a step 
change in the in.let temperature 6 .z)De. Thus the integral 

(4) 

describes a func:tion of the 4 controller adjustment values and 
forms a hyperplane in a 5-dimensional Euclidian space, whose 
minimum must be found. The analytic calculation of Ia is possi­
ble, however, fr·om the ·constraint equation for an extremum 

and (5) 

with j = 1,2 the optimal parameters of the controller can not 
be explicitly ex:pressed. Although from Eq. (4) the optimum could 

be found with the help of a test-step technique on a digital 

computer, the taLsk was given to the analog c::omputer for the 
clearness and better control poss_ibilities. 

In the optimization first the momentary optimum was found 
for fixed follower controller settings by systematic variation 

of the principal control~er. This process was repeated for nu­
merous different~, ~!though constant~ follower controller para­

meters KRl,l and TI1 , 1 • In this way the absolute minimum in the 
sense of Eq.(3) could be determined by compa~ison with the in­

tegral value foF every case: Also interesting is the shape of 
the optimal controller settings for the various combinations 

in a stability ~~lot. For this purpose the according stability 

limits were calculated numerically on a digital computer. 

Table II shows al section of the essential part of this investi­
gation. 

As Table II shows, different stability domains can occur ac­

cording to the settings of the 4 controller parameters. In this 

investigation the integrals and stability limits. w~re calculated 
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only for values KR1 , 2 ! 400 because larger values are of no more 
interest for a practical controller. There are cases in which 
only a stable domain occurs to the left of the asymptote of 

KR1, 2 but on the oth~· hand also cases, in which additionally a 
stable domain occurs w·hich becomes broader and broader and fi­

nally takes in the ent:ire right hand plane :without further con­

striction. Also other cases can -occur where the unstable domain 

of the controller para.mters is a "peninsula" 'projecting into 

the otherwtse stabl·e d.omain. The shape of the relative minimum 

behaves correspondingly. For the ·first case described above one 

single optimum oc~rs. For the second case a mtni.mu.m is found 

in the left hand s..table domain .which satisfies the conditions 

and 0 (6) 

but whose . integral ~s still larger than that evaluated at the 

right hand boundary fc~r KRl, 2 = 400. In the third case both an 
absolute minimum corre~sponding to Eq. (6) and a "boundary" mini­

mum can occur . inside c1f the stable domain. Here one must test 
which of the · two minima supplies the smaller integral. In many 

cases the boUndary minimum contains the smaller inte~ral value. 

The path .of the line Ia = const is for this consideration quite 

informative as a const:ant integral topograph (see Figure 7). 

!n the investigaticm of the first cascade circuit the con-.. 
troller settings for full loe~:_d gives the minimum integral Ia for 

the vai.ues 

100 s; KRl, 2 = 2,8; Til, 2 = 100 s. 

In this case all the 41 conditions set on Eq.(S) are fullfilled. 

This absolute minimum is shown in the stability plot of Fig.?. 

For the calculation of this stability plot the transfer func­

tion of the whole cascade circuit was calculated 

F ( p) 

F&l+FMlFTl,lFRl,l 
l+FStFTl,lFRl,l 

(7) 

The structure of Eq. (7) corresponds, however, to the transfer 

function of a single-l oop system for a disturbance behaviour 



F(p) 
F z 

l.+FRFS 
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(8) 

where FR FR1 , 2 = KR1 , 2 <1+ TI~ 
2

p> and both the disturbance 
transfer function Fz of t~e controlled system and the actuating 
variable transfer function Fs contain the above transfer ele­

ments of the caLscade circuit. Thereby is F El • F SWl' • 1 and 
F~1 '·Fsw1 ' = Fst• Using the Nyquist Criterion the stability lim­
it is found by setting the numerator expression of Eq.(7) to ze-

ro. From 

(9a) 

and with p = iw1 

FR1,2 R(w) + ii(w) 1 
KRl 2(l + l T ) 

I Ill Il,2 
(9b) 

results the stability limit in parameter form 

R (w) and -R(w) 
- .-;;rr;r (10) 

for various w-points assuming the transfer system does not have 
a special all-pass factor. With Eq. (10) all the stability limit 

curves were calculated for the first cascade circuit and like­

wise for the second cascade circuit with the necessary changes. 

The results for the second cascade circuit are shown in 

Table III. Quite interesting here is the occurence of unsta~le 

islands in the stability plot. For this case the quadratic inte­
gral criterion 

I q J x 2dt + Min 
0 

(11) 

is used for the optimization with x = 6~oa· In this . control sys­
tem no large ov1ershoots namely of the life steam temperature 

should occur. As optimal controller settings the parameter com­
bination 

KR2 ,l = 1; T12 ,l = 100 s; KR2, 2 = 400; T12 , 2 = 20 s 

results in the smallest integral value of Eq. (11). This control­
ler setting corresponds, however, to a boundary minimum. 
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5. The behaviour of the total simulated temperature control and 

comparison with the plant measurements 

The connection of bo1:J-. cascade circuits first is executed 

for a combination of a c:ontroller settings which correspond to 

the set parameters of the 4 Teleperm controllers in the power 

plant. For this purpose the measured signals of 6~", 6¥~, 6~De 
and 6Q are simulated wH:h the help of function generators on an 

analog computer for a st.ep increase in-- load 6L = 10 MW .at an 

operating point of 135 ~~1 (see Figure 8). The blocks I and II 

of the total system described in Fig. 5 can now be connected at 

the section point s1 • For the simulation on an anaJ.og computer 

29 integrators, 55 summ:lng and sign changing amplifiers, 4 func­

tion generators, 2 mult:lpliers and 95 attenuators are necessary. 

Fig. a shows as the t!ssential results of this simulation the 

temperature signals 6~0 'n and 6~oa· The agreement between measure­

ment (solid line) and c;a.lculation (broken line) can thereby be 

considered good especially when one considers the numerical pre­

paration (e.g. the iden·tification problem) and difficulties for 

such an all encompassin9· simulation which must be overcome. 

Thereby, one · must remeruber that it is always diffic~lt to hold 

constant the plant oper•ation over a long period of time for the 

purpose of measurements. 

After the practicability and effectiveness of the mathemati­

cal model have been pro·ven by comparison with plant measurements, 

the optimization of the temperature control can be conducted. 

Here special attention Jmust be paid to the behaviour of 6~0 " 

since in the plant measurements this signal had been proven as 

quite critical. From the behaviour of 6~0 " the magnitude and the 

permissible rate of load c.hange is limited. 

The optimal settings of the 4 ·controllers, which were calcu­

lated from the models of the two separated cascade ~ircuits, are 

now used for the total temperature control system. Further it 

must be noticed that by the separate optimization of the two 

cascade circuits the actual di-sturbances could not be used. 

These settings, however, supply an essential improvement of the 

behaviour of the complex temperature control system even under 

the action of the actual disturbances, as Figure 9 shows. There 

the temperature curves 6~Da and ~" are plotted for the original 

settings of the controllers in "b", w~ile those as a · result of 
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the optimization are plotted in "a". For the live steam tempera­

ture AJoa a ma.x:imum overshoot of about 1 °C occurs after a step 
increase in load ~ = +10 MW. Also the originally disadvantageous 
behaviour a~· could be essentially improved and indicates only 
an overshoot of 5°C and a small temperature gradient. Therepy 

still larger st.ep changes in load could be permitted with the 
determined optimal controller settings by the same thermal con­

ditions of the superheater. It should be mentioned here that the 
ca l culated optimal controller setting.s are also technically pos­
sible. 

By small changes in the analog circuit other structures can 
be studied besides the .described structure· of temperatur~ con­
t rol. Thereby o t her structures have established that, at least 

in view of temperature control, the additional load signal fur­
nished no remarkable improvement. On the other hand· the separa­

t ion of. the dirlect s ignal coupling of the two cascades circuits 
caused no l arge deterioration of the controller results- The 
overshoot of th~e temperature signals w~ll increase thereby, but 
the settling t~ne will be smaller. 

Finally the l oad dependence of the stability limits should be 
indicated. FigUlre 7 contains also the ·stability limi.t for 60' 

load while maintaining the optimal controller setti.ngs .of ~,l 

and Til, l for f111ll load. Thereby is shown for the .fi.rst cascade 
cir cuit that the optimal controlle~ settings for full load lie 
already in t he :lnstable re<Jion for 60' load. In · order to operate 

such a tempe:.rat\tte control at a momentary optimwa for different 

l oads, the controller s ettings of the principal controlle~ must 
be adapted to the momentary load by means of a self-adaptive 
control system. Thereby an adjustment of the ~ontroller gain fac­

tor ~lone would · suffice . 

6 . Conclusion 

~"u.rther in'Ves;tigati ons on other boiler structures have · shown 
that no fixe rule can be deri vtc!d for the optimal setting of the 

tt<>.mpex· t ure co trol system on a Benson- boiler . That is because 

t. Je .,t .bi lity re~gions and optimal controller settings of the 
asc· e c i r cui t.: depend considerably on the dat a as well of .t e 
ont.r ol led systEml as of the control lers . An optimization must 
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.therefore be conducted separately for every plant. The present 

investigation has sho~~, however, that the numerical calcula­

tion of optimal con~ro.ller settings for a multivariable temper­
ature control · system i :s possible. Hereby, the optimal settings 

found furnish such good results regard1ng temperatures, that 

still larger step chan9es in load can be permitted. It is char­

acteristic, however, that th~ stability limits and the optimal 

controller settings change considerably with di;ferent loads, so 

that for a strongly changing boiler load, a self-adaptive con­

trol ler for the gain factor should be considered to obtain the 

best operating cond~ti·on. 
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1 Table I. Portion of the 
. identification of the trans-
fer function coefficients 

· corresponding to Eq. (1} for 
1 lOCi and 60% load 
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2.i77 1,0 I~ ,_%_. _ 11 112.2 35 50 1). ]1.4 
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o.•l 
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o.•1. 
/ 
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II. Stability limits and 
optimal controller settings of 

' Table III. Stability limits and 
optimal controller settings of 
the cascade circuit of the fi­
nal superheater EU for varia­
tions in KR2 , 1 and TI2 , 1 the cascade circuit of super-

heater UII for variations in 
KRl,l and Til,l 
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Fig .1. Once-through bo.iler 
as a multivariable control 
system 
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Fig.3. 
Loiad=depended 
characteristic of 
superheater UII 
and final super­
heater EU 

Fig.2. Schematic for the 
temperature control of the 
investigated once-through 
boiler 
~i,j -
i,j 

controller (i,j•l,2) 
temperature measure­
ment 
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Fig.4. Block diagram of the multivariable temperature control sys-
st-em of the investigated once-through boiler ·[KW] [ c1] 
t.Q heat flux (kcal/h] t.L load • or 10 

t.~e steam inlet temperature[0 c] t.~Da live steam temperaturefc] 
t.~E feed-water flow [t/h) AMo outlet steam flow [t/h] 
t.M0 " inlet steam flow [t/h] 
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Fig.S. Partition. of the temper­
ature control system coupled 
with other contr·ol loops in 
block I (disturbances and inter­
connections) and block II (ac­
tual temperature~ control) 

Fig.6. Block diagram o.f the . 
cascade circuit of·superheater 
UII 

Fig.7. Stability diagram for 
UII for full load (100%) and 
60% load with optimal control­
ler settings for full load and 
courves of constant performance 
index 

1Fiq.8. Signals measured in 

l

the power plant (----) and 
simulated_ with the analog com­
puter (----) after a step 
change in load AL • 10 MW 

Fig.9. Step responses of the 
controlled temperatures AtA0 " 
and Al}!Da 
a) with optimal controller 

settings · 
b) with original controller 

settings 
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АЛГОРИТМ ОПТИМАЛЬНОГО FЕГУЛИРОВАНJШ . ИЗВЫТКА 

ВОЗДУХА В ТОПОЧНВХ . КАМЕРАХ ПАРОВНХ КОТЛОВ, 

ОТАШIИВАЕ!ШХ ТВЕРДЫМ ТО~ИВОМ . 
Кааамеа TAPAJIJIEU 

kclf8'!'ylf AвтoмeL'l'lld Эверrос11стем, ВроцJiав, По.DШа 

1. Bctf71U8B88 

ОпПII&Iъвое pel"y..aJIJ:•oвaвкe аеб~а воа.цуха в паровкх .xolfлax., 

оlf~ваеккх lfаердмм lfоnжавом c~lf це~ умевьшевиs . до КIIВII­

JiiYII& cyJOOI ~ DOMPJt- . с J'XOДQ~~- rae81111 • olf веповоrо сrоравва 
а .а»бкх axcпqalf8Щ&08ВJIX ус.ао ... х • ... 

. Ураввевае . ~вред•~•• опт.М~ .... - •абкlfок . ао~ по~чево 
а .. peay.o.lfan ,аllффере1щароа88U . вкра88.ВJ1а ••· C7J87 uонръ с y"ZZJ 

д•JUI8 raa.- а olf вепо.111оrо . croj)aaa, -оnосан.аъ•о моu.рвоl 

до.d . caocsa..a.oro . uc.actpoдa ·.а . oyzax .~оч.кх raau ва вJаОде xolf 

.аа • uраравка-а п•р.ОI . проааао.-оl .х _ .~q.u ., а lf&ae а реаулъ 

lfalfe прои.-аu вехо•ю~ вpe.oCS"aQ-al. .в ~евu. акс~J~упа~ 

~ МО.&ар&К8 ~0.&8 B8&01f0p&X IC~OB8Bif0~ - CyX&X . aж8 : a.aezкиx .lfODOЧ 

1П1Х raaoa_, а •акае .ах ароа.,.оюiке. · .QIIIJiocat'eввo мо.uрвой до.аа . 

саобоцоrо ас.аорода.. ~·- ·JIPo••·~· ~- ~о прааве . аеао.амоавос­
'1'11 ~у.есlf~8ВЬ C004Qelf~~-U . 8-pii!J18UIUIX. -C8Ct'811- д.аа .ае~ 

пр•раввоrо а aeuocpe,1~cne-o~ -~u~дue ... . ах . ааачевu., . ааме . ­

вевк раавос~ чac'l'JUIIIИ, ааачевва xolfopкx -JIIIЧIIe.&•- -ва осво.­

ааваа двухраnа -88Мitpedl .OQUiiBJIX XOJIПOB8B!JI08 . lfOIIOJIIIIIX - .r,-. 

вов. !ахве 1 8&мереааа - проао~ажасъ . пра .ра&&кчвкх .аабкlfхах ао~~ 

D В lfODC)ЧIIOI хамере ,,. ВО Dp8 В8118118ВВКХ O.C'f&UtJIIIX yc.ao&UX cro 

равu. Оаредuае1111е 'rахь образом проааао.цае . co.o!'ae'l!CIJiayDI' 

сре.цвеl мо.uрвоl д9.а.е свободвоrо . хас.аорода в уходавх rааах .вы 

числеивой ва ocвoвaвiLII реау.аътаlfоа двух вамереваl nol ве.авчв-
вв. . . 
Вооб•е, ацесlfво, Ч[ТО раввостваа вапвсъ форму.& ~а мавьа.аъ-

вую сукмt по~ръ _ чувс~вlllfе~ьваа х ·ашвбхак 11амереввl. Olfc~a до 

.uгоритма опт11мuъвоrо реrу.пировавая процесс& сrоравая вве.цекы 

допоJiните~в~ ~ависимост11 .цJia соrласовавиа peayJIЪifalfoa аамере 

вий. · Соr.иасоваа peayJPtT&'fS первых 11 вторах а.амереиаl., - с.аедуе'l' ­

вкчис.аить' вначевие ф)'·вкцив, обусла&J~Вваd(ей IIIIВИIIYJI .потеръ, -хо 

тораа в tSoJIЪJIIIIВclfвe с.аучаев ве равна ву.аJ), а, с.ае.цовате.иъно, • 

ВJIЯe'l'c. ведостаточвоlr дла опреде.аевиа оптима.аъвоrо аабк~ка аоа 
. ' 

духа. С етой . цеJiь~ с~е.цует вамеВII'l'Ь аэбкток воедуха .в - камере в 

аавеством yze ваправ.и:евии а, пocJie стабиJIИэации nроцесса cropa 
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в~s, провести ~ре~ве вамеревиs. Д~ее, соr~асовав реау~ьта~ 

в~орвх а трет~вх аамеревиi, следует вычисл•ть второе авачеиве 

фуnJЩ И В& М111ИBIQrll ПО'I'ерь. По~е .&ТОГО р&СЧВТЫВ81)'1" ОПТИМSJIЪИу» 

олsраую до~ свободвоrо хис~орода в уходsщвх топочных газах , 
по форкуле по~ченвой в . реау~тате првраввивавиs к вуЖ» ливей­

вой фувхцвв, проходааеА через два авачеииа фуакциа обус~озжава 

юаей кивималъиые потери и два средние авачева. оптвм~аировав 

воrо параметра. 

Вычис~в оuта~ъвую мо~рву» до~ свободвоrо кислорода в то 

почвах . гааах, с.а•адует и вменить :ко.аичес~во воздуха, поДводамого 

к топочной камере , так, побв coдepaaalie свобо.цвоrо ос.корода 
в ~опочвых гааах бъuо равВШI и.их ilpИб.IJIZa.locъ бы х оптака.п.во-

у .авачевJIJ). 

2. Выведекие форм;уu иа кивимуu. сукмв потерь с уходs111ами гааа-. 

мв и от иепо~оrо с~ораааа 

2. L. Освоваые зависимости 

nри выведевии . формулв ва мивимум по~ръ, асполъаоваив следу­

~·• ааввсимоств: 
А. Об•аs форму.ка ва сумму втвх потерь 

[1ОО·ёр(Т,р-Т0) + СО · 14,0] {1-~ )+ ~ (R~+cO)·x 
Ч. =CJ.z+~З~"... 12 S:-2512(9·h+w) (2.1) 

22,715 • с + ОЗ75·s (~~+со) "' 
где: 

, ГkJ d ] ~Р - сре,дваs теплоемкость UaJUПIX топочных raaoвl~~:J 
[~~ - мо~рвав степевь ув.ааавевиа топочных rаэов, 

вырааеввu десатвчвоl дробьJ) ; 
т.-~ - раэаица темnерат.уры топочвнх rавов ва выходе кот­

ла и текпературы окруаuцеl среды [de9]; 
R~+CO - сумtма моларвых долей двуокиси уг.керода с учет.ом 

дв~·охаси серн и ооси углерода в сухих топочных 

Г&~18Х на выходе ХОТ.& [%] ; 
- rreiOtJIOTSOpBOCTЬ ОХИСИ уГ.zерода [~]; 
- TeiJtJIO'l'BOpBOCTЬ TOПJIBB8 [-~ 1; u 

CJ . 

с, h, n,o, S1 w· - вес~овые доJIИ: углерода, водорода, азота, хис.иоро-

х 

да,l горючей серы и в.ааrи в топnве, выраzевиые де 

СЯ:'I~ИЧВОЙ дробью ; 
e r отвориость горJ>чах хомпоиеитов в твердых про·· 

дylt•rax сrорэиия [~~]; 
- соотп:ошевие вeпoJIRoro сгорания; 
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22,715- объем d.иомо.иеку.о гааа в ворм.uьв:ых ycJioвaax [~]; 
12. - атомвкl B4:tC уГ.1ерода; 

0,315- сооти~еиае касс атомов уг.1ерода • серк; 

2512 - теn.иота •~t:nаревва 1 кг uara содераа~~еlса в т.ou.aJI-

вe ~]· 
В. Сбаtаа фOplq.IB ИВ Cjp8ДBJ»I) Т8ПJ10811ХОСТЬ B.I&JDIIIX TODOЧВIIX Га -
аов, умвоzеинu на 100: 

1ОО.Ср •NiC:P~+~~<~co2+~·C~~ + СО·Срс~ + ~O·C~t#j) [(i+(ltj8}tnf.deg] (2.'2.), 

где: ~,02 - коJiарвве до~ азота в свобо.цвоrо _ JtВСJiорода в с~ 

ux то:поЧВIIХ· · газах на вкходе xo.,Jia [%] ; ; 
·НzО - мо.аарнаа степень ув.~uвевь топочикх · ·газов [%] ~ 

C?Nt' ~ ~OZ С."сО' с~дние теп.аоеккостк хокпоневтов 'l'опочввх газов 
. ~~~· . . . 

в. Зависимость~ соо'l'Иашеваа непожвоrо сгораваа o'l' хакического 
состава топ~ва и сухих топочввх газов, а 'l'акке MOJiapиol степе 

ви ув.ааzвениа 'l'Оnочвкх газов а вовдуха 

1 1 J(.L. (.1. 1 1 1 ) . 
11 н ~ 11.~ + 100 2 rtн; n.a1- "'нt 'RO +СО · · А 1'DQ

2
+Co' . 

1-х ~ 2. 1 • 2. = -~"----"=-----·1-
. n., · ~o-(1-l&}xt. ~o-(1-jgo)·~ 

1 1 1 1 1 

гдe:n.C,rtfln.lt/~rt'1.- хоJIИчес'l'во о.аоко.аекуJI: уГ.11ерода, водорода , 
в.иаrи, aao'l'a и ас.аорода 11а весов)')) единицу • 
TOПJI[JI.BB; 

\- KO.Up)laa С'1'8П8НЬ yВJIU11.8BBS ВО Вду%8 ВloJ. 
Г • . Зависимость соо'l'вtоmевва непопого егоравиа о., ПIIВческого 
состава тоnJIИва и сухих топоЧикх газов на вкходе XO'l'.la 

0,79(fn~2-n~)+q21·rtн2 ~o2tco (~.:.1)(~о2+ео) _ (~-1)(R~+Co) 
1-х = ~ N{79тq395·CO -; ~79+q395·CO - 21-'RQf~-q605-CD ('J./t)1 

l 8h-o+O~n · 
где: R=1+~79·q375 c:+0;375.s - хоеффициент, :характервву»•ий. хи-

мический состав тоnлива. На основании статистических да 

ниых5 ' 6 п~лучЕ~етсs, что эначеииs в того хоеффициеита поч 
ти постоянны и равна: LR = 1,1034 .± О ,0237 - дла камеиио 

го уг.11я из Верхней СИJiеэии и ~= 1,083.:!: о,озз - д.иа бу 

_ рого· угля иа Туроmова. 

Отсюда: Nz• 79 + ~~-х1 ("R02+Co)- ~395·СО [%] 

д . Баланс сухих топоtmых газов иа выходе хотжа 

N
2
·rR02+.o2+co = 100 [%] 

(2,5) 

(2.&) 



(2.7) 

веобzодаму» д.аа с:оr~асовааа. реау.аь'l'а'l'ов аамереваА а 'l'aae д.u 
Dpoвepd Dрав1UЬВОС'1'8 DО&а8-Й 88118p&'l'8.1ЪBIIX CKCIIJI811 'R~, Oz 8 СО 

itollflopy» вацу 'l'oro, Ч'I'О ах час~J~вое ~~ в мавамuьвоl степеНJI 
ааваса'l' OIIJI соопапеваа веuо.авоrо сrораваа, моаво aauacan 

~(1fC1+CO) • 21·С!+~Э95·СО (2.8) 

Даввке в1111е aaвacьocllfla (2.3) , (2.5) а (2. 7) асuо.аъаовавs .ц.u ва 

писавu об••• фор~qа (2.2) ва cpeДIIID) 'l'еuоемкос'l'ь 'l'опочвп rа­
аов, а акевво: 

а • в с.ауч.ае оuреде~еваs cocllflaвa cyux IIJIODOЧВIIX rааов ва впо.це 
ltOIIJIJ18 

100~•f~Oa.-f·CO+d·XL+ f-:'0(b-t·X) . [C'f+CН::)m:·d~ (2.9) 

б. в С4УЧ&е оuреде~•••• сос'l'ава ~акввх 'l'ouoчвsx rааов 

100·~ •10oQ -f:co+ У-:со (р-е·х) +d·Y [(1+(,;,m:-d~ (2.1о) 
r.це: Q.sq79(pнiq21~~1,S075~0,00ЗS[m'i~eg] ('rар•~Э±ЗО•J< 1 T8 •288±f5•K); 

b•~C)o;~(Cpo;~+A~•.f,278%q277 - .ЦD ltO'I'~OB OTOJWIB881111X 

X8118BBIDI yJ~~811 8 8,217 .:t 0,322 - д.&а ltO'I'~OB 0'1'8DJIJIB8811КX 

буркм yr~•• 

d.•Cpнr>•1,522to,oo75[Щ:cteg]; е= c~cPOz •ql,5'6 tqoз1 ['m~·~e9] ·; 

f• ~'?со-~395(С..О. ~· ~С,.у ·~470 tqos3 {:.::~.J; f~ ~~-О,195(Ср( 

-Cp~}·q'-56±qo32 frr::kj}; P·~ca;C"r;~C'PojCpн)• q~te2tqo31 r~:~,9]. 
Тоr.ца oбllu фopJQr~a (2.1) ва сушq no'l'ep~t npJIВaмae'l' ВJЦ: 

/ . 
а. прк опреде.zевва сос~ава·сухах 'l'оиочвкх rааов 

{frooa.+d·~~-f·CO+ ~(Ь-а·~еj(т~Р-\)+СО·~}сf-х) + ~(~Ci't(O).x 
q_=~+~ +~lf а .д_. <&:,·2S12(9·h+W)(DlL+CO\ (2,11) 

,21. '?f~ c+q!75·s · ""2 '1 

б. при опреде.&евJIХ сос'l'ава в.иаавкх raaoa 
12·W. • 

[( 100а. +p·WOz+d·НiЗXТ.,·i0) -rco.w,J (1-х) + ifii:('ROz+eo)..x 
1 

(2.12) 
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2.2. Общий вк.ц форму.ur обус.аов.аив.-еl 118a8Jqll по'Nръ с ухода­

щика rав..- • о~ вепо.авоrо сrораваа 

Запись форuу.ав обус~ов.-.в~еl К8ВИМJК поw.ръ по~чева в ре­

ау~ътате дифферевцировавиа(2.1~..-и(2.~)о9Воси~е.аъво мо ... рвоl 
.цо.JIИ свободвоrо кис.ао];юда в cyux ~опочвu raaax ва вкходе кот 
~• и прираВJUiвавь первоl проавводвоl х QJ8• В _мecllfo if~x • ~ 
noд~тaв.aa~llf раввоввачаме акрааевиа по~чевВ118 в реауж.~а~ А8Ф 

ференцироваваs аавас~'ос~1(2.7)•(2.~}оlfВосате~во Oz • де.ае­
вu проивводвu ~ ва ах uервовача.п.вое вкрааuиа (2.7) и (2.а а 
имекао: 

~~+СО d~ _ dCO _ 21-О,+О,!95·СО ( dROg 6re ctCO ..,1) -~ .d\ а1 q395 ~ 2f·ct·1t~..q605Ф dйt +~ d~ . (~.'79) 

'R;iCD. cix • ~§-Г ci(I)O·xJ ~ dCO 1. (dRO,. dCO) 
-t-x ·СЦ ff:P-{1 XJ.. ct~ + 200 d~ dOt + ct~ 

(2.14) 

~оrда ваписъ в об•ем аиде форму.-. обус.аоааа~•• 1188~11 по -
терь правамаеlf ~·~181 .._, 
а. при опреде.аап сос~ава qux · lfOпoau raaoa . 

~ ~~~ -е~Ч·[I\0 ~:"' -(f-q395e~-i.~ ~. r-·d~f<o• ~:о(ь .. ~Н . 

. d'\ >}21-I!!·"RI!!·O.fOВCO)·{[;:~-·~-\~(~-[ Wф о.;~~ ·(f-qs95·~~co· 
• (1ооа <d·Xz_~-r.J }(d~ + q6115 ~ +1}- F(ct) •О (2:t5) 

cs. при опреде.аевu cocllfaaa в.--а llfouoчвa raaoa 

~ ·{[~;; -etr.,·~~+ r:~-Wш <(f~sX.-·фo-(100/t •d·XJcr.·r.)}[ dlro;xJ .. ~ Ц1 + 

-{f:.~ -etr., -~~~ .. ~~-Wсо+(f~е)СТ.р·~И ~ -(1ооа ."wo,+d~ dt;)'~ТJ}fц,o-~+ 

-2~·XJ = F(C1z)•O (~.16) 
2 • а. 1nрощеивые 88ПIIC:8 форму .а OбyCJIOB.IВ 

~ерь с уходащима топочвкма rавака • о~ вепо.-.оrо сrорааиа 

Иэ авuиэа · аависьос'l'И ~.15) а (2.16) вцам, uo в~xollfopмe ком-
_ повевтu в ничтохвой с:'l'епева aaвac•llf о~ aмc'J'YD·aai8X aaileвeвal 

температуры тоnочвп rааов (~ • 463 ± 3Q 0Х) , llfeiiDepallf)'PiJ окру 
:к~еl cpe.u (~·0 • 288 t 15 Ох) а paaвИIUI h11Depa1J7p(~., • ~о • 
а 18Q. ± 40{degJ), а C.Z8~t0В8hABO: ' 
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а. при сrоравии х•амеввого yГ.aJI . 

~ ~J] 0,395-12·Wc, ( )( [kJJ-22,11~-e(Тsp-To)•17832t24lm?; ; Wc0- 22,715 - f-o,~95e 1$р-То)=5517%1S mй ; 

~~~~Wco+(f~e)(7;p-To}=5274t1 ~] 
б. при сгорании бурого уГЖJ~ · 

~;:~;-e(T5{~):17235t24~]; Wco- q~:,;::c.-(f-q3'35e)(Tsp-Тo)=575Э"±15 [~]; 

· ~~~Ъ-wсо +(f~е)СТ.,-1с,} :~677±1 rmf] 
Ввиду того что 1авачевиJ1 компонентов [100ct +d·Xcf-Co + 'R~+xCO(b-e·xfl· 

• dСТ.р-То) и @ooa-rp.'RCk +d·H2o] d (Jp·To) smачитеJiьно меньше от остuь -
d~ 02 

в:ых компонентов, в:ыступаdiИХ в вырuенИJ1х(2.15)и(2.1.6), и хроме 

того, иамереаиJI доха,ааи что вначенИJI проиаводвоl d~,:~ б.аиахи 
х единице, ати хокпоиевт:ы мо~о с достаточной ~чвость~ в:ычвс-

. JIИ'l'Ь по упро11еввJD1 форму.аам: 

а. да котJiов, 0'1'4ШJIJiвaeiOIX хамеив101 уг.аем: 

- при опредеJJ:еиИJi! состава сухих топочинх гааов 

'R~: .. c.o i1 d.CТsp-To) .d С1iр-То) 
@ooa.+d·Xcf.co+ Т-х (Ь-е·хЬ ct.o

2 
~(13~8+1,3·~~) ~ (2.17) 

- при ~пре.це.аевии состава в.ааzв:ы:х ~почи:ых гааов 

d [.r.sp-To) d(Т!Р-Т.) 
[100ct+P'RC1_+d·Н"O] ~ --(1~~75-+y~52·'R~+1,,2·~o) d~ (2.18) 

б. ДJIJI котJiов, от~:а.пJI.Иваем:ых бypiDI уг.аем: 

- при опре.це.аевиJil состава сухих топочи:ых rааов 

· "'ROz·tCO 11 d (Т: -То) d (i. -То) 
[1о0а. +d·Xcf·CO + -,::x(b-e·X)j :о2. -- (1SЗ,8+~3&·'R~) ~~ (2.19) . 

- при определении состава вJiажв:ых топочных гааов 

d С'Т;р-То) d tr;p-10) 
~ooa.+p·'RDz+d·~O] d'o;- ::::.(1~Щ75+0,lt5З·R02+1,5~·f!z0) ~ (2.?.0) 

В соответствии 1::: выше иэJiоженвiОIИ упроЩРIIИМИ предположения­

ми , форму JIЫ 2 .15 Jil 2 .1.6 привим~т с.ае.цу~иl вц: 

а. дJIJI котJiоз, OTIШJIИвaeМiilx хамеввJDI углем: 

- при определении состава сухих топочных газов 

~=[:7832+5517 ~+ 1,8+1,3·'R't)d(~~To](21-0iRO{qбo5·C0)-[:78З2(21-~) + 

-5517·СО -13З, ВСТ5р-То)] ( ~Ь;-+0,605 ~С~ -+1) = F("2)=0 (2.21) 
- при оnределеншd состава влажных топочных rааов 

da. G ,l[d(Hz.O-X") x.L dco_l r; ~ 
ao;.=L17832·R02+527~,co- (130,75+1,5Z· XL.)(Тsp-To~ dOz +200 ~-L178З2 ею;+ 

+ 5274 ~~z- (130,75 +0,452R0z +1,52 НzО) d ~(•1][ НzО ·(1-~g,)xJ F(Oz)=O (2.21] 
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б. д.u &о'l'.иов, O'l'&.ILdвaeмlil% бJPIDI уrжем·: 

- при опредежевиа сос'fа.ва сухих топочвкх raaoa 

~ = 8723~ +5735 ~ +(1Э3,8+~.~R~) d(T~~10)](2i~-R(\-0,605.C0)- ·~7235{21~)+ 

\l(d~ dCO . -~1-'3.C0-133,8(rsp·T0~ d~ ..,~605 d~ +1)= F(C2)=0 (2.23) 

- прв опреде.tевав coc'l'elS& а.аа.вuх 'l'опочвкх rааов 

~ =[172351!~ .~,,,7co-!13Ц75.'1.52·XJtr.,--r;.H[ d c~XJ ~ /io ~] +2эs ~ 
+4677 ~-(Щ75+q45~ROz +'i52Н,О) d~'(·'J[ Нt>-(1 i&) xJ· F(o»=D (2 д.4) 

Ia аапасавивх вмше ~~·•• вв.во, Ч'l'о овв весьма ч,вс'fвв -
lf8JIWI8 В8 CldбD а•ереваl, 8 t СJ18ДОВ8'1'8АВО, ве Jlory'l' бld'Ъ В8 

посредс'f .. вво вспожьаоВI~ дJIR ОD'fВмажваации процесса cro~aвas 

беа cor.aacoв81U1a p88J'.Dtlfa'f08 аамереа~~l. 

2. 4. Paaaoc'fiD18 a&DaCa ~~рму.и oбyc.aoll.dвaatax маввмум сумка по 
· · 'fеръ с ·ухо•••••• ra88JI8 • o'f вепо.воrо сrоравиа 

BВJI.V В8808Мо:&ВОС'1'8 p41&&JI8_.. COO'fBeC'fB8BВIJX 88118p8'f8.ИЪBIIX 

сас'fек д.u вепреркввоrо • вепосредс'fвеввоrо опре~е.-еваs прове­

водвu d~ , ~, d(~~>Ct.) в d~Ъ:ТсаJ, авачевие ивх провеводвкх о 
преде.а.»'fеа раевос'fВМКВ час'fВкмi: 

dR~~ Roz-~. dco _ со'-со'. d(~-xJ _ с~о·-х~)-(н1о•-х;.). d(Т1р-То) _ 
ай.z. ~~ ~-ff' d02. - 02-02 ' d~ -
% (Tsp·T~)-(14j,-To') !2.2~ 

~-~ ~ Jj 

rде: 'R0~,02_ 1 C0'1 н2о', Х~ 1 
(Т.Р-Т~) - ИамереВИJI проведевине перед Вамеве 

вием вабu'fка вовдуха в топочной какере и noc.ae стаба~аа­

ции nроцесса сrорааиа, 

'R02 1 al 1 со; Н20
111 Х~ 1 

(i,~-T~) - ИЭ11еревиа nроведевине ПOCJI8 иамеве 
виа иэбы~ха вовдуха в тоnочиоf аакере и посже стаби~аа -
ции процесса сrораваа. . 

Д.а.а упрощения задачи .привикв'f' что вти uроиаводвые соответ -

c-rвyl)'l' средиену зв:sчеииl) о2 , вы~слевиому на основавив эависи-

(2.26) 

U.o о1~ык способом оиво в~~с~итъ средние эиачекиа остальных 

nараметров ' · :иахереuах э двух uос.Uе,цу1:>1'.!:ВХ промеаj•т:ках в е:кеп.а 

иакереиаs , а и11еиво: 

RG.z·~(R~-t-Ro;) j Со=&(со'+Со); ~ао~t(~+н.р\; XL= 1(x~+XZ) ; 1sp-~ = ~~fr;p·T~)+~'t~-:.;g 
(2.7.1) 
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Подставаз эависимос'l'а (2.25), (2 .26) и (2.27) в вмрu:еви• (2 .21) , 

(2.22} ' (2.23). с~~.24) по~уuк оковъчате.аъвые записи раавоствкх 
вмрааеввl, веобхо.цьых .ц.иs опреде.иеии• мивимума потерь, а имев 

во: 

а. д~ кот~ов, отаnливаемых камеавым уr~к: 

- ара опреде~еваи состава сухих ~опо~вх rааов 

\121-a1-R02-a6o5-co' 
F{e>z).,,2·~7S32(21·o2)-ss17.co-133,8{~~-т;~ : 01:02

1 

+ 

1 · , ·~ 21-~·'Rot-q605.CO" 
-[178Э2 (21·02)-5~17·C.0-1'33,8(isp-To~ az-02 

- при опреде~еваа сос~ааа в~ааккх ~оuочвкх r~аов 

F(~~ ·{17SЭ2Ro; +527~·со·-~эо,75-+q76(~·~8(т:Р-~>} Н/1-Х:. +jp(~+xL) + 
~ ~-~ 

_I11832Ra!. •5274сd-@эо, 75+q7б(xt,•Xt,'](т~-~J} Ней'- х~· Ei,cX:.~xt) 
l ' . 02-<i 

б. джа ко~~ов , отаа.кваеккх бур .. yr~••: 
- zqta опреде~евии coctrua сухих ~оuочввх rааов 

. 21-02-Rr:2·q6~.co' 
F(C2~•f72Э5(21·C.?-5753cd -1ЗЭ,S(isP-~n ~-Qi' . + 

· · , 2'f-ai-R02·q605.C0
11 

-~7235(21 -tr)-5753CD -13Э,8(Т~-Т~)1 1 11 . 

L' ' ~ ~-~ 
- при опре.це~евии сос'l'ава в~акввх ~опочвых rаэов · 

f, } ~· х' +~ (x '•xt) F(~)~.2·l17235·Ro2+4677co~-f!ao,7s+q76(x~+xL~(т;P-т;) -~-~о '- + 

(2.28) 

(2.29) 

1 • • rA (X'+X u) 
- {11235R~ +~ & 77 Cd-[130,75 +q 7б(х; + XL~(r.;.-~) J "J!O-XL; ~ ' L (2.З1) 

Бычис.иеввое таким образом эаачевие F(C2~,2. пос~е соr~асоваиь 
рееуnта'l'ов перв1ЫХ и вторых иамеревий укаауе~ ~о~ько иедос'l'а -
ток и.иа избыток вовдуха в ~опочвоl камере и, с~едовательио, а­

ВJiяетса ведоста'I' •ОЧ!UDI ди опреде.жевu оп~икuьвоrо эиачеиия о2 
С ЭТОЙ Ite!tbl) С~е ;цуе'l' И8К8ВВТЬ ИВбld'ОК ВОВдуха В ~ОПОЧНОЙ каме­
ре и пос.пе с~аби~эации процесса егоравиа п·ровести 'l'ретьи изме 

реииа и дaJiee, c~or.1acosa'l'ь реау~ь~аты первых, в'l'орых и третьих 

аэмереиий. Да.иее, с.иедуе'l' вычас~trЬF(~~3 по одной ив зависимос­
тей (2.28), (2.29), й~.ЗQ) иа (2.31J аамев•• иццексы 1. иа 2 и 2 иа з . 

Пос~е внчас.иеввs F(l\)1,2 • F(o2)~3 ве~рудво выuс.иить оптимuьву1> до 
J[l) кислорода в ухо.ц•••х топочвах raaax аэ зависимости 

(~+OZ)·F(~h2- (02+of) · F(~)2"_ 
(Oz) = 

1 1

;1 (2,32) 
opt. 2[F(fk)1,2- F(О2)2,З] 
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хо~ораs -по~чека цу~ем прираввивавиа к ву~ живейной функции, 

проходцеl череа коорnва'l'Ы двух пувктов {FC'2\:1; i(02•02)} и 
{R~)2.3 i i(02 +02)}. _ 

З&!dсикос~ь (2.32) ва (~)opt. моzе~ СSы~ь испо.аьаовава вепосред -
с~вевво ~о.аько в ~еду.а•их с~х: 

а. хоrда F("-l)1,2 >О . • 02 > O,Z 

cs.. хоrда F(~)1,2 <О • Q,t< Ol 
В о.ста.аъввх с.аучаах с .. едуе'l' аамеви~ь порцок вторых иэмеревиl 
ва uервке • ваоСSоро~, а вкевво: 

" • (qi+02)·F(C2)1,2-(Cll+02)·F(C2)1,3 

\.~opt. . 2 [F("J~-F(Oa)",!] (2. S 5) 

з. · coracoв&JUie peaynlfa~oв иакереоl, проведенивх в двух и 

~рех по~•дованnввх o'l'pe ахах врекеии 

Соr .. асоваваа pea.JA'l'a'l'oв иамереваl aмeelf це..ь» умевьшевие 

снпева чувс'l'В&Ifе~ьвос'l'а аависимос'l'И(2.З~ ва - ааасsки аамереваl. 

В ·с~е опреде .. еииа coclfaвa .сухих 'l'опочввх rааов ва выходе 

ко'l'.аа, хо•чес'l'во веходно ypaввeJUtl д.аа . соr.аасовавиа реау.а• .. 
'l'&'l'Oв авмереваl равво .,Рем . а uoqчa»lfca ови аа аависимосп (2. 8) 

а --о; 1 ( .. •) -4 1 .., • · . ~clRROi+ ~-o,.,g.., ·COI+Ql-,1•-W., (3.1) 

· f2•LRRo2+(~.,t-q395)·C0'+02-21•-w2 (3.2) 

f5c 4t·'R"+(~-0,395)·co"~O:- 2'1•- w3 (З.~) 
rде: ~ - средвее вaiCSo.aee вероа'l'Вое авачевае a'l'oro хоеффи-

цев'l'а, соо~веlfс~в~ее давиому 'l'оnжвву, 

w.,.~,~- весовnадевиа освовиоrо ураввевиа .(2.8) в 'l'pex· пос .. е 
~х o'l'peaxax времеви вамеревиа. 

В сqчае опреде.аевва с~ос~ава в.I&IDIВX ~опочвкх rааов , ре ау .иь­

~а-rк .-рех пос.аедовате~ьивх иамеревий "R~,Q1}0, н2о и )(L моrут СSыт:ь 

соr~асовавв по двум исходвЪОI ураввевuм, по.пуч&J)IIимса иа аава­

сикосп 

(21-0 -Ra..-0605C.O)rd(~-XL.) + ~ dl~l.fJ~o-(1- f2 )\] (dRO.z 0605dCO +1) =О (ЗА) 
l -z , d~ 2оо d~ L' 200 d~ + , а~ 

которав по~чева пос~е сраввевиа вырааеви1~.1З)и(2.1~, а имев 

во: 

• r. 1 , со' 1 "'l 1 , • ~ 11 • со' 1 • ,1 ;•(21·Qi·Ro;-qeo5CO\~-XL+~00(XL+~~ь-(2'1-й[RQ2-0,605CO)LH~-XL + Чoo(XL+XL~=-W1 (3.5) 

f2 •(Z1-a;-Ral-q605CO')[kzO'-X~+ :(Х~+Х,~п-(21-~-R0~160~co)[ Нi'-_ Х~ ~~: (Х~+Х[~ ... w2 (3,6) 
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Два пос~едую.их исходных ураввеваs длs соr~асовавиs реау~ъ~а ~ 

тов трех пос.и,.цу·J)I(их иамеревиl состава в.zuвмх -rопочвкх rааов 

(R~,~ 1Щ Н2О I1. XL) DiOJJYЧeнн В peayJIЪTalfe ПОДСif&ВОВО В фopiq.lll (3.5) 
и (3. 5) раввоцеввJ~сх вырааевий,. вoaвиJt&l)lla% аа равевс-rв (З.jJ, (3.2). 

( , 1 1 1 1 1 • .1 • 1ltf. • 
и l3.3) вместо 21-Ql-~02-0,GO!JCO, 21-~-R'2-q605w а 21-<t-.,-o,Бosco а ьевво: 

....... (3.7) 

'l'or,цa два nос~едуювtих исходв:кх уравве~ь дD соr.zасовавиа ре -
эу.zътатов трех ~[ОС~едовате~вых иамеревиl сос'!'ава а.~аквкх '!'опо 

чвкх rааов прИ~Qrт ~едую111иl вц: 

f
4 
= (~+со•)[ ~о- :~~ + ~g~cx~ •XZ~- (R~+cd}[н2o"-xz• f!-ocx~ + "~fl·-w3 (~.з) 

fчa.(Rct;+cd1)[н2o··-x~ + ~схz·х~Я- (Ro2+erS)[НJ>·-x; + ~:cx~+XL~ :-wlf (3.9) 

Соr~асовакае реау.zътато~ аамереааl веду., c.ze~. способом: 

а. .иивеариауют освоввке ааввсимосlfИ ~·· соr.zасовава» ре -
ayJIЪTa'l'oв иакер4авиl отвоси-rе.аъво ~oro аакеревь д-оrо па­

ракетра 
СЗ.10) 

rде: ~L- частике производиве асходвоrо ураавеива k о'l'Воса -
нnво иамереваs i .цаввоrо параке'l'ра, 

~ - поправка авачеваs аамерев .. i даавоrо парамеlfра, 
wk.- иесо:впа.цевие асхоцоrо ураввевu. 

б. испо~ъ ауют у ·с~овие иabeиЬIIIIx ква.ztра'!'ов 

m~·V· • L а ·k (З.11) 
L &. 1< kL 1( 

rде: mL - aбcoJII)'l'Jiu ошибка иамеревиl, опреде.J.еивu по сред -

• ствок X.lacca '!'очвоста даввоrо аамера'!'е.J.Ъвоrо прибо­

ра и ero верхвеrо пре,де.zа иамерева1 1 
kk - неопреде~еввкl ко8ффвциевlf Jlarpaвaa ,ди исходвоrо 

уравиени.к. 

Решив ураввеии.к (3.1), (3.2), (3.3), (3.1.0) и (З..1.1J И.IИ (3.5~ (а.~, (3.8) 
(з . 9~ (3. 10) и (3 .. 1.1) ПОJJУЧИМ веJIКчивм поправок Vi а '!'ем само соr­
.иасовапвые ве.zичивв отде~вкх параме'l'ров, аамереввll% в '!'рех O'l' 

' дельных nромежу~хах времени. 

4. Выводы 

. А . ПocJie соrх.асо.вавu peay.zъ-ra'l'oв иамеревиА ошабn &тах иаме 

рений будут мен:ьше, чем до соr~асоваииа. Реау~татк освовавккх 

иа nримерах вычислений собраик в таб.J.ИЦах ~.4.1. 4 ~ ••• 2. · 
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'1'.4.~. Сраввевве oDIJ1бo1t иамеревиl с апибх~и по~.чевв1111И пос.zе 

COГ.Z&COB&ВIIJI ре15у.КЬТ8ТОВ 'l"p8X И&мереиИА~ "OifД8.U.ИIIX ICOIIПO 
BeBifOB суХИХ lfОПОЧКВХ Г880В 

иамерае101е 
'R~)2 [;'о] ~ ~о] со tr.J LR парамеlfра 

пос.ие.цова-rе..аъ- .-

вость иамереииl 
1 2 3-.. 1 2 3 1 2 ~ 

~ 

-
COCif&a !'ОПОЧIПIХ -- -

~4,30 13,98 1~,6~ ~о 5,4 5,8 ·- . ~!74 _gзо1 Q274 1,1 
rааов 

uacc !'очвосlf• .. -
2,5 2.5 2,5 '2.5 2,5 '2,5 2,~ ' 2,5 '2.5 -

иамериnв 

mi- OIПJiбxa 
q5 Or5 q5 0,'25 q25 0,'2~ 0,0125' q0125 0,0125 0,026 

иамерате.r.а 

т.- oПIJiбxa uoc.ze 
Ц01'5 t 0,'238 q235 0,224 q196 0,18.5 0,18~ 0,010 0,010 q.D10 

cor.zacoвaвu 

2 .-t.2. Сравнение апи.бох иакереи•l с аобхама uo.иyчeвiDDIJI пос.ае 

сог.~асовавва peay.zъlfa-roa !'рех аамереиаl оlf.це.zъимх компо 

B8HifOB &Жака&Х !'ОDОЧВМХ rааов 

иакерае1111е 
'R02 [-;.] 02 . ~!.] со н2о rt.J XL 

параметра 

пoc:.ze.цoвalfen• 
1 2 .3 1 

нос-rъ иамеревий 
2 3 1- 1 2 1 

СОС'1'8В 'l'ОПОЧВЫХ 

1lt ,~O 13,98 1!,65 5,0 5,/.t ~в О,Ъ7~ 10,00 9,78 2 
газов 

uacc точиости 
иакерите.иs. 

2,5 2,5 2,5 ~5 2.5 2,5 2,5 2,5 2,5 ~5 

оШJiбка 

и акери'rе.жя 
0,5 0,5 0,5 0,25 0,25 . 0,'25 q0125 0,25 0,25 0,125 

ошибка пос.1е · 

согласовании 
q2~ q236 0,222 О,-151 0,150 0,1~6 0,009 о,1~3 0,135 0,085 

в. Задача оптималиэации процесса егораива не может бнть решена 

бе э согJiасоваиия результатов измерений. Вывод атот сделав в ре 

эультате вычислений мt:~ксимальвых ошибок m{~)opt. перед и пос.rе со 

гласованiiЯ результатов трех измерений состава влuи:ых тоПочных 

газов . Результаты вычислений этих макси:ма.1ьвых ошибок собраны 

в таблице Т .4. 3 . 
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~.4.3. Сраваевие оmибох mCOt)opt. перед и пocJie соr.аасовавu реау.аь 

та~ов 1рех иэмеревиl состава ~акинх топочных rаэов 

двапазов измевеввs о2 в 
сmибка m<C2)opt. - метода оптима.аиэации уходs•их топочввх rазах 

ОТВОСИ'I'е.ИЬВО (~)0pt,= 5, ." процесса сrоравиs 

Х.И&СС 'I'ОЧВОС'I'И ИЭ ~асс точности иэ 

~ ~ о• мерите.аеl - 2 1115 uepи'l'e.ael - 1,5 
2 без 1 пос.ае без 1 пос.ае 

соr.аасовавиs соr.аасовавиs 

5~ ~1, ~' ~З.5О 5,01 26,10 З,11 

~о 51t 5.8 10,17 1,55 ,,10 ~96 

ц,в 5;1, 6,0 ~.~2 O,llt 2.65 0,55 
~,,, ~lf 6,2 2,5~ 0,61 -1,~2 0,~8 

в. В реау.аьтате подсче'l'ов, приведеввкх в таб~е ~.4.3. Ьо~ча 

e'l'cs, Ч'I'О аадача . оп'l'има~аации процесса егоравиа ~~~., бвть до 

ста,.очво точно реmева при помо•• иамерите.аьввх сис'l'ем х.аасса 

точиости ~,5 а 'l'a&ae при вамевевив хо~чес'l'ва о2 в уходs•их ra 
зах ве менее чем в~ о, е S меаду __ дв~ пос..~еду~»•ими азмеревьми 

.r .• По поводу о'l'с~ствu . в даввое вреа . ховхре'l'вкх аамеревиl, о 

це~ху ашабок перед а пос..~е соr.аасоваваа реау.аьта'l'ов иамеревиl 

проиаведево ва- осаовав .. с.ае~их предио.аоаевиl: 
а • . иавествк xapu:-repac'fиu CO•f(~). • Х•~(О.) опреде.u~»•ие про -
цесс cropaвu в .~~~аввiiХ uсu.ауа'f.щиоввu ус.аовuх 

CO=fCC2)=2 i~~i'0,22 [•/о] J . X•~C2)=0,002(6·0:lf+o,0~5. . · . . 

б • СОдераава OCIJ~&UtBJIX XOIIDOB8B'f08 'l'ОПОЧВJIХ. rааов t CO.O!I'Be9 -
с'f~Ие давкому содеркавИ» свободвоrо . uс.аорода в ухо.ц. .. х 
топочвu raaax иеtречис..~ево и а аависимос'l'еl: 

'R92c(21-0:l+q3g5.co) ~~~~- .· :со [w;J 1 Н,О• ~;::со.А +(1-~)·XL T".J. 
причем пpau'l'o, по : А •(),542 ;' ~ •111 ; XL • 2 C«ro]. 
в •. весовпадевu освоввкх ураввеваl д.u соr.аасовавu peay.o'l'a -
'l'oa иамеревиl перечвс.аево по форму.ае 

Wk•Vta:imi' 
rде: m~- махскма.аьвое O'l'&JII)Чeвиe иамерите.аьвоrо прибора о-

преде.аеввое по х.аасс точиости а верхивА диапазон. 

Ila 'I'Oro •ar.uдa реэуnта~J~Н подсче'l'ов с.иедуе'l' привима"l'ъ ах 

ореnировочвие. 
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IKVESTIGATI<)N OF THE DIR.ECT DIGITAL CONTROL 
OF AN ONE-THROUGH-BOILE R 

B. Hanus 
Technical College V~ST 

Liberec, Czechoslovakia 

The applicat ion of a digital computer in the power 
engineering has a progressive tendency.The computer is used £or 
checking and for evaluation of the technological process and for 
control of the energetic system, as well as of the power plant 
and o:f the energe~tic block itself. Here, the computer is used 
not only :for control under normal operating conditions but also 
for automatic dtarting up and loading. In order to obtain much 
more experience. with a digital computer, control processes are 
investigated unde~r application of different control algorithms. 
Al5orithms for a general error compensation according to a 
quadratic .criterion appeared o be very suitable.Th~ algorithms 
are varied and enable therefore good adaptation :for the given 
real conditions. The calculations of the algorithms are carried 
out by means o:f a·digital ·com?uter on the basis of. dynamic 
characteristics of the control system. The characteristics are 
bi ven 1n 'tne 'tiJJil.e sequence -form. o~ dynamic responses, N.ormal 
procedure using Z-transformation was not applied at all. 

1. Calculation oj~ a catrol algori thnl 
The calculation o£ a control algorithm is carried out 

in two steps : 
In the first step from the beginning of the control 

process until thE~ I -th interval the state valuea xmt of the 
system are measured. The minimtl!ll number of these state values 
I of vector elements I is f'L + r , 'hhere fZ is the order of 
t he controlled s j,. stem and .t is the number of the controlled 
variables. The different physical values and their derivatives or. 
t he sane physical values but in different sampling intervals can 
be used as the state values. At the same t i me -interval also chan-

·es of t e manipulated vari ables y'Wl and entering ·is turbances 
Z m are measur£::d I presu:ning that "' · t is actually possible I o 

On the basi s of all hes e me asured values ther e are evaluated 

the so called St.Jbsti tute di s t urbanc es z n I rz_ + ·r elements/ 
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which are presumed to enter the system. before beginning of the 

control process. ThE~ vector of the substitute -disturbances ia gi­
ven by the relatic)n 

Xm. • &,., .tn. + H, .z., + J; Ym I 1 I 

where Gm , H, , I,;~ are the ~atrices o~ discrete values of 
system responses. 

When detEtrmin~d disturbances z4 , not measured at 
all, are e~pected tcl ent-er the system during th~ measuring of the 

state. value• .Km , it is possible \to generalize the fcrmul.a I 1 I 
by introducing the l~elation 

Z a ~~:1 /21 

in the form 

I 3 I 

In the case I J I ojr course the number of the elements of the 

vector Xm. is to be augmented to the number of the elemente of 
the vector Z 

From I l I and I l I 1 t follO:ws for the vector of 

substitute disturbance.s 

.. &-1 LX - /{_ F ] Zn m .,., m z,.- mf, /41 

or 

I 5 I 

In the :second ste the cri te .... ion values ~If(,;) o:t the 

system are calculat1ed for eec control i nterval from. the 

relation 
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I 5 I 

where y is the vector of the manipulated variable ch~es 

f'rom the control interval l till u - 1 and 

lf;Jto*Jare matrices of discrete values of' the system 
responses. 

For the pri terion values ~k and for the mani­

pulated variable changes fl in the time interval of' ~ control 
procesa taken into accoWlt j == t + k to u I a condition 
of' millimum. functional is valid 

et T 
J ... ·.L 4* (/) K.. A~ f/) + y' (u· y ---. Ql1n I 6 I 

;·f•lc ~ r; 41 

where K"l and .K'r_f are the diagonal matrices of weight 
e.oef'ficienta. 

The nusnber o~ the criterion values K/c in the control interval 
is only unilaterally limited I the minimum number is z 1. 
Inserting I 4 I and I 5 I into I 6 I it holds for the 
vector of' optimal .manipulated variable changes, after the 

():J • 
deri vati vea ~ = 0 are carried out, 

'I = 

/71 

The control algorithm for the r- dimensional control system 

is given by the first r rows of the system I 7 I , which 
include all manipulated variables for amntrol interval just 

carried out. 

2. The control a1gorithm f'or a program control and for 

loading 

· In the case of a program control a vector of' 
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command val es is prescribed for the criterion values. Instead 
of I 6 I it is posstble to wri te a condition 

r(. T 
J = L. ( xk rjJ- v(;)) K'v. (xk (j)- "'(jJ) + yr AV· Y 1 a 1 

i=f+k 
For a ntr ol a · orithm a generalized relation holds instead 
of I 7 

I.f a -cime program is given in a polynomial form 

. /10 I 

then for a conformity between the command values and the real 
cr i t erion values inside the control interval it is required that 
the control loop shotud contain as many integrators as cor­
re cponds to the degree of the _polynomial I 10 1. Usually one 
integrator will suffice. It is possible to realise its transfer­
function by means of a digital computer directly. 

In the case of program-loading the time behaviour of 
the disturbance Zp is given. For the criterion values in that 
case it holds 

I 

= wr;J. 
and for the control algorithm it follows 
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"' · r · ·f 

. ~{t+lc F(j) K9. /-v(JJ + ~f;J~ x, + 
... , 

+· [""" f;) - fi.k V)&, Hm] z, + /t (/! Zp .,. 

+ !F:r (j) .- ~ {;) &,;.fF, Jym}} 
I 12. I 

J. Quadratic CP1.terion with additional conditions 
·Jdditional conditions for the crit9don values during 

the control process can be attached to the functional I 6 I or 
I 8 1. These conditions can be expressed by means of a criterion 
values. vector Xr(k) joined. to a sampling interval k 

I lJ I 
where 

Kvfk) ·{,fk)~' + ),;,.. (/r)f/m + &r(k/z, +Hrflr)z, +((lr/Zpl 14 I 
~means of the additional conditions I lJ I it is possible ~g. 
to obtain a control process in a finite control interval number. 
In this way the additional conditions enable to derive one 
general formula. for calculating control algorithms for a f i nite 
control process. and according to the quadratic criterion. 

Connecting conditions I 8 I and I lJ I and using a 
vector of Lagrange factorials we obtain 

--+ m.1n I 15 I 

I 16 I 
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and after derivatives· according to the Lagr8Il6e factorials ~ it 
holds 

I = ~ + f:r ( 1,'", J -= 1z (~~). , • 
~ ~ ~ 

-f 
:: - 1£ [k) + G 1/r)G. K t-

rr J~t' "' "' 
_.( 

+[Hv(k} - &,..(l)~, /lmlz111 + Py/lr)zp + 
. -1 

+ lf;,y (lj - . ~(~)&"' F..l'lm + F,.fk}'l 
I 17 I 

After joining both systems and after introducing simplified 
symbols we obttain 

~~~I • W.r- ¥ x. -l z -lz -~.,_ . "M Dt 111 Ill "P 'P "' , , /18 I 

Then it holds for a l'ector ar aptim&l. manipulate~ valuea 

I " I -f . . 
A • r fw.,.- X,.x, -l,.z., -4zp-"·'lml I 19 I 

The argument. K of' the ~ector tr,.(Kjis calculated :from the 
beginning of the whol.e control process and is being reduced by 
1 for ev,ery following control interval. Therefore· it is not pos.- -

sible to take for a control &4ori thm the first r rows of' the 
system I 19 I as was done iD the previous cases. The procedure 
for the evaluation o,f the control algorithm is then aa f'ollows: 

The time behaviour cd all criterion or state values 
are calculated an the basis of the optimal manipulated values 
vector y • This time behaviour is taken as given and 
corresponding coe~icients of' the control algorithm are cal­
culated in the way described in the next chapter. 

4. The control algorithm for a given control process 
Let iSf _{ f = 1 toz)be the time behaviour ' of' the ,t-th 

manipulated varl.able and let ;Kk ( k = 1 tom} be the time be­
haviour of the corresponding state values for a given control 

process caused by tlile z,' -th { r: = 1 to r ) determined dis­

turbance. Further let us suppose that the control . algorithm 
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is g~ven by the relation 

A,9.yf;) =£·f
0

flj · x,iff/"J)+~~~i~J·&ifY(/J) 
/ = of to u-f l 20 I 
2= to r 

After inserting the time behaviour of manipulated variable chan-

ges ~~tr(jJ and of state values x,..Jc V) into equation I 20 l, it 
is possible to calculate· the values o~ all the coefficients of 
the control algorithm £ a.k

9 
, f 6/i • When however the number of 

the equations I 20 I ~a greater than the number of urJaaown 
coefficients of the c·ontrol algorithm, the values of the coeff'i -
cienta are to be evaluated f'r~ the minimum squara error con­
dition 

r tt-1 z 
J- L L kfitJ E .

0 
{;) .__.. min 2 • t to r 1 21 1 

t:·t;·v ,~, 1
L · 

where k .. 
0 

is the weight. coefficient, 
f ~ ~ .,) is the error 
'f 'd· 

. m h ~ h I' 22 I 

t,"f (j) ~ 4-9Jfj J-/1 f.o f-"1 .x.t. ,,...,J-ft$·~ i11 · 4rtV"-J) 
After some treatment it holds f'or the values of the coef'f'icienta 
of the control algorithm for the f -th manipulated variable 

~ ~~~ .. {I X, Y {K'if IX, Y 1t IX,Y ( Ki!.f 9f 
f ~r · f to L' 

i • I to r 
.. J· • Q to tt- ( I 23 I 

where )( , ;r- are the mat~ices of' discrete values of state va­
luea and of manipulated variables f'rom the given 
control process for all entering disturbances 

K.. 
Vf 

i = 1 to r , 
is the vector o:f manipulated variable changes 
for all entering dis t urbances ,; =· l to .c and 
is the diagonal matrix of weight coef'f'icients. 
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Conclusion 

The investigation of control algorithms was carried 
out by calculating algorithm coefficients and by evaluating 
control processes tor different disturbance&. The time be~ur 
was _ calculated either. directly by means of the digital com­
puter or by means cL a model on the analogue computer comected 
with the digital comput~r. This connection was , brought about 
in the laboratory af the national enterprise ZPA, Prague /ana­

logue computer ARS, AR, MN 7 ar!d digital ~omputer LGF 2l I 
and in the laboratory of the Technical College VSsT, Liberec 
I analogue computer AP ), UEDA and digital computer MINSK 
22 /. For the investigation of the direet digital control a 
One-through-boiler is made available in the power plant Ledvi­
ce in connection with a digital computer LGP 21. The Insti­
tute EGU Prague is in charge of all this research work. 
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DIGITAL CONTROL TECHNIQUES FOR POWER 
P.LANT APPLICATIONS 

Theodore Giras 
Advisory Engineer 
Westinghouse Electric Corp . 
Hagan/Computer Systems Div. 
Pittsburgh, Pa. 15238 

INTRODUCTION 

Robert Uram 
Senior Engineer 
Westingbouse Electric Corp. 
Hagan/Computer Systems Div. 
Pittsburgh, Pa. 15238 

A trend of major significance in the design of electric 
power plants today is the use of once-through boilers to 
provide superheated steam for the turbine generator. In 
these modern plants ·_it is not possible to use conventional 
boiler-follow or turbine-follow control concepts since the 
boiler and turbine can no longer be operated as separate 
power plant entities. The once-through boiler imposes an 
ever increasing challenge on the control engineer to 
develop a control philosophy. which includes consideration 
of all elements of the power plant in &·coordinated plan. 1 

To ensure proper operation of such a complex scheme all 
the techniques of modern control theory must be used. 
These include nonlinear feed forward characterization of 
major plant variable·~? such as load demand, boiler demand, 
feedwater demand, fuel demand and air demand; calibration 
of the feed forward control action by measured variables 
such as pressures, temperatures and flows; adaptive con­
trollers sensitive to real plant variables and adjusted 
to operate over the entire range from no load to full 
load; minor-loop feedback control which is coordinated 
throughout the entire system; and finally, logical 
interaction of all control loops to ensure bumpless 
transfer from manual to automatic, and from automatic to 
manual, modes of operation. 

The wide range of controllability required for the steam 
plant of today suggests th~ use of high-speed digital 
controllers to implement the sophisticated control 
philosophy necessary for proper operation. 

This paper will describe some of the techniques used to 
implement control in a steam power plant. 

DIGILAL CONTROL ALGORITHM REQUIREMENTS FOR POWER PLANTS 

There are a number of basic requirements which a digital 
system must satisfy in order to control a complex process. 
First and foremost is the ability to alter or modify the 
control package easily and qui~kly in the field 'to· 
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accomodate process dynamic characteristics wbich could not be 
anticipated early in the design. The digital system must · lend 
itself · to a building block format, with the inter-connections 
between blocks s~le and· easy to program or modify as more 
is learned about the process. It must be possible to remove 
individual blocks or groups of blocks, and to replace these 
with other individual blocks or .groups of blocks. The 
prograuming effort to do this interchanging must be 
relatively stmple so that plant engineers wto are not expert 
computer prograumers can make the changes with a high degree 
of accuracy and in a minimum of t .ime. 

In addition 'to this block flexibility, the pigital package 
must be designed· so that process parameters can be changed 
quickly and accurately. Thus pla~t gains, biases, set 
points, limits, .time constants anc:i other important system 
data must be arranged in the computer storage in such a 
fashion that .inexperienced field personnel may adjust these . 
values literally at will. This is of paramount importance, 
for as more is learned over a period of time in controlling 
a plant with a computer 1 . refinements in the control system 
must be made to ·tmprove ope~ating efficiency and reliability. 

Another major requirement of a digital system is careful 
selection of ~he computing schemes used in the various 
controllers ~nd functional blocks. Since all implementation 
within the computer must ultimately be dcne with numerical 
methods, the general formulation and selection of any 
algorithm structure becomes quite critical. Thus the 
numerical schemes for integration, differentiation, smoothing, 
and characterization must be carefully selected to assure 
proper control action, and yet be simply anci easily 
progranmed .• 

Superimposed on this selection are the· two classical 
constraints one is faced with in digital computer utilization: 
computing time and computer storage capacity. Clearly, there 
is a finite time in which. all computations must be done in a 
feedback control system for a typical plant and there is a 
finite limit to the storage one must realistically face. 
Therefore sophisticated mathematical algorithms which require 
lengthy computing time and large storage capacity must give 
way to acceptable alternatives ·which do the job satisfactorily 
in reasonable time and with mi~imum storage. However, one 
must not allow the pendulum to swing too far in the other 
direction, for inaccurate mathematical algorithms will not 
do the proper job in a complex control system. Thus a 
compromise is required which is acceptable from all points 
of view. 
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DIGITAL CONTROLLER ALGORITHMS 

The conventional dynamic controllers required in any process 
system consis t of the following: r eset, ra te, proportional 
plus r eset, proportional plus rate, and proportional plus 
r eset plus rate. Since these five standards are combinations 
of two fundamental controllers - the reset and rate - it is 
only necessary to develop these basic controller algorithms. 
Then by providing means for interconnecting these within 
t he computer, all possible controllers may be formulated. 

The f ollowing discussion will develop these two basic 
algorithms; in addition the first order lag function will 
be presented. Although technically it is not a controller, 
the first order lag occurs many times in a process control 
sys t em and must therefore be accounted within a digital 
package . 

Rese t Controller 

Figur e la shows a diagrammatic representation of the reset 
controller with time varying input x (t) and output y (t}, 
whi le Figure lb lists the conventional transfer function 
i n te rms of the Laplace variables and the controller reset 
time T. The mathematical relationship between the reset 
controller input and output is that of integration as given 
in Eq. (1) below. 

y ( t ) = ~ Jl X (t) dt (1) 

The numeri cal solution of this equation may be accomplished 
by a number of different schemes. The simplest of these is 
the rectangular integration method as follows: 

y ( n) = y ( n - 1) + 6 T x ( n) 
T 

(2) 

Here AT is the sampling interV-al, at which instant the 
digital algorithm will comp~te the current value of y; the 
integers n and (n - 1) represent discrete sampling periods. 

From the point of view of computer storage and running time, 
the rectangular rule is ideal since each of these is 
minimized. However, the method is inaccurate for systems in 
which the reset time T is of the same order of magnitude as 
the sampling time !:::a. T. The only alternative then is to 
reduce the sampling ·interval to a much smaller value, which 
then requires many more computations and thus defeats the 
purpose of the digital controller. 
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A second numerical method of solving E~- - (1) is with the 
trapezoidal rule as follows: 

y (n) • y (n-1) + A
2
i [x (n) + x -(n-11 (_3) 

It is clear that this method requires additional storage to 
save the past value -of input x (n-1), and also requires 
additional computation due to t}\e mare complex formulation. 
However these points are mo~e.. - ~ha-n matched by the much 
higher accuracy of the algori.tbm -~due tp the knowledge qf the pas t 
history of the ioput function-; _ thus the--methog_ may be used 
with a larger sampling interval and a net reduct~on in 
computation time. 

The technical -literature i contains additional analytical 
verification of the. merits of the trape~idal integration 
method over the rectangular method in terms of frequency 
response and ·pha-se .shift. 

Figure le lists the FORTRAN programmfhg s tatement requir ed 
to execute the trapezoidal reset algorithm, while Figure ld 
shows the output curve £or a unit step input . It will be 
noted that the initial ·slope of the output diffe·rs slight ly 
from the succeeding slop~, becaQSe the initial computation 
had no past history value for x (n-1) in Eq. (3) above . 
Note also that the output ramp has been -limited to a max-
imum value of unity; this · is a built-in feature of the algori thm 
and may be set at any value in the field. The quantity de­
noted YARRAY in Figure le has both high and low limits at 
which the integral action is held and -not permitted to windup . 

Rate Controller 

Figure 2a shows a diagrammatic representation of the rate 
controller and Figure 2b lists the transfer function. It 
will be seen that the transfer function includes a smoothing 
or. filtering term 1/(l+Ts), because pure differenting action 
is highly sensitive to noise and may yield numerical 
instability. 

In terms of the Laplace variables, the analytical relationship 
between input and output for the rate controller is: 

Y (s) • Ts X (s) (4) 
1 + Ts_ 

This may be solved for the derivative of the output variabl_e, 
resulting .in the following: 

...21.-~-~ y 
dt dt T 

(5)_ 
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Using the same technique of trapezoidal integration as for 
the reset con~roller, Eq. (5) may be written in the following 
format : 

y (n) •f2T - ll. T]y (n-1) + 2T [x (n) - x(n-l)f (6) 
2T + A T] 2T + ~ T J 

Figure 2c lists the FORTRAN statement which will call for 
evaluation of the rate algorithm controller, and Figure 2d 
shows the response to a unit step input. The output has 
the expected initial impulse due to the leading edge of the 
input step, followed by an exponential decay as a result of 
the filtering or smoothing action of 1/(l+Ts). 

First Order Lag 

Figure 3a indicates the symbolic representation for the first 
order lag function, and Figure 3b shows the transfer function. 
The relation between input and output then may be written as 
given below. 

Y (s) ""' ~.....;1;._ 
1 + Ts 

X (s) 

In differential ~quation form the lag output is given by: 

~=!_y-!_ X 

dt T T 

The trapezoidal formulation of Eq. (8) yields: 

y (n) = (ZT -ATJy (n-1) + 6 T [x(n) + x(n-1)1 
rzT +6 T 2T + 6 T . j 

(7) 

(8) 

(9) 

Figure 3c lists the FORTRAN statement to execute the lag 
algorithm while Figure 3d shows that the response to a unit 
step input is the exponentially increasing output approaching 
unity. 

Digital Controller Algorithm Connections 

With the above algorithms serving as building blocks, it is 
now possible to devise many other controllers. As an example, 
Figure 4 shows the various diagrams, relationships and 
response to a unit step for the proportional plus reset 
controller. The output plot indicates the initial jump to 
unity due to the proportional gain (assumed 1.0), followed 
by the ramping action of the reset portion of the controller 
Again the output is limited by the internal action of the 
algorithm to an upper level determined by the user in the 
field. 
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The appropriate diagrams and equations for the proportional 
plus rate controller are given in Figure 5. As may be 
expected the output rises immediately to 2.0 due to the 
combination of the proportional gain of unity and the 
derivative action of the rate controller. Then exponential 
decay of the filter portion of the rate· yields an output 
dropping to unity. 

The most elaborate of the controllers is the proportional 
plus reset plus rate, which is · shown in Figure 6. .The 
output response to a unit step ·in Figure 6d shows the com­
bined action of each part of this three-mode controller. 

Nonlinear Digital Algorithms 

In addition to the controllers described above, a modern 
power plant control system requires a number of other 
special function~ to assure complete and accurate con­
trollability. Among these are nonlinear characterization, 
high and low signal selection, high and low signal 
limiting, and deadband action. 

Figure 7 shows the pert·inent sketches to implement nonlinear 
characterization of a variable. As indicated ·in Part c of 
Figure 7 the functional relationship between input and 
output may be any combination of straight line segments. 
Currently up to six points, and therefore five straight 
line segments, may be used in this characterization; 
however this may be expanded easily to any required number 
for higher degrees of accuracy. Many different combinations 
of straight line segments having ·positive, negative or zero 
slopes and positive, negative or zero intercepts have been 
tested and proven to be extremely accurate fits to complex 
curves. 

The high and low signal selector building blocks required 
in a system are shown in Figure 8. These algorithms select 
the algebraically higher, or the lower, of two time varying 
input quantities at each sampling instant. Proper account 
is taken of algebraic sign, including the case of either 
signal being zero. 

The high and low limit functions are similar to /the selector 
blocks except that the limiting signal is often preset at a 
fixed value (although this is not absolutely necessary). 
Figure 9 indicates the appropriate information for these 
limiting blocks; again account _of algebraic sign is included. 

In Figure 10 is shown the diagram and action required for 
the deadband function. In this case the output is set to 
zerQ if the input is within the deadband region; otherwise 
the output is set equal to the input. · 
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General Application Examples of Digital Algorit~ 
> 

A few examples using the various digital algorithms described 
will be given to illustrate some of the possibilities for 
interconnecting in control systems. Consider first the 
situation shown in Figure 11, where a rate and a lag algorithm 
have been connected in cascade. Part a _:of the figure includes 
the FORTRAN statements necessary to execute the two functions, 
while Part b is a plot of the output response to a unit step 
input. This particular system is typical of portions of 
power plants containing energy storage which may be used in 
times of transient upsets to aid in system stability. Later 
in this paper an example of such a situation will be used in 
a simulation model. 

A second more elaborate example is shown in Figure 12, where 
the -system is nonlinear because of multiplication of 
variables in the middle part of the diagram. In illustrating 
the use of the algorithms described above, it has been 
assumed that a unit step reference has existed at .the input 
R in Figure 12 and that the system has been in steady state 
for a long time. Then a momentary disturbance has occurred 
at time t•O which drops the controlled outpu~ C to 0.9 
instantly, after which the disturbance disappears. 

The problem then is to determine if the system will return 
to its steady state value and, if so, ov~r what kind of 
transient path. For this case a series of computer runs 
have been made using the algorithms to determine the effect 
of the proportional gain K.:2 on the system behavior. Plots 
of the contr~lled variable ·c are given in Figure ·13, where 
the important rC?le of K2 is dramatically shown. 

Many additional computer runs have been m$de on the system 
of Figure 12 using the digital package described in this 
paper. Valuable information concerning both the system; 
which is typical of sub-loops in power plants, and the 
algorithms has been obtained for overall process control. 

Digital Control Applied to a Feedwater Demand Loop In a 
Steam Power Plant 

The aim of this paper ha·s been to show the application of 
digital concepts to a steam power plant. Since the entire 
control system for a modern once-through steam boi ler­
turbine-generator combination is exceedingly complex, one 
part of the system, the feedwater demand control, will be 
isolated and described with the package discussed above. 
Then it may be possible to visualize how the c~lete system 
can be incorporated into · computer control. 
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Figure 14 shows the control system for developing the 
feedwater demand signal, while definition of the various 
quantities is given in Table I. In the diagram ~he concept 
of feedforward con~rol is indicated with the heavy dark 
lines which represent the desired plant load demand. In the 
left part of the diagram the characterized plant demand 
generates a throttle pressure set point which is differenced 
with actual throttle pressure to yield a throttle pressure 
error. Additional. ~feedforward characterization o'f plant 
demand develops a convection pass enclosure -pressure set 
point which is differenced with actual convection- pass 
enclosure pres.sure to yield a convection pass enclosure 
pressure error. Each of these error signals then drive 
reset controllers which trim the feedforward plant demand 
so that the final output of feedwater demand is properly 
adjusted for dynamic response. · 

As Figure 14 indicates, the feedwater control system requires 
throttle pressure, convection pass enclosure ~ressure and 
convection pass enclosure temperature as feedback signals. 
In the real plant these would be available from measuring 
apparatus and transducers, so that the system could be 
closed and tied together. However, in the context of this 
paper these _feedback quantities are not available per se. 
Thus it is ne·cessary to _develop a method of simulating these 
signals in order t;bat the entire feedwater loop may be closed 
and the digital package demonstrated. 

Figt~re 15 indi-ca-tes the additional functions needed to 
gener4te . the·· required dynamic . feedback quantities. The upper 
left part of Figure 15 shows blocks w~ich produce the desired 
steady state pre-ssures, temperature and feedwater flow as a 
function of load demand. Normally these curves are available 
from the plant des-igner and may be easily ,s.imulated with the 
digital algorithms. · 

The desired feedwater flow ~hen is differenced with the 
feedwater set point from the control system to develop a 
feedwater increment, which· in turn is used to drive transfer 
functions that produce incremental pressure and temperature 
signals. The analytical form of these transfer 'functions has 
been derived from experimental field data which show pressure 
and temperature incremental change in terms of step feedwater 
change-. Fianlly, . the pressure and temperature increments are 
added to the design quantities to yield realistic feedback 
pressures and temperature for the control system. 

With the simulation and control system as shoWn in Figure 15 
we are ready to use the digital package to control the plant 
model. Each of the blocks of Figure 15 can be described with 
the _appropriate FORTRAN statements of the previous d,iscussion, 
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and the entire system connected within a digital computer. 
This has been done with a program written for ~.his purpose 
and designed so that changes or ociifications of the system 
can be made conveniently. 

Results of a computer run are shown in Figure 16, where the 
system has been allowed to come to steady state with a feed­
water set point of 100 per cent. Then this set point has 
been suddenly changed to 90 per cent, with the results of 
the digital control system - plant simulation model plotted 
as shown in Figure 16. As may be observed, the feedwater 
demand adjusts itself to the new value of 90 per cent after 
going through a typical transient excursion.· 

Many computer runs have been made with this system to verify 
its proper operation, and continuing effort is being made to 
learn more about, and to improve, the plant controllability. 
Additional parts of the control system, such as the fuel 
demand._ and the afr demand circuits, are being incorporated 
into the digital control package so that ultimately the 
entire steam plant will be controlled with a digital 
computer. 

Conclusions 

Digital control techniques have been analyzed for power 
plant applications and a set of linear and nonlinear 
algorithms have been developed. 

The basic approach of simple interconnections has been 
verified with the example of a complex "once-through" feed~ 
water controller. A set of FORTRAN statements is used to 
imp l ement the nonlinear system. 

The system is simulated and the results confirm the overall 
expected performance. 

The flexibility of the system is enhanced with the capability 
of in-the-field modifications. 

NOMENCLATURE 

Symbol Quantitl 

BLRDMD Boiler Demand 
BLRTRM Boiler Trim 
CPEDES Convection Pass Enclosure Pressure Design 

Value 
CPEERR Convection Pass ~nclosure Pressure Error 
CPEPR Convection Pass Enclosure Pressure 
CPESP Convection Pass Enclosure Pressure Set Point 



Symbol 

CPETM 
CTEDES 

~CPEPR 

~PETM 

6FW 
.OTHRPR 
FWBIAS 
FWDES 
FWDMD 
FWERR 
FWMIN 
FWSP 
FRQERR 
LOAD 
PLDMD 
PLMAX 
THRDES 
THRERR 
THRPR 
THRSP 

REFERENCES 

1 11 

Quantity 

Convection Pass Enclosure Temperature 
Convection Pass Enclosure Temperature 
Design Value 
Convection Pass Enclosure Pressure 
Increment 
Convection Pass Enclosure Temperature 
Increment 
Feedwater Increment 
Throttle Pressure Increment 
FeedwatP.r Bias 
Feedwater Design Value 
Feedwater Demand 
Feedwater Error 
Feedwater Minimum Flow 
Feedwater Set Point 
Frequen~y Error 
Load Reference 
Plant Demand 
Plant Demand Maximum Value 
Throttle Pressure Design Value 
Throttle Pressure Error 
Throttle Pressure 
Throttle Pressure Set Point 

(1) Strohmeyer, C. and Giras, T.C., "Combined Digital­
Analog Control Approach for Sibley Station Unit No. 3", 
ASME-IEEE Joint Power Generation Conference~ Detroit, 
Michigan, Sept. 24-28, 1967. 

(2) Giras, T.C. and Birnbaum~ M., "Digital Control for Large 
Steam Turbine-Generators", American Power Conference, 
Chicago, Illinois, April 23-25 , 1968. 
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y(t) 

x(s) 

Fig. 2-(b} 

Ts 
l+Ts 

2T-flT 2T [ ] 
y(n) = 21 +flT y(n-l) + 2T +flT x(n)- x(n-1) 

CALL RATE (X, Y, YARRAY) 

T= 10 SEC . 
~T= 1 SEC. 
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FIGURE 2. RATE CONTROLLER 
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x(s)-----t Ts 
K + 1+Ts - y(s) 

Fig. 5-(b) 

2T-6T 2T [ \I y(n)=Kx(n)+ 2T+6T y{n-1) + 2T+6T x(n)-x(n-1b 

CALL PRATE ( Y, Y, YARRAY) 

T= 10 SEC. 
6T= 1 SEC. 
K= 1.0 

4 UNIT STEP INPUT 

4 
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4 

4 6 8 10 12 14 16 18 20 t(sec.) 

FIGURE 5. PROPORTIONAL PLUS RATE CONTROLLER 
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( ) 1 Ts 
x 5 -~ K + Ts + l+Ts r----y{s) 

Fig. 6-(a) Fig. 6-(b) 

y(n)=Ky(n)+y(n-1)+~i [x(n)+x(n-1}] +~~~~~ y{n-1)+ 21~~T [x(n)-x(n-1}] 

Fig. 6-(c) 
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FIGURE 6. PROPORTIONAL PLUS RESET PLUS RATE CONTROLLER 
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x{t) -------t. f() ~----y(t) 

Fig. 7-(a) 

CALL FUNCT(X, Y, YARRAY) 

Fig. 7-(b) 

y 

-+-------------------~--------x 

Fig. 7-(c) 

FIGURE Z NON -LINEAR CHARACTERIZATION 
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x{n) x(n} 

y(n) > z(n)_ z(n) 
y(n) 

Fig. 8-(a) Fig. 8-(d) 

Z=MAX (X,Y) Z •M IN: (X, Y) 

Fig. 8-(b) Fig. 8-(e) 

CALL HISEL(X, Y~ Z) CAll LOSEL(X,Y, Z) 

Fig. 8-(c) fig. 8-( f) 

FIGURE 8. HtGH AND L0\\1 ELECTOR FUNCTIONS 
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Hl(n} LL(n) 

x(n)- } r--- y(n) x(n)- <t - y(n) 

Fig. 9- (a) Fig. 9-(d) 

Y=MIN (X,HL) Y=MAX (X,ll) 

Fig. 9- (b) Fig. 9-(e) 

CALL HILIM(X,Hl, Y) CALL LOLl M( X, LL, Y) 

Fig. 9 - (c) Fi . 9-{ f) g 

FIGURE 9. HIGH AND LOW LIMIT FUNCTIONS 
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x(n) -------t 
+ 

t------- y(n) 

Fig. 10-(a} 

Y=O FOR -<x~+ 

Y =X- OTHERWISE . 

Fig.10-{b) 

CALL DBAND (X, XARRAY, Y) 

Fig. 10-(c) 

FIGURE 10. DEADBAND FUNCTION 
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z(t) 

Fig.ll-(a) 

Fig.ll(b) 

z(t) 
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.6 

CALL RATE (X, Y, V ARRAY) 
· CALL LAG (Y, Z,ZARRAY) 

.5 1-+-+~f-+--+-+--+-+-+-+--+-+--+-+--+-+-+-+---+--+-~ T = 10 SEC. -f-

~T= 1 sec. :~ .4 
~ 

t--+-+-+-+-+-+-+-t-+--+--i-+-+-+-+-t-+--+--i-+-~-+ UNIT STEP INPUl _:= 
.3 I 

.2 

.1 
~~ 

2 6 10 14 18 22 26 30 34 38 42 . 46 . 50 ~ 58 62 t (sec.) 

Fig. ll{c) 

FIGURE 11. EXAMPLE OF RATE AND LAG ALGORITHMS N .CASCADE 



R 

Fig. 12(a) 

Fig. 12(b) 
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DO 100 I= 1,500 
CALL SUB(R,C, E) 
CALL PRESET (E, X, XAR~AY) 
CALL RESET (X, Y, V ARRAY) 
CALL MULT (X,K2,Z) 
CALL MULT ( Y, Z, S) 
CALL LAG (S,C, CARRAY) 

100 PRINT . 

FIGURE 12 NON-LINEAR FEEDBACK SYSTEM 

T= 10 SEC. 
~T= 1 SEC. 
K2 = 1.0 
O~K,~l.O 
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