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ANALYSIS AND DESIGN OF 200 MW BOILER -
TURBINE UNIT CONTROL SYSTEMS THROUGH
ANALOG AND DIGITAL SIMULATION

DUDA M.
PLUCINSKA-KIAWE M.
RAKOWSKT J. -
WAGLOWSKT S.

Institute of Power - Warszawa

The paper describes the simulation approach which has been
applied in the design of steam and temperature control systems
of a power boiler. This approach is illustrated on the exemple
of a coal fired boiler of natural circulation /type OP-650K/
designed for block operation with a 200 MW single-shaft turbine.
However the results presented herein may be extended to other
boilers of similar type. The OP-650 k boiler is rated at 650 t/h;
138 at; 540/540°C.

The superheater /comprising five stages/ and the reheater
/comprising two stages/ are devided into two parallel ducts.
 In order to confine the volume of this paper considerations on
the ad‘;’)ted simmlation technique of the boiler - turbine units
is skipped. This problem in conjuction with the discussion of
adopted simplifying assumptions was the subject of earlier pu-
blications of the same authorsz’s. The same refers to the simu-
lation method of a complex heat exchanger as this is the case
with the boiler type OP-650-k in which the flue gases in the
convection ducts sweep simultaneously two or even three of the
heated surfaces making part of different sections of the super-
heater, having various parametres of the heated medium.

The steam temperature change at one of those surfaces af-
fects the temperature distribution of flue gases and, thereby,
the heat flux transmitted to other surfaces. The transfer fun-
ctions of such a complex heat exchanger are given in a previous
papel‘5 . ;



1. Investigation of steam pressure control systems

The diagram of the considered steam pressure control sy-
stems is presented in fig.l. The study of those systems was
carried out on a linearized analog model /fig,2/.

The following mathematical representation of the particu-
lar elements of the boiler-turbine unit was adopted:

Coal mill

The mill was simulated together with the primary air con-
trol system /fig,3/. The primary air controller is set in such
a way that the change of pulverized fuel flow - caused by a
step change of the quantity of raw fuel - may be approximated
by the response of a single inertial element of the I-st or-
der. Hence, it was adopted that:

ABgy e
Gy /8/ = k. /s/ = T+ 08 Y,

Combustion chamber

In the case of suspension firing combustion pr‘océeds much
quicker than the process of steam pressure change7. Therefore,
it was assumed that the changes of heat quantity transfered
to the steam generator follow immediately the changes of pul-
verized fuel flow:

aQ o
Gpy/8/ = ——ﬁ-ii—/s/ = Kpy

The above relations are only valid when the combustion
chamber is not slagged. When slagging is taken into account
the transfer function is expressed bylz

Algq ~Ten® gy /2b/
G /8/ = /s/ = e ————
FN ABP 1+ TF'NS
where:
g g
Ty = 0,077 =— Tpy = 1,08 5  [sex]



and
- average thickness of slag deposit in mm

a - temperature equalization factor in mm>/s
Steam generator

The transfer function of the steam generator was determin-
ed the equations given in the paper of Shnnskayaa.

Ggg4/8/ = /s/ = LEGJ-
Gggo/s/ = -:2: /s/ = iiﬂ /3/
Steam superheater with éonnect ipes

The transfer function of the superheater together with
the pipes connecting the boiler outlet with the turbine was
calculated treating the superheater as a single capacity

element Cgy and a hydraulic resistance RSH proportioml to
the square of steam flow:

aMpp
GSHi/s/ & m /s/ = kSH:I.

/4/
APqy Kshp
GSHZ/S/ = w /s/ = -
Where:
k = 1 = MTU 'kSH = 1 =
SH1 = Rgy 2/Ppp~Pry/ | 1005’ SH2™ Cgg st/ 35/ su | 100%



Turbine

According to Rushchenaky7 it was assumed that the turbine
- time constants are very short in relation to those of the
steam generator. Therefore the turbine transfer functions may
be expressed as follows:

Aoy
GTUi/s/ = 153;5- /s8/ = Kruq .
: /5
Mg
GTU2/8/ = = A/‘Tn_. 'U- /8/ = kTUz

For the case of the boiler type OP-650-k with a .mill

type MKM-33 and turbine type TK-200 the values of model fac-
tors are:

. .o=2 _at/min
kg = 1 : kggg = 5,34 * 10 -—;65————
. o 307 Mo 74 S
kpy = 1,44 + 10° Meal/t kg, = 24,3 43
ok . 10~4¢ at/min e at/min
Batn = 070k 20 EEéT7E Sgify o ASE R
-2 at/min
kggo = 0,43 + 10 £ Ty, = 2 min

Test results

The model intended for the study of steam pressure con-

trol s . was designed assuming that the combustion cham=-

ber : 3slagged. The minimum regulation time at a damping

coef . of 0,85 was adopted as criterion of regulation.
Llowing control systems according to fig.l were
ed:

a/ PI/z,=2,82,=0 / b/ PID /z1=zz=z3=0 74



¢/ PI+D/ppg/ /2,=1,2,=%5=0, a4/ PID+D/Myy/ /zz=1,zi=zs=0/

e/ PID+D4#TU/ /zs=1,zi=zz=0/ £/ PID+D/pDR/+D4pTU/ /z1=z3=1,
; 22=0/

The characteristics plotted in figg:4 5 %sm that in
the case of internal /fuel flow/ disturbance e system PID
without auxiliary signals. However in practice it is diffi-
cult to obtain the drum pressure derivative signal because
of the pulsation of this pressure. Therefore- the system pro-
vided only with the PID controller:should be considered suf-
ficient. : :

In the case of external disturbances the smallest fluctu-
ation amplitudes are obtained whén using the PID + D/un
system, but it can be seen that at frequencies below 3x:l.0-3 Hz
this system is equivalent with the PID system without auxi-
liary signals. Hence, it results that at:low disturbance fre-
quencies the PID controller without auxiliary signals is ful-
ly sufficient.’

2, Inveétigation of steam temperature control systems

f The interaction of the pressure control system on the
steam temperature variation was stated. Therefore a 8impli-
fied pressure control system model was connected with that
of the temperature control system, to study this interaction
effects.

The task of the temperature control system consists in
maintaining the steam temperatures beyond the particular
stages of the superheater in compliance with fig.8.

It should be sitressed that the temperature beyond stage
III should change with the boiler load. :

According to & previocus paper6 the particular stages of
the superheater were treated as separate heat exchangers
each of which may be characterized by following transfer
functions:



where I, =15 Ty = ::':2 D™ Fp ‘cz

6,/s/ = A‘n‘:; Ty T4 T
where I, = ﬁh;u—uo— ; Tp = BCD Tp

Gy/8/ ~ _A::_o =5 ﬁ; . /8/
G,/s/ = __:_;_&_o_ = kg TT—%DT /9/

- For the simulation of the transfer-functions G,/s/ the
B.Hanus ° approximation nothod3 was adopted. The remaining
transfer-functions were simnlated in a’'direct manner.

Thermocouples were considered to be single inertial ele-
ments :

b §
GT/S/ = -i-—TTé— /10/

Injector desuperheaters were during the first stage of
the study considered as non-inertial elements having an
amplification factor:

0 5/ e
Yos T Tl oMy AN
where
£ouy IN
k, = ”D cnspr : k, = 351'/

The connecting pipelines /unheated sections/ were simulat-
ed in compliance with:



Numerical coefficients occurring in expressions for the

transfer-functions Gl/s/ - 04/3/

Table 1

No Coefficient | Dimension I II III \' 5 b IT"
1 = sek 52 27 39 62 150 90
2 Tg sek 4,7 4,1 4,1 6,8 13 23 21
3 %y - 11 6,7 9,5 5,8 4,8 6,5 4,3
0 2
B I, {%ﬁ -0,03 | -0,04 | -0,135 | -0,059|-0,062 |-0,21 -0,165
°¢
> kg Th 0,25 | 0,335 0,735 | 0,465| 0,6 1,1 0,81
9
6 k % . - - +0,36 - -0,75 | -0,29
OC .
7 k -
DS £ 0,063 0,105] - 0,17 0,278 - 0,045 -




? /' ¥ T
s-/"’n-t-"l‘z+Ts/s;+1 /12/
where
R e B R PR = |
R = Fp ap 2 My : 3 My ¢p

Fig.9 shows the disgram of steam temperatures system and

fig.1l0 presents the block diesgrams of:

a/ the model of all the superheater stages together with
the simplified model of the pressure control system,

b/ the studied varisnts of contrecl system.

The IInd stage of the superheater is fully radiated.
This meana that the steam temperature rise, produced by it,
decreases with the increase of the boiler load. Therefore,
the control of the inlet steam temperature to this stage
was adopted. This -solution facilitates the obtention of a
decreasing static steam temperature characteristic beyond
the ITIrd stage /in compliance with the requirements present-
ed in fig.8/. Moreover, in order to reach this aim a signal
representing the boiler 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 obtained /fig.ll/ indicate that the latter solu-~
tion ¢s more advantageous.

A cascade control system was foreseen for the Vth super-
heater stage.]t was similar to that applied for the IIIrd
atage but with & constant desired value preset on the main
controller. Finally the effect of the introduction to auxilis-
ry controllers /beyond the IIIrd and Vth superheater stages/
wither of the signal from the derivative dMTU/dt or of the
combination of signals MTU and B was inveatigated. It was
stated that the optimum values were for the first case TDI=
= 373 8 and T, = 0 and for the second case M’TU/BRw =3
/Tig.1l ¢+d/. The study was carried out taking into account
o types of disturbances:
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a/ 10% change of fuel flow,
b/ 10% change of turbine valve position in compliance with
the VDI/VDE Richtlinien 3507/.

It was stated that the disturbsnces "a" /caused by change
of fuel flow/ cause much smaller fluctuations of controlled
temperatures than disturbances "b" /due to steam flow/.

Therefore, in fig.1l2 temperature variations during steam
flow disturbances are only presented. They were obtained on
a model In compliance with fig.l0 when using the signal
dMTU/dt as well as when using the signals Bpy and Meprye

Fig.1l4 presents the maximum error of the regulated quan-
tity plotted against the frequency of steam flow disturbances
/of amplitude 2.5%/.

The results presented above were obtained for the as-
sumption that static characteristic "Bpr = f£/H/ is linear
over the whole range /without limitation/. However the actual
characteristic of spray valves injection desuperheater system
is generally non-linear. Typical 4%, and 4%3; curves as-
suming a characteristic-uapr = f£/H/ in compliance with fig.
15 zre presented in fig.l3.

The temperature control of reheated steam is carried out
by controlling both the dampers in the flue gas path and the
spray valves. This system foresees a PI controller control-
ling the spray valves and an auxiliary controller controlling
the flue gases dampers in such a manner as to assure in stea-
dy state that the spray water flow correspor - 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 eliminated 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 of which when changed brings about a disturbance in the
primary steam temperature and in the combustion chamber vacuum/,
shall only act in the case of greater disturbances.

It was analysed whether the auxiliary controller should
be an integrating element /variant I in which 29 = Zlo=0/
or a non-linear element of relief type having an insesibility
zone covering the regulation range of the injection desuper-
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heater /variant II in which 2¢=0 %571/

Fig.1l6 gives the comparison of the control process in both
variants following a sudden turbine valve closing by 10%,
and fig.17 - the comparison of frequency responses of those
variants. :

3. Assesments of temperature control on base of frequency
' responses characteristics

The selection of the structure of control systems may .
only be made when the spectrum of disturbances affecting the-
boiler-turbine unit 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 selection of the optimum structure. The decision
may be taken when the disturbance spectrum Z /jw/ for the in-
vestigated unit shall be determined. It is only then that the
actual spectra A /j#/ of controlled parametres may be calcu-
lated:

G/iw /T J§w /

. lA/J“’ /[ 713/

where G /jw/ ~ system response to "white” noise,

The characteristic A /jw/ shall serve as a base for com=-
paring thé considered variants. This comparison may be car-
ried out basing on the regulation criterion:

2
K, = f I/ Ve -g—li / at /14/
0

to which corresponds:
0

2,42 4
Km=f,/:1+aw/|mw/ldw /15/

the coefficient "a" being adopted independently for each
control system. The control structure for which the calcula-
ted value of the criterion Kﬁ,reaches minimum, should be se-
lected, as being the best one.
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Conclusions

A method that enables the choice of optimal pressure
and temperature control systems configuration has been il-
lustrated using as an example the OP-650 k type power boiler.
This modeling techniques can be applied to investigate the
control systems of other boiler-turbine units, priori to
their actual operation.

NOTATIONS

€ - specific heat" kc:l
kg C
F: - heating surface m2
G /s/ - transfer-function -
M - flow of steam or flue gases ﬁ H —%3
m - mass .- kg
B - fluel flow ; t/h
H = position of injection valve %
p =- pressure atm
q - per unit heat flux keal
hm
3 - Laplace operator %
- time s; h
- time constant 8; min

time lag

& Al &
]

8
- position of flue gas damper %
k

or heat exchange coefficient .. 2
h "Cm
% . temperature °c
J - position of turbine
regulating valve %

N F

Mc
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ILNDICES
R =~ pipe
D - steam
spr - injection water
i - input
o = output

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

TU «~ turbine

F¥ - feed water
R¥W - 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 investigated steam pressure control sy-
; stems. :
Fig.2. Structural diagram of the model of the boiler type
OP-650 k as an object of steam pressure control.
Fig.3. Structural diagram of the model of mill system.
Fig.4. Steam pressure transients following a 8% step fuel
flow disturbance.
Notations: 1 - without control; 2 - PI; 3 - PID or

PID + D /f&TU/; 4 - PI + D/PDR/ or
PI + D/PDR/ +D {f‘TU/'

Fig.5. Steam pressure transients following a 10% step
turbine valve disturbance.
Notations: 1 - without control; 2 - PI; 3 - PID;
4 - PI + D/Ppp/5 5 = PID + D/Ppp/;

6-PI+D/'PD]¥+D/FTHQ

Fig.6. Frequency response of the investigated steam pres-
sure control systems /fuel flow disturbance/.
Notations: same 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.8. Steam temperatures beyond particular superheatar
stages /1 to 5/ plotted against the unit of load.

Fig.9. Diagram of investigated temperature control syste..

Fig.10. 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 temperature controller in compliance with
the signals from:

1l - position of the main turbine value
2 - steam flow



c. and

Fig.12.

Pig.d3s

Fig.1l4.

Fig.15.
5,167

Fig.17.
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d. Selection of aMyy and 4B signals combinations
for correcting the auxiliary temperature controller
action.

R o - aloy _ Ay _

a and ¢ - fuel flow change
b and d - turbine valve change

Temperature and spray valve position transients fol-
lowing turbine valve position change.

a and b - with control system of steam temperature
at:

zl=Z3=]_; Zz=z4=Z5=26=z7=28=29=

Q
B
[&)
o)
I

SR

A‘&U
Zl—Zz—Zs-Z7-Z8—Z9—Z10—0 and TTEE; =
Comparison of temperature transients:
1 - without limitation of injection water,
2 = with non-linear characteristics of spray valves

at Z3 = Zr =2

h
w

aeand b oo £ig,12,

c and 4 3

Frequency response of investigated steam temperature

control systems during turbine valve disturbance.

1l - see fig.12 a and b

2 - see fig. 12 ¢ and 4

Static characteristic of spray water valve.

Step response of reheated steam temperature control

system

1,2,3 -~ temperature, spray water flow, position of
the damper for variant I

4,5,6 - temperature, spray water flow, position of
damper for variant II

Freguency response of reheated steam temperature

control systenm

1l - variant I, 2 - variant II.
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OPTIMUM CONTROL OF A STEAM BOILER
by

H. APTER Société C.I.I. (ANALAC) 78 - Louveciennes - France
J.F. LE CORRE, R. MEZENCEV, Y. THOMAS
E.N.S.M. 44 - Nantes - France

1. SCOPE OF THE STUDY

The aim of this study is to obtain an optimal control of a
process (presently it is a steam-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 structure is necersary (see reinitiation proce-
dure, section 8)j

- 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 Pon-
tryagin’s theory, which involves solution of two point bound-
ary value problem raising important difficulties. Originality
of this study is found principally in the development of a new
rapid method for solving this problem (method of £ 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 pressure (ps)
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superheating temperature ( GS)
water level in the drum (W)
excess air (E)
vacuum pressure in boiler furm:zce (Df)
- control variables:

- fuel flow (qc)
air flow (q,)
superheating flow (qu)

- feeding water flow (qE)
- chimney register position (Rf)

- main perturbation: load.

From a point of view of optimum design we conslder the pres-
sure only and its control variable: fuel flow (Fig. 2).

Conditions that rely other quantities are:

- N = const = N (desired value) with Qg =
= f(qc) such that the combustion is oorrect for each

load value

- qpg = comst, so0 &S and Pg change arbitrarily

- Df = const by acting on Rr

We can write therefore (see Appendix 1):

f’a =8ag, -bgy with a end b both constant

note that

9% min € % € % gax

In fact, for various lead values, we could verify that:

- in steady state, the 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).

o PERFORMANCE INDEX

Performance index selection is justified by 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 gquadratic perform-
ance index with fixed terminal time T which, on +the other .
hand, makes more easy the solution of Pontryagin’s problem (in
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fact it is known that in this case a complete theory can be
established if no constraints are present, see Athans and Faldb
- Optimal Control, chapter 9).

2) Referring to the model equation (previous section), we
consider fuel flow as a control variable.It would also be pos-
sible to choose for this purpose dqcldt which would allow us
to take into account a performance deterioration due to valve
shocks, but we would have then a second class process and a
constraint upon state variable (qe)’ i.e. two difficulties
that we preferred to avoid in a first stage of the study.

3) As the high level perturbation known & priori - a pres-
sure desired value is selected. We suppose that it varies in
a step manner at a time instant - t » belonging to interval
(0, 7).

It is also possible to consider the instantaneous varia-
tions of steam flowj this would bring as however, for control
variable selected as above, to a performance index inconsis-
tent with essential physical significance.lt doesn’t represent
any restriction to the generality of our study.

In addition we note that since Pontryagin’s theory allows
to introduce into design procedure the perturbation known a
priori, we implement a predictive comtrol.

Given these three principal conditions, we define

T
I =3 g [(® - Bo(80)® + £%FPat

where o =const and T fixed.

4. PROELEM STATETEMENT

A recapitulation of the last two sections allows us to re-
state the problem.



knowing that X=u x=P-2P¢,1
and u<3B (B=const)® with | % =8% -~ Pq,
- qvaconst

T
determine u(t) that minimizes J(u) = -;- f[(P-Pc)2 + 2a®]at
tor te [0, 7] 0 ;

~

o = const T fixed
Pc(t) = P<c1 + (Pc?. - P°1).['(t - tp)
I‘(t-tp)=0 for t<tp

=1 for t> tp

By applicetion of the Pontryagin’s theorem * e obtain a
canonical system as follows:

Vzox+ (B, - P T (6 - )

Me

=u

Wwith u=-—— or B - the values that minimize the hemil-
tonian; ¢
boundary conditions are W(T) =0

¥(0) = -x(0)

Control structure is represented in Fig. 3, and the d4diffi-

* The case where u cannot exceed a maximal value is con-
sidered only, due to facts that the desired value step change
Pc‘l - P<=2 arising at tp is supposed positive and that
P(0) - P,4 is near zero. From theoretical point of view the
problem is no more complex if it is supposed that 314 uSBZ.

= e applied here the minimum principle,which differs from
meximum principle by the fact that "o is taken equal to +1
(in lieu of -1). Under such conditions,the adjoint variables
Y written here are of opposite sign with respect to the ad-
Jjoint variables of maximum principle.
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culty of solution remains essentially in +the determining
of Y(0).

5. CONTROL DETERMINING WHEN IT IS BELOW LIMIT B

In this case one has to solve:

o w
¥ == = Ro(®) = (Bgp = Byq) 8(t - )" @)
taking into account +the boundary conditions VY (T) =0 and
¥ (0) = -x(0).
Determining of ¥ (0) can be performed with the aid of aux-
iliary functions £ and g defined by

Y(t) + 2(t) Y (5) = e(t) (2)

with £(T) = g(T), = O which involve therefore ¥ (T) = 0 in-
dependently of VY (T).
We differentiate equation (2)

Y(1+£)+2Y =¢g €))
Solutions Y, Y ,Y of a linesr system (1), (2), (3), have
to be independent of the functions £ and g , so they will
take the form of % .
This involves two.relationships for £ and g

L ] fz
Lonrpnd

which have to be integrated in backward time direction, since
£(T) = g(T) = 0. '

Having obtained so f(0) and g(0), according to (2) we
may write:

= £t - t5) - unit impulse.
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¥(0) = (0) - 2(0) ¥ (0) = &(0) + £(0) X(0) (= ¥op) *
Remerk. In present case all computations may be performed
manually and some results are given in the Appendix 2.

6, CONTROL DETERMINING WHEN IT REACHES THE LIMIT B

Assuming that x(0) is near zero ¥= we have a probable
control trajectory as in Fig. 4 (t, can be zero) 2t

Referring to the canonical system in section 4, we’ll can
obtain u(t) for t € [0,7] with the sid of  the analog
scheme represented in Fig. 33 however, we have to compute the
initial value ' (O) before.

We recall that the equations to be solved are:

. \r
V—?ao for segments 1 and 3
x = B

¥ ==X+ (Pyo - P°1‘) "(t - tp) for segment 2
We have otherwise the boundary conditions

¥Y(m =0 'i’(O) = -x(0) and switching conditions
V() = Yk = -7, ¥(6) = ¥(E)
Y(tz) = Y(t2) (if ¢, # )

Principle of determining Y (0) is as follows: (Fig. 5):
For segment » we have .
¥+ f¥Y =0 (2) (g8 =0 since R = O, see section 5).

*® Notation used in the general flow-diagram.

= The value of x(0) P(0) - P,, in the case when it
doesn’t reach the limit B could be specified with the aidaf
the obtained trajectories. g

S Taking into account that WY (T) = O, that the desired
value step arises 1t time tp which is placed naturally be-
tween T/4 and 3T7/4 , and that « assumes a moderate weight-
ing veluse.



30

If, integrating f in tue backward time direction from t =
=T, we suppose that at actual time instant ¢t , v (t) =
= -eL"B, i.e. that t = t2 » using (2) we have

'Y(ta)' = i .

£(%,)

Taking so t2 " ‘P(tz) =z eczB and Y(ta). we can imme-
dislely obtain V(O) and ‘Y(O) by solving algebraic equa-
tions (see shape of trajectories in Fig. 6). =

When Y (0) = -x(0) we have t = t2 and Y(0) =Y (0)
(= Y 02) *  (the initial condition for Y :.ntegrator on Fig -
ure 2.).

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

When the time instant ¢, is zero, the method in <finding
Y(0) (called now Yo3) remains the same. However, the for-
mula for Y (0) is different now, because of 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 [t ,T] covered in the back-
ward time direction, the equations ¥ (0) = -x(0) are never
satisfied, the control is not saturated and we have to return
to the soliufzon of section 5.

Since the function g(t) is zero in [tp.T] » ‘these three
cases presented in sections 5 and 6 meet together ané may be
summarized in the flow-diagram presented below.

This flow-diagram was implemented on two analog computers,
Analac A 10 for computation of ¥ (0), and T.R. 48 for compu-
tation of fuel flow control with a synchronous 1logic system
DES 30 which took care of the logic control of +the overall
system.

e Sign ~ means that the functiomns VY, ¥ and the variable
t2 are not yet necessarily optimal.
*® Notation used in the general flow diagram.
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2. BEINITTATION PROCEDURE

The computation-of ‘¥ (0) is periodically repeated (peri-
od T ) for a new value of state variable P(7) - P4 and al-
lows to restore periodically the initial conditions of control
integrator (of V¥ ).

This type of closed loop control with re-a.d:just:l.ng allows
us:

1) To perfect analog performances, which becomes of primary
importance when seneibllity coefficient 9 Y (T)/ 2Y¥(0) is very
high

(=ch -;-%‘ if the constraint is not preésent).

In fact, for low values of o , an unsufficient accuracy of
the computation of Y (0) makes the system divergent, which
can be avoided by reinitiation.

2) To compensate model inaccuracies.

3) To react against moderate-level perturbationms.

8. EXPERTMENTAL RESULTS

We distinguish simulation results and results obtained on
the process, mentioning that the simulation was performed with
the values identical to real process characteristics.

1) Simulation results

Method of computation of ¥ (0) presented above enable to
plot the control and pressure evolutions for various values of
the parameters « , tp, T, P,p - P,4» B and P(0) - .'1’.,',’,1 =

Figures 6 and 6bis represent evolution of x and x foy
various « , with and without magnitude constraint upon x
(= u) (P(0) - Poq = O, T = 200 sec, t_ = T/2).

We note that for low values of o , the control conforms to
unit impulse J'(t - t p) while for high o , u becomes iden-
tically zero. This clarifies well the meaning of o .

For low values of & , the computation of ’V(O) appears to
be insufficiently ac urate, since the sensibility coefficient
BY(T)/?Y (0) assumes high value (equal to ch f- 1£ the con-

straint is not present). This Jjustifies partially the need of
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control reinitiation.

Finally we note that the hypothesis on necessary satura-
tion of the saturated control at time t_ is verified.

If now <~ is fixed at 100 sec (and P(0) - P4 = 0) and if
t. varies between O and T , curves in Fig. 7 present a pre-
dictive nature of this optimization.
. Another important point may be outlined: (case with con-
straint, Fig. 7bis). If tp is below some value which may be
called critical (here 100 when B = 0.01), the control becomes
independent of +t_ . It can be otherwise verified(7 ter) that
¥ (%, t,) is unigue for ~( ‘P/-Lz) £ B . This is consistent
to the structure of the hamiltonian which has a step arising

at 'tp (we £ind by calculation

H(S) = [B(D) = Pa]® + q(8) [(Bep = Poqd(B(E) = Boy) =
: 2
':2l (Po2 = Peq) ] ’
(7(6) =0 ¥oe Jo, 2] wq(v) =1 Vee [o, o]

(this can be verified in Fig. 11)). Under these circumstances,
the curves Y(&t, t.p) in Fig. 7 ter have to be "parallel" <for
t 1lower than the lowest value of tp considered in this fig-
ure (here t_ = 40 sec). 4

In Fig. 8 the variations of T when constraint is present
are shown (in fact if there is no comstraint, =x and x are
functions of t/el tp/e/. and T/ , and the curve systenm
with . T variable can be obtained from similar system with
variable which is shown in Fig. 6). :

Finally in Pigures 9 (9bis) and 10, the plots of x and x
as functions of P(0) - P,4 and of B, are shown. This com-
pletes a set of curves that permit:

- to verify a good accuracy of the "method of £ and g"
with respect to the vanishing of V¥ (T), and to the behavior
of hamiltonian as a step function;

- to select a priori (by a user) the coeefficients X and T3,

- to provide a quasi-optimum control for which the <formula
for Y (0) computed algebraically on-line would be obtained
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by regression based on the whole set of above simunlation re-
sults.

2) Results obtained on the process :

First we ascertain that the model selected has em accept-
able static and dynamic accuracy as well. In fact,in absence
of perturbation, the reinitiation with period T/4 doesn’t in-
volve any significant impulse of control signal, which proves
that even during considerable time interval T/4 the system dy-
namics can be approached by a simple integrator.

On the other hand, if the optimization is performed on the
basis of steady state, the fuel flow values at time instants
O and T are nearly the same, which implies that the accuracy
of 5 % (mentioned earlier) for the b/a ratio is preserved in
steady state.

Under these circumstances, & reinitiation period of order
of T/10 would appear satisfactory to mske the difference be-
tween simulation and process trajectories lower tham 1 % .

Finally, in order to obtain a more efficient comtreol in pre-
sence of random perturbations, we performed some experiments
with reinitiation period T/20.

A study undertaken now will enable us undoubtedly to in-
crease the reinitiation period by readjusting model parameters
during optimization process, thus decreasing the performance
index value. - g

We show =re the records of pressure deviation and fuel
flow for following values: S ngr ™ 125 kg/h,L{= 100 sec, T =
= 200 sec, reinitiation period = 10 sec, each record corre—
sponding to another initial value of pressure deviation. So
from Fig. 12 to Fig. 15 we proceed from an unsaturated tra-
jectory to a trajectory saturated from the very begimning of
the optimization procedure.

9. CONCLUSION

We came to establish a method for determining optimal con-
trol for a simple process.

This method is quick and accurate. However it makes neces-
sary the use of a considerable installation, which could be
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improved by application of more adapted technical <facilities.
We mean here & use of a hybrid type II system. It would be ad-
vantageous to interconnect a real-time digital computer to an
analog computer (type TR 438).

The use of this advanced technology seems to be of capital
weight for application of the method of £ and g to a moxre
complex process.

The hybrid type II system would have to be implemented af-
ter a study on reinitiation, intended to determine the optimal
value of reinitiation periocd under random perturbations and
model inaccuracies, is performed. This system could also adapt
itself during operation.

Besides, it would be interesting to try to simplify the £
and g method. We have in mind to obtain from plots shown pre-
viously and from the functions computed in the analog solution
presented - the approximate algebraic formulas giving initial
conditions for adjoint variables. These formulas could be nu-
merically computed in real time and introduced to an analog
set-up representing the adjoint system.

These simplified methods, by their form as well as imple-
mentation, would ensble to undertake an optimal multivariable
control for a line of pressure of superheated steam (pressure
and temperature), for which an identification is performed ac-
tually.

Note. These researches are performed in the framework of &
contract of D.G.R.S.T. (Automation Committee).
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Appendix I

DETERUINING OF THE MATHEMATICAL MODEL USED
TO OBTAIN AN OPTIMAL CONTROL

Steam-boiler equations may be classified into two groups:

- equations of thermal equilibrium of flue gases and ex-
changers,

- equations of stean-generator.

Heat flux into exchangers in steady state

In order to determine z rate of heat flux supplied to fluid
circulating in sach exchanger (evaporator, superheater, down-
pipes), a total flux supplied by combustion and furnace tempe-
rature is calculated first. Next, energy comservation laws for
each exchanger are written.

It can be shown therefore that, in steady state:

Poy = Koy P (@)
b = kO (2
Poc = Koo P (3
¢ = kc We
where
¢ = total heat flux produced by the combustion
h, = fuel calorific value
w, = fuel flow
¢ev = heat flux supplied to the fluid in evaporator tubes
¢g = heat flux supplied to the steam in the superheater
¢>e ¢ = heat flux supplied to the water in downpipes

kev’ ks, kec - coefficients depending in particular on
boiler load and on excess air control

kev + ks + kec< 1

Steam—-generator operation in steady state

Steam generator consists of:
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- nest of tubes
- drum
- dowmpipes or economizers

Eguations of energy and continuity in evaporator tubes

Iet E be the energy accumulated in evaporator tubes. We

ev
have:
e ev, ev v, ev e
Pov * “'ch@‘l" we By = “‘5% =B,y &)
where:
°¢ = circulating water flow at the imput of evaporator
tubes '

hel = water enthalpy at the input of evaporator tubes

u:' = water flow at the output of evaporator tubes

h:' = water enthalpy at the output of evaporator tubes
w:‘ = steam flow at the output of evaporator tubes
h:v = steam enthalpy at the output of evaporator tubes

We shall suppose that:

h:v = He(p) = water enthalpy at saturation pressure p
ny = H (p) = steam enthalpy at saturation pressure p

and that the pressure at each point is equal to the saturation
pressure D .
ev v
Let Mg and !¢ be the mass of water and steam respect-
ively, in the evaporator tubes; we have

wec s ( w:v + w:v) = ﬁ:? + ﬁv (6)

Equations of drum operation

#e have a mass conservation law
. _ec ev ev L R ue
Kea w4+ @ +w-wv-u2+ (7
wheres:
g = feeding water flow

>
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v;B = drum inner volume

"E v = mass of water, steam, in the drum.
? =

We shall neglect the phenomenons of condensation or evapo-
ration inside the drum, which supposes that the steam and the
water are at the saturation temperature at each point inside
the drum.

Next, we shall assume that the feeding water is mixed with
circulating water at the input of downpipes and that there is
no heat exchange between water and walls in the drum. Nesfect—
ing also the phenomenons of vaporisation and recondensation in
the drum, we can write:

B . ;
‘“":v- " le (®

We ll write now the energy comservation equation of the drum
which is supposed to receive no heat flux.

"‘"5% * “’:vne " u:vﬂv # (-uec = “ea’He = £ (9
where EB = energy accumulated in the drum.

Equations of downpipes operation

Energy comservation eguation is:

ec ec &
w Bgg = W hgq ¢t c;bec = By (10)
where
heo 4= water enthalpy at the downpipes input or output
Eec’= energy ccuntained in the water of downpipes

On the other hand, the mixipg of feeding water with circulat-
ing water issued from drum procesds with energy conservation ,
thus:

. s
: + W _h = )
weBg “ea"ea W hgg
ec 1 % % ec
( W (yea‘)ﬁe + ‘veahe‘& = (7 heo
ec ' ec
y B WealBe = Bog) = w B,
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w(Hy - Byy) = wea(Hy - Byy) (1)

Simplification of equations for steady-state operation

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

¢ev + @, - wI'H (p) - WI'E (p) = O (12)
0% - (w:v_'_ w:v) - 0 ¢13)
Wea= @0+ W w®-wd 20 (14)
Wy - wy = 0 - (15)

~WIH (P) + WIVH (P) - WIH (P)(w®® - @ )E (P) = O

(16)
w **Rgg - “’ec_hm . ¢oc = .5 (17
Summing equations (13), (14) and (15) we have:
B -
@ ea - Wy =0 (18)
Summing equations (12), (16), (17) and (18) w.e have:
¢ev g4 9bec - ‘“3 Hv(p) + weaﬂe(p) i (19)

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

(Kgy *+ EgodBo& o = H(P) = Ey(P) @y = 0 (20)
We define then the coefficients ¥ and (3 such that:

o = (kgy + kg )b, » A= E (p) - Hy(P)
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Equation (20) can be written now:
. B
o(mc- pwv = 0

This equation is satisfied in steady-state only. However,it

is known by experience that for sliowly varying regimes one can
write:

Lo, -(Lus = kp

Or, dividing by k and setting:

a= %/k, b= /k we have p = ac, - bcus

We have determined experimentally the coefficients a and
© in the following manner: for steam flow values varying be-
tween 45 % and 95 % of its nominal value,

1) fuel flow is varled until p = O (steady state) (for the
rest all other quantities are stable), so the ratio b/a is
obtained: b/a = 0.09 within 5 %3

2) starting from steady-state, we feed the step inputs to
W g (and next to a}? ), and obtain b and g within accu-
racy of 15 %

( a2 = 1.25 bar/kg, b = 0.1125 bar/kg )

Appendix IT
' SOME RESULTS OF CALCULATION
v
The control is S R
oL
. W &
with V¥ being solution of ‘ = — P (t) =

(Y(®) = O, \P(o} = -x{0) )

We obtain

¥Y(t) = + ¥(0) ch t/«t + % ¥ (0) sh t/u +
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; t -t kS
+ (P = Byy) snTR e €
which gives % T-1
" ! 8. -_—BOL
¥ (0) = +x(0) th —_— (P =~ T
: ch -Li—

b4 o
Knowing that u = = -2 and X = u we can calculate also:
oL

x(0) = (Byp = Pq) ob & /2

X(T) = (Pgp ™ Pgq) +
ch T/t

On the other hand, we can represent H(t) by
L
H(t) = H(T) - { -%% dt
we take
H(E) = (B(T) - Pc;>2 + m (6) [(Bep = Pep)(B(E) - Boy) +
= % (Bop = Poqd® ]
q(t) =0 ¥ee ]t p| ety =1 Vee [o, & [

We recall that x = P — B

=
N - tp) = unit step.
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COMPARISON OF DYNAMICS BETWEEN NATURAL
CIRCULATION BOILER AND FORCED CIRCULATION
BOILER

K. Itoh *

M, Fujii **

H, Ohno **

K. Sagara®*®
Introduction:

An allowance for load fluctuation of a boiler has become more important
to the regulation of a power system. A number of efforts have been made
to clear the dynamics of a boiler in order to increase the allowance,

The two different types of boiler discussed in this paper h'ave been in-
stalled to serve for the regulation of power system which have the load of

-electric railway in the suburbs of Tokyo. One is a natural circulation
boiler (N-type) and the other is a forced one (C-type) of 75 MW nominal
rating respectively. The boiler installed in the power system has been

: disturbed with a random load fluctuation, of which power spectrum has a
large amount of 2 -~ 3 minute periodic components as shown in Fig.l, owing
to the start-stop of trains. Moreover, the boiler has been reguired to
shut down in midnight for the reason of no train runnming.

The boiler conﬁin:l.ng a large size pressure part is, generally, not able
to start quickly due to the thermal shock problem. On the contrary, for
the large heat capacity, it is apt to absorb a rapid periodic load fluctua-
tion. In this sense, the boiler suited for this situation must satisfy
such an incompatible requirement as to cope with the rapid Ioad fluctua-
tion as well as to be able to start quickly.

C-type boiler shortens start up time by half as mch as N-type. This is
because of decrease in size of pressure part, such as drum, downcomer etc.
and it can take a large heat flux in furnace in the warming up process by
securing the stable circulation with a pump, The stable circulation be-
ing secured the nominal circulation ratic of C-type is reduced to one half
or less than that of N-type. This cnhuses to decrease water holding and
metal weight in the circulating loop by about 60-70%. However, this may
be an undesirable tendency for the load fluctuation. Therefore, the
experiment has been carried out to clarify the allowance for periodic load
fluctuation of these two types of boiler.

* Tokyo Power Supply Control Division, Japanese National Railways,

Tokyo, Japan,
** Technical Beadquarters, Mitsubishi Heavy Industries, Ltd., Tokyo, Japan.
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The goal of this investigation is to compare the dynamics of both types of
boiler to clarify the essential factor of the difference in the allowances.

Boilers discussed are different from each other in design philosophy due
to the different erection time and in main fuel such as pulverized coal for
N-type and heavy oil for C-type.

Comparison of Allowances between Two Types of Boiler:

The experiments have been carried out by means of changing the load
demand including controllers.

The disturbances used in the experiments are sinusoidal for N-type and
M.gequence of 20 sec. a bit, 127 bits per period for C-type.l The allow-
ance for such variable of each boiler as drum level, pressure and tem-
perature shown in Fig.3, is calculated from experimental data and the
design limits.

Usually, as a large dead time exists in coal pulverizer, the pulverized
coal-fired boiler is inferior to the oil-fired one on the load follow-up
performance. Therefore, in order to improve the follow-up performance,
N-type which is coal-fired as mentioned above has been operated with oil
for the fluctuating load.

The allowances for two boilers are different from each other in the range
of 1-5 minute period.

Theoretical Analyses and Experimental Results of Dynamics:

In connection with analysis of dynamics, the circulating aystem is par-
ticularly discussed, since it is considered that both types of boiler are
similar to each other except for the circulating loop. The circulating
loop is simplified as shown in Fig.2., As for the downcomer-riser loop,
two models are considered, one with head loss and the other without head
loss. The following assumption are given:

(1) saturated part in steady state always keeps its condition, (2) in
riser, heat flux is uniform lengthwise, (3) feed water is mixed with cir-
culating water at the downcomer inlet, (4) in tubes, heat transfers only
in radial direction, (5) the physical constants of water in downcomer are
uniform, (6) metal temperature is equal to the integrated mean value of
temperature distributed in radial direction, (7) in evaporating segment,
water and vapor are mixed uniformly and no slip exists between them, (8)
to be uniform mixing in steam drum, (9) energy given by the circulating
pump to water turns into pressure head. Therefrom, the following funda-

mental equations are derived.
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Downcomer - riser loop

Continui ty: a%f +:—:ZM =0 1)
: M2 P) s__
Momentum: M ZO.Y"DIM aa‘fﬂl{ +3Q (P-O-YH) Ao — a‘/ (2)
et _L(:L ._M__) B2
Energy: att*ayfblt A( >t P+AY”IP +Aa¥’)‘LM
HM2 _R__ AAXM (3)
2. oa |r ay ’71-7 aY 9 2 ( j
e Y =4(¢,8) &)
Energy in metal: Cqu%Tu =R = R, : R, = F“(Tw'T) (5)
Mixin int
Continuity: Mg + Mf = M, 3 Mda = Aa¥, 0, (6)
Energy: M‘ ‘\,' *M»i Li = M, iﬂ (?)
Bernoulli: ﬂ &u‘l-/ i Uu, + -‘—u,"- ﬂ‘l -+ -PJ_ -H =0 (8)
3 awY’ at 29 Y’ £ .
Steam drum
a | |
: v oy w T =M, - -
Continui ty = (nv,,w v,) Mg =My 9)

” ’
Energy: mew\ % T “* 'dg; (V‘ %;, +'V'w%) °M|¢\‘|." M‘i.‘Md(' (10)

Circulating pump: P"l = P" = ( Hpo= K Q’) = Q= 2 (11)

7Y

where, H is pump head for Q =0

pe

As regards the downcomer - riser loop, the following differential vector
equation is obtained from Eq.(1) - (5) by normarizing each variable with
its steady state value, by linearizing it considering small perturbation

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

mi. | (¢] 0

m,

Tk = 3 i .
B A & Il & (W

hia 0 0 | e

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

Xiw= Ak +@8ier _ as)

where B; =0 for Eq.(14).

Since the whole downcomer-riser loop is divided into 9 segments as shown
in Fig.2, the equation of the loop is given as follow:

X, = (A=A\3 ol 'AW} Xio + (A:A’s" : 'A\;)(A7A\s(5q +A,Bg+B)r (16)
So, the relation between inputs and outputs of the downcomer-riser loop
is described as follow:

Mo Tu(s) Tals) -rl!(s) Tll»(s) mi a7)
B || Tal®) Tl Tal® Tuw||

.
o Tai(s) Taals) Tasls) Tal)||

T j(s)'s in Eq.(17) are obtained by matrix inversion of Eq.(16).
Furthermore, equations of other portions of the circulating system, are
derived similarly as follows: o

Mixing point: m, = Xowg - (I~‘X.) ma =0 (18)

- -G X)J}M - (1-%) =2 :" E !a..—(i-x.( %.!.')(wf-m)=0(19)

C(H‘) , i c(Hc) Loya ‘
= o o AL R (20)
il erLg Sy }‘" Pe Tws+l
Steam drum: Tast =TpS %10 =~ Mo +(1=Xdma = ~Xowmg (21)

(Tb$ ‘C°)§|o - (0»'*'\(-) Mo + d.'( 1-Xe) ma - ( L*Xo) heo= '.(“"‘l)x’”s(aa)

From equations (17) - (22) the matrix equation of circulating system is
obtained and the relationship among veriables is shown in Fig.lk.

Though the head loss through the downcomer-riser loop is included in the
above study,.another mathematical model neglecting head loss is also dis-
cussed in the following. In this case, the loop is divided into four
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parts, i.e. downcomer, preheater, evaporator, and unheated riser. Then,
assuming that pressure is uniform at each divided part of the loop, trans-
fer functions Tij (s)'s in Eq. (17) are derived in the same way as done by
Terano and Varcop.a’s

Thus, in each case, frequency response of the circulating system is cal-
culated.

The calculated results are shown in Fig.6 - Fig.?7, and they are compared
with the experimental results evaluated from step.responses by Fourier
integral., Both analytical results in these figures agree close'y with
the plotted experimental results

Matrix equations of the other subsystems shown in Fig.5 are derived in
the similsr manner and transfer matrices of them are respectively calculated
in frequency domain., Then the matrix equation of the whole system is made up
by combining those of subsystems and its transfer matrix is calculated.l*'s

On the other hand, experimental data are transformed from time domain to
frequency domain by Fourier integral.

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

Dif ferences of Dynamics Due to Circulation Type:
A comparison of the experimental results with two theoretical results for

drum level responses are given in Fig.6 and Fig.? for respective boilers.

The corresponding results have a close agreement among them.

Here, a comparison is made of the results for the drum level of N-type
with those of C-type. Responses to the saturated steam flow are nearly
equal to each other in the range of 1.0 - 10,0 rad/min of () and the res-
ponses in the range of (») represent the initial swelling in time domain.

From this comparison, it may be said that the initial swelling is not
affected by water holding.

In connection with responses to the feed water flow, it may be seen from
Fig.7 that the dead time and the-time constant of N-type are 1.5 times as
large as C-type. This 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 few effects of head loss through the loop and
more influences of water holding and metal weight.

The pressure and drum level responses obtained from the whole boiler
syctem, as shown in Fig.8 and Fig.9, would agree more closely in their
shape. This may appear to justify the foregoing discussion.
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Conclusion:

The experiments have been made to evaluate the load fluctuation allowsnce
for and to verify the dynamic model of two types of boiler.

And the dynamics of both types have been compared to make clear the
essential factors in the allowance.

A set of mathematical models has been developed and the calculated
results have been compared in frequency domain with the experimental
resul ts. .

Foregoing discussion suggests that whether the circulating pump is pro-
vided or not would give no essential difference between both types in the
dynamics of the circulating system, so far as drum level and pressure.

And it further suggests that the differences of the dynami¢s and of the
allowance are caused by water holding and metal weight.
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Nomenclature :
a : cross sectional area, e & ¢ heat transfer coefficient.
A :1/427.0 (kcal/kg.m) keal/n?.min. °C
C : specific heat, kcal/kg°C A ¢ normalised drwm: level
e : internal energy, kcal/kg A 3 friction factor
F : circumference of tube, m 5 3 napanLined prammirs
g : acceleration of gravity, m/min2 Time Constant
E : head or hight, m T, Ty Ty Tar Tpy
h : normalized enthalpy
i : enthalpy, kcal/kg Subscript
L : drum level, m 1 : downcomer inlet
M : flow, kg/min 10 : riser outlet
= : normalized flow i it e
P : pressure, kg/mz f : feed water
Q : volumetric flow, n>/min & t'stens
R : heat transfer, kcal/min. m 0 ¢ steady state
r : normalized heat transfer ® o5 wetel
8 : Laplace operator W SR
t : time, min. Superscript
T : temperature, °C o it stonly
U : velocity, a/min prime: gaturated water
v : specific volume, m>/kg = A%
V : volume, | ¥ double prime: saturated steam
4 : weight, kg
: co-ordinate
£ : quality of wet steam

Following nomenclatures are given through derivation of equations.

il
~ ~
“y -

v %20 G G5y Ch Cape Cope C3pr Ooy €4 4%y, €5,
By w, ¢, &m, S-7 M, m, *,

G = Tms [/ (Tus+l) .
Ty (8)'s indicates the matrix element of Eq.(7).

6¢ and @r shown in Fig.3 indicate steam temperatures of superheater
ard reheater respectively.
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Fig, 5 Block Diagram of the Whole Boiler
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ON THE OPTIMAL TEMPERATURE CONTROL OF
THE MULTIVARIABLE CONTROL SYSTEM
"ONCE-THROUGH BOILER" UNDER FAST LOAD
CHANGES

H. Unbehauen and P.Necker
University of Stuttgart, Germany

1. Introduction

The control of modern steam generators is described by a very
complicated multivariable control system with numerous inputs
and outputs. The outputs are the actual controlled variables
while the inputs can be considered both disturbances and set
peints. In a once~through boiler the feedwater flow rate, Aﬁsw,
the feed water temperature, A1éw, the heat flux, Aé, as well as
the cooling water flow rate, AME are the essential inputs, in so
far as one neglects the load signal, AL, which effects simulta-
neously Aﬁsw, A0, AﬁE and other system parameters but which can
also act directly on the set points of the other control loops.
The essential outputs, according to the specific operating man-
ner are the live steam temperature, A‘%a' the live steam flow
rate AMy, respectively the steam pressure, App (Figure 1). Be-
tween these inputs and outputs is a number of couplings whose
influence can often be quite different. For a more exact system
investigation these couplings cannot be neglected especially
since they often occur intentionally on the controller side but
can also occur in the controlled elements as unavoidable signal
paths.

With the increasing use of atomic power plants which presum-
ably will take over the basic load requirements, the future
steam power plants must moré and more be adaptive to faster fre-
quency control and to covering peak loadingl. Therefore, the
task for 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 limited by the live steam temperature
control system. Strong demands are required therefore on the
construction and settings of the live steam temperature control.
In this paper special attention will be given to the temperature
control system, whereas in a later paper the power.load behav-
iour will be further handled.
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In the literature till now little is mentioned about the
dynamic behaviour of once-through boilers for large load changes
and corresponding plant investigations are being conducted at
present cautiously. In the last few years the calculation of
the single elements in the control loop for once-through boilers
has begun principally from the works of P.Profosz'3, whose appli-
cation, however, is known -only for a special case of the open
loop behaviour of a very comﬁiex coupled system4. On the other
side only investigations on quite simplifiéd~mathematical models
for the closed loop behaviour of once-through boilers are at
hands. Similar as in the previously studied case of a drum boiler
system the multivariable temperature control of a once-through
boiler is to be studied with consideration of the exact calcula-
tion methods.

2. The investigated boiler plant

2.1. Technical data

Since the calculated 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 gas heated two pass once-through boiler
with the data: live steam flow maximum 530 t/h at 190 kp/cm?
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 superheater consists of 3 sections. Between
the first and second as well as second and third!section an in-
jection cooler is present. For the actual temperature control
behaviour the superheater II (UII) and final superheater (EU)
are the determining factors. Superheater II is described by a
pure radiation superheater while the final superheaéer can be
described by a combined radiation and convection superheater.

2.2. The block diagram of the temperature control

As Figure 2 shows, the temperature control results from two
cascade circuits. This type of cascade control is preferred to-
day for Benson boilers’. Thereby each cascade has a principal
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controller and a follower controller. The follower controller

in the cascade regulates the temperature immediately behind the
' cooler according to the set point given by the principal con-
troller in actuating on the cooling water flow. In this way tem-
perature variations in'ﬁba are quickly eliminated, assuming the
injection water valve is sufficiently constructed.

A pecularity in the block plan is the coupling of the set
point signal of the follower controller R2 1 with the control-
led variable of the principal controller 31 2° By that means
the injection water valve v, should always_work in the best po-
sition. By  load 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 hand while considering the
sharp decrease in the superheater characteristic on the other
hand (see Figure 3).

Figure 4 shows the heavily coupled block diagram for the tem-
perature control system. The controllers in the ﬁlant are Sie-
mens-Teleperm relay controllers, which with the valve motor are
represented as PI-controllers. This description is possible on-
ly under certain assumptions, which will be handled nearer in
chapter 3.

In the derivation of the dynamic behaviour the distinction
between heated and unheated boiler portions must be made. A
change in the steam flow rate AﬁD“, for example by the action
of the injection cooler E;, or a change in the heat flux AQ act
as temperature disturbances in the superheater sections, which
is described by the transfer functions FQl and Fu1 respectively
F and FMZ'

The live steam temperature A@ba is influenced, as Figure 4
shows, principally by the 5 input variables, the steam inlet
temperature Aﬂb , the heat flux Aé, the cooling water flow AﬁE,
the steam flow AMD" and the load AL. As previously mentioned,
the entire control of a once-through boiler is described by a
multivari;ble system. If a load change occurs, then all 5 input
variables of the temperature control are changed. This is de-
pendent both on the controlled system as well as the controller
couplings of the multivariable system. Therefore, for further
consideration of the temperature control the reaction of the
above mentioned 4 inpué variables Aﬁbe, Aé, AﬁE and.AﬁD" to a

Q2



69

step input in load AL is of special interest. These variables
could be determined from the total behaviour by consideration
of the effective connections of the multivariable system. 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 temperature control is computed only bztween the sections
S, and S, in Figure 5. That is, the mathematical model is de-
rived only for block II. The 4 unknown input variables of block
II for the calculation and simulation of the mathematical model
are taken directly from measurements made in the plant. In this
way very precise input variables for the investigation of the
temperature contrel are obtained, in which the internal couplings
are already considered. Block I thus contains all the remaining
interconnections in the multivariable system outside of the tem-
perature control system in which AL 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 steam flow change the steam pressure. Since the plant works
in "floating pressure" operation, the pressure changes propor-
tional to the flow rate. 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 factors of the temperature control system are
the transfer functions E&i, FMi and FQi (i = 1,2). The analytic
calculation of the transfer functions from geometric and physi-

cal dataa’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 :

m

) cipi

P(p) = L;O— m (1)
2

nv

J
more suitable.
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In order to obtain such a system description several ﬁethods
can be made to.agree. For example it is possible to calculate
the step response from the exact frequency plot F(iu)lo and to
make an approximation of the step response in the time domain.
In many cases the technique from G.Schwarzell yields good re-
sults. Sometimes also the technique described by F.Laublil2 can
be used, which results in a rational fraction for F(iw) direct
from construction data of the superheater sections. Another pos-
sibility is to approximate the frequency plot F(iw) of the exact
process, which comes from the transcendental form of the trans-
fer function, 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 order of
the transfer function as well as in view of the exactness of the
approximation. The order of the transfer function is the decid-
ing factor in simulation on an analog computer. As shown ear-
1ier14, this method supplies the most exact results and at the
same time the smallest circuitry. A very exact system descrip-
tion 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 order. Table I shows a section of the identifica-
tion of temperature control system.

Next to the identification of the controlled system the dy-
namic behaviour of the controller is also of interest for the
simulation on the analog computer. The plant investigated is e-
quipped with Siemens-Teleperm controllers. This is a 3-point
controller with two delayed feedback networks, the "short time"
and the "long time" feedback network. This controller in connec-
tion with its valve setting’motor is approximated as having a
PI-behaviour. As a special investigationls has shown, this con-
troller can not be simulated on an ahalog computer without
great expense. In order to investigate the control system this
controller and the valve setting motor were simulated as an ide-
al pPI-controller with the transfer function

. > L
FR == KR(]. + T—Iﬁ) (2)
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This approximation naturally has to a certain extent an error,
especially as the non-linear dependence of the controlier par-
ameters KR and TI on the magnitude of the set point deviation,
which always occurs with such a relay controller, cannot be
considered in Eq.(2). However in order to compare the pérémeter
settings for both controllers, numerous diagrams were made from
measurements of the transient function of the Teleperm control-
ler. This permits one to establish the corresponding values of
K and T; 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 optimal controller setting in the sense of a
performance index yet to be determined, a variation problem with
8 free parameters KRi,j and TIi,j (i,3 = 1,2) must be solved.
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 control system the actuating variable of the follower
controller Rl,l becomes simultaneously the disturbance for both
the principal control loop as well as the second cascade by
means of the steam flow change AﬁD'. Therefore, for optimization
of the first cascade circuit, the controlled variable x as steam
temperature AA%“ after the superheater section II as well as the
actuating variable y = ¥1,1 of controller Rl,l are considered

the variables (see Figure 6). The "expense criterion"1®
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@®
I, = J(x2+ y2)dt » Min. (3)
G
is for this preferable. Thereby large unwanted overshoots are
emphasized and avoided by the x2-factor. On the other hand the
actuating variable movement of the cooling water valve is kept
small by the y2-factor which is desirable in such a complex
steam boiler control. As disturbange we further assume a step
change in the inlet temperature At%e. Thus the integral
Ia = fl&p,17 1,10 %m,2¢ T2 i
describes a function 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, from the constraint equation for an extremum

I 31 :
3?"2' =0 and 3?"2' =0 (5)
Rl,j I1,3

with j = 1,2 the optimal parameters of the controller can not
be explicitly expressed. Although from Egq.(4) the optimum could
be found with the help of a test-step technique on a digital
computer, the task was given to the analog computer for the
clearness and better control possibilities.

In the optimization first the momentary optimum was found
for fixed follower controller settings by systematic variatioa
of the principal controller. This process was repeated for nu-
merous different, although constant, follower controller para-
meters KR]”1 and TIl,l' In this way the absolute minimum in the
sense of Eq.(3) could be determined by comparison with the in-
tegral value for every case. Also interesting is the shape of
the optimal controller settings for the various combinations
in a stability plot. For this purpose the according stability
limits were calculated numerically on a digital computer.

Table II shows a 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 were calculated
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only for values KR1,2 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
KRl,Z but on the other hand also cases, in which additionally a
stable domain occurs which becomes broader and broader and fi-
nally takes in the entire right hand plane without further con-
striction. Also other cases can occur where the unstable domain
of the controller paramters is a "peninsula" projecting into
the otherwise stable domain. The shape of the relative minimum
behaves correspondingly. For the first case described above one
single optimum occurs. For the second case a minimum is found
in the left hand stable domain which satisfies the conditions

31 3l
-,;K-?;'—z-o and 3_T1i75=0 . (6)

but whose integral is still larger than that evaluated at the
right hand boundary for KRl,Z = 400. In the third case both an
absolute minimum corresponding to Eq. (6) and a "boundary" mini-
mum can occur inside of 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 integral value.
The path of the line Ia = const is for this consideration quite
informative as a constant integral topograph (see Figure 7).

In the investigation of the first cascade circuit the con-
troller settings for full load gives the minimum integral Ia for
the vaiues

K = 10; T.,

11,1 = 100 s; K =2,8; T = 100 s.

R1,2 11,2

In this case all the 4 conditions set on Eg.(5) are fullfilled.
This absolute minimum is shown in the stability plot of Fig.7.

For the calculation of this stability plot the transfer func-
tion of the whole cascade circuit was calculated ;

Fo1* m1%11,1%R1,1

n
I{AJD} *PeeFp1 1¥R1,1 3¢
= {M’De} R Fr1,2%r1,1 FeeFor1 Fmr!
Rl,2  14FgFyy 1Fp1,2

F(p) =

The structure of Eg.(7) corresponds, however, to the transfer
function of a single-loop system for a disturbance behaviour
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F
F(p) = 1+F;Fs (&)

1
where FR = FR1,2 = KR1,2(1+ ir———s) and both the disturbance

transfer function F, of the confrolled system and the actuating
variable transfer function Fg contain the above transfer ele-
ments of the cascade circuit. Thereby is FEI'FSWI' = 1 and

FEl'-FSWI' = Fst‘ Using the Nyquist Criterion the stability lim-
it is found by setting the numerator expression of Eq.(7) to ze-
ro. From
e _ Q45 Foy ,1FR 0! (o)
M3 Fr1,2Fr1,1 FseF17 T
and with p = iw
- o 1
FRl,Z = R(w) + iI(w) KRl,Z(l + m—i—;-;) (9b)
. ’
results the stability limit in parameter form
= -R(w)
KR1,2 = R(w) and TIl,Z a .wI(w) a9

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

Iq = I x2dt » Min (11)
o]

is used for the optimization with x = Adba. In this control sys-

tem no large overshoots namely of the life steam temperature

should occur. As optimal controller settings the parameter com-

bination

=1; T = 100 s; KR2,2 = 400; TIZ,Z =20 s

Kr2,1 12,1
results in the smallest integral value of Eq.(l11l). 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 both cascade circuits first is executed
for a combination of 8 controller settings which correspond to
the set parameters of the 4 Teleperm controllers in the power
plant: For this purpose the measured signals of AﬁD", AﬁE, Aﬁbe
and AQ are simulated with the help of function generators on an
analog computer for a step increase in load AL = 10 MW at an
operating point of 135 MW (see Figure 8). The blocks I and II
of the total system described in Fig. 5 can now be connected at
the section point Sl. For the simulation on an analog computer
29 integrators, 55 summing and sign changing amplifiers, 4 func-
tion generators, 2 multipliers and 95 attenuators are necessary.

I'ig. 8 shows as the essential results of this simulation the
temperature signals Aﬁb“ and Aﬁba. The agreement between measure-
ment (solid line) and calculation (broken line) can thereby be
considered good especially when one considers the numerical pre-
paration (e.g. the identification problem) and difficulties for
such an all encompassing simulation which must be overcome.
Thereby, one must remember that it is always difficult to hold
constant the plant operation over a long period of time for the
purpose of measurements.

After the practicability and effectiveness of the mathemati-
cal model have been proven by comparison with plaht measurements,
the optimization of the temperature control can be conducted.
Here special attention must be paid to the behaviour of Aﬁb“
since in the plant measurements this signal had been proven as
guite critical. From the behaviour of Aﬂb" the magnitude and the
permissible rate of load change is limited.

The optimal settings of the 4 controllers, which were calcu-
lated from the models of the two separated cascade qircuits, 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 disturbances 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 Aoba and fg" are plotted for the original
settings of the controllers in "b", while those as a result of
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the optimization are plotted in "a". For the live steam tempera-
ture A1%a a maximum overshoot of about 1°C occurs after a step
increase in load AL = +10 MW. Also the originally disadvantageous
behaviour A1%' could be essentially improved and indicates only
an overshoot of 5°C and a small temperature gradient. Thereby
still larger step 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
calculated optimal controller settings are also technically pos-
sible. S ;

By small changes in the analog circuit other structures can
be studied besides the described structure of temperature con-
trol. Thereby other 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-
tion of the direct signal coupling of the two cascades circuits
caused no large deterioration of the controller results. The
overshoot of the temperature signals will increase thereby, but
the settling time will be smallerx. :

Finally the load dependence of the stability limits should be
indicated. Figure 7 contains also the stability limit for 60%
load while maintainirg the optimal controller settings of le,l
and TIl,l for full load. Thereby is shown for the first cascade
circuit that the optimal controller settings for full lcad lie
already in the instable region for 60% load. In order to operate
such a temperature control at a momentary optimum for different
loads, the controller settings of the principal controller must
be adapted to the momentary load by means of a self-adaptive
control system. Thereby an adjustment of the controller gain fac-
tor alcne would suffice. :

Further inwvestigations on other hoiler structures have shown
that no fixed rule can be derived for the optimal setting of the
temperature control system on a Benson-boiler. That is because
the stability regions and optimal controller settings of the
cascade circuits depend considerably on the data as well of the
controlled system as of the controllers. An optimization must
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.therefore be conducted separately for every plant. The present
investigation has shown, however, that the numerical calcula-
tion of optimal controller settings for a multivariable temper-
ature control systeh is possible. Hereby, the optimal settings
found furnish such good results regarding temperatures, that
still larger step changes in load can be permitted. It is char-
acteristic, however, that the stability limits and the optimal
controller settings change considerably with different loads, so
that for a strongly changing boiler load, a self-adaptive con-
troller for the gain factor should be considered to obtain the
best operating condition.
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Fig.4. Block diagram of the multivariable temperature control sys-
stem of the investigated once-through boiler :

A& heat flux [kcal/h A& load [KW] or [f]
8V steam inlet temperature [°C] A%} live steam temperature [°C]
AMg  feed-water flow (t/h] aMp outlet steam flow [t/h]
AMp" inlet steam flow {t/h]



Wi l
- |
= awock 2 j: BLocxn -+§L—;
I |
|
L‘ I

Fig.5. Partition of the temper-
ature control system coupled
with other control loops in
block I (disturbances and inter-
connections) and block II (ac-
tual temperature control)

Fig.6. Block diagram of the .
cascade circuit of -superheater
UII

| instabit
(unstable)

10 0 KRu

FPig.7. Stability diagram for
UIT for full load (100%) and

60% load with optimal control-
ler settings for full load and
courves of constant performance
index

8y o] }Fig.B. Signals measured in
s £ LSRN Sy 1t S { the power plant ( ) and
. e L simulated with the analog com-
Xy | [ I |puter (----) after a step
a j ! | ‘'change in load AL = 10 MW
A‘['d 5 : 13 Tl
* " a¥y el
20 T
A— :
B A
fF b 74
S AAL L Ll
LA s/ B v
o B % B
|
_ /
"+ S0y ]
L
NANAN ot
S t (min]
‘Sjv 1 : [min)
Fig.9. Step responses of the
controlled temperatures A D“
and M,f)a
a) with optimal controller

b)

settings
with original controller

settings



81

AJTOPUTM ONTIMAJNIEHOT'O FETVJVPOBAHNA H3BZTKA
BOSIYXA B TOINOUHEX KAMEPAX ITAPOBHX HOTJOB,

OTAIIMBAELTX TBEPAEM TOILIEBOM
Kasumex TAPAMUHEA

EECTETYT Lamoumrniu OHeprocHcTeM, Bponaas, Hoanma
1. BerynaenEe

OnTEMaapHOe peryaipoBaHHe HSOHTKA BOSAYXa& B HNAPOBHX KOTJAEX,
OTANZHBAEMHX TBEPAMM TOIAMBOM CJIYXET HeJl YMEHbIEeHMS A0 MHHH-
MyM& CYMMH HNOTeph C YXORAREME rasaMii B OT HENOJAROIO Cropamis
B ZDOHX OKCHXYQTANHOHEHX YCXOBESZX. ¢

YpaBHeHHe .onpejieaspiiee OnTEM8ibHNE ESOHTOK BOSAyXa HOXYYEHO
B pesyabrare xEbdPepeEnEpOBAHES BHPAXGHES H&. CyMMy HoTeps C yXO
ASHEME TasaMN N OT HONOJXHOTO CrOPAHES, -OTHOCHTeABHO MOXSPHOMN
ZoxE CBOGOZHOTO KECIOPOAA B CYXEX TONOWHNX I'a88X H& BHXOZE KOT
xa B npEpaseEBanis nepsoffi nmpoEssozEoft X Hyap, a Taxxe B pesyabp
TarTe NposeReREs HeXOTOPHX npeolSpasosamift. B ypasH¢ERED BmECTyna-
DT MOASPHEHE XOAE HEKOTOPHX XOMOOHGHTOB CYXEX NJAN BISXHMX TONOW
ENX r'asoB, 8 TAKEe HX HPONSBOXHNG OTHOCHTEXBHO MOASPEOR xoam
CBOGOZHOI'C KHCAOPOAA. OTH NPONSBOXHEE, NO NPEYEHE - HOBOSMOXHOC-
TE OCyNEeCTBAGHES COOTBETCTBYNREX HIMEDHTOIBHHX CHCTEM XS EHe~
OpepRBHOro N HENOCPeXCTBEHHOIO .ONpeXexeHHS EX SHAYGHHS, same -
HeHN DASHOCTHHME UYACTHHME, SHAYEHHES KOTODMX BHUHCAOHH -H& OCHO™~
BaHHE ZBYKPATHHX EsMepeRER OTHEGIBHNX KOMHOHGHTOB TONONHHX Taw-
soB. TaxHe XsMepeRHS HPOBOXEXNCH HpH PASIHUHNX HBOHTKEX BOSKY-
xa B TomouHoff xamepe, HO HNpHE HEHSMEHHHX OCTAXBHHX yCAOBEAX CIo
paHEs. Onpezexsemue TakiEM OGpasoM NPONSBOXHHE COOTBETCTBYDT
cpexprelt mozsproft foze CBOGOAHOI'O KHGAOPOZA B YXONSHEX Iasax -BH
qAcaesHOofi Ha OCHOBaHNM pPesyA»TATOB ABYX HaMepeHHi erofi BeaHuUE-
HH. Tk

BooGle, ESBECTHO, WTO PASHOCTHAS SANECH QOPMYyAH HE MEHEMAIE-
EYD CyuMMy HoTepb UyBCTBETesbHAs K omHOkaum Hsmeperk#i. Orcmma xo
axropnrué ONTHMAJBHOI'0 pelyJHpOBEHHS Oponecca CropaHES BBeIeHH
xonoannfensxng SaBHCHMOCTE A4 COTIacoBaHHs pesyIbTaToB Mamepe
HE}. Corxacosas pesysbTaTH HNepDBHX H BTODHX HauepenH#, caexyerT
BHUACXHTE SHAUYEHHe QYHKIAE, obycaapiEpapmell MEHEEMYM IOTEph, - KO
Topas B GOJBPMEHCTBE CJAydaeBP Heé DaBHA HyaD, 8, CAGROBaTEAbHO, £
BaAfeTCs HexmocTaToOuwHO# nis onpemeseRds ONTHMAXBLHOT'O H3OHTKA BO3S
ayxa. C sroff nmeap» caenyeT MSMEHHTbL M3GHTOK BOBAyXa B xaMepe B
NSBECTHOM yXe HanpaBJieEMH M, nocse cTaGHJM3alLMM npouecca cropa
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EMS, ODPOBECTH TpeTHe H3ueperks. Jazee, COrIacoBas pesyabTaTH
BTODHX ¥ TPeTbEX HaMepeHNl, caexyeT BHUHCAHTH BTOpPOEe 3HAYEHME
dyHENEYM Ha MEHEMyM HOTeph. locae o7T0I0 PACUHTHBADT OHNTHMAJLHYD
MOASPHYD RZOJ® CBOCOZEOTO RECXOPOJZA B YXORSHMX TONOUHHX Iasax ,
60 jopuMyae DoxydeHHO! B pesysspTaTe NPHPABHEBAHES K HyXD JHHek-
Holt dymruMm, npoxoxsHell uwepea gBa sHaueHMs GYEKUME OC0yCXOBXHBA
DRe# MAHHEMAZBHNE NOTODH H ABa CpegHMe SHAUEHES ONTHMAJHSUpPOBaH
HOI'O IAapameTpa.

BHUECAHB OUTHMAJBEYD MOJADHY® JOXD CBOCOZHOr'O KECIOpDOXZE B TO
OOYHNX .Tasax, CAGAYET HSMeHHTh EOJAMYECTBO BOSAYyYXa, HOABOXHMOIO
¥ TomouHo# xamepe, Tak, wTOGH conepEaHie CBOGOZHOI'O KHCIOPORA
B POHOYHHX I'asax OHI0 papHNM HXE ApACIHXaJOCh OH K OUTHMAABLHOw
My SHOUEHHD. ’

2. BuBerenHe JopMmyar HE MHEEMYM CYMMH HNOTEpPh C YXOZAMHEME rasa-
ME H OT HEUOJNHOI'0 CrOpaEHNg

2.1. OcHOBERE BaBECEMOCTH

lpH BuBeZeHEE POPMyIR HE MUEAMYM ROTEDb, HCNOJB80BAHK caeny-
nmHe S8BHCHMOCTH:
A. O6mas Gopmyza B CYyMMy BTHX NOTEph

[100-&,-(7 T+ 0Ny 12 o (RO, 0} x

9°95% %" " G-2512(9hew) @1)
2 7’ ct03rss  (RG*CO) .
rne: CP - Cpenuas TeNJOGMKOCTP BJASXHHX TONOUYHHX raaoﬁr

(40] - MoxSpEHES CTeNeEh yBIAEHEHES TONOUHHX rasosﬁ
BHpeXeHHas necaTHuHEOH# Xpo6eD,
To-T, = DasHHLa TeMuepaTyps TONOYHHX I'a80B HA& BHXOKE KOT-
xa ¥ TemmepaTyps oxpyxamle® cpeam [deg],

RO+CO0 - cyuma MOAAPHNX noae#k XBYOKMCH yTIieposa C yueTOM
ABYOKHECE CepH H OKACE yIaepoia B CyXHX TONOUHNX
rasex ua smxoze KoTaa (%)

ﬂm « TeNJOTBOPHOCTH OKHKCH yriaepoxa [B;J

Q, = TeNIOTBOPHOCTH TONJEEA L@J

¢,hno,sw  BECOBKe ROJM: yraepoza, BOLCPOX&, &20T8, KACICPO=

Ga, Topoueff cepn ¥ Bixall B TONJMBE, BHPAXKSHHHE I€
carEqwgof xpolum;

W, = TeNnzOTBOPHOCTE I'OPPYAX KOMOOHEHTOR B TBEPIHX IDO-
AYyXTAX CIrOopaHms Hg

X = COOTHOWeEMe HENOJHOTO CTOpaHHs
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22115 - o6beM KHJAOMOJEKYJH Ia3a B HOPMAJbHHX YCAOBEAX [m’u];
12 - aTommuil Bec yraepozma;
0375 - COOTHOmEH{e MacC aTOMOB yraepoja H CepH,
2512 - TenzoTa HcnapeEMs 1 xI' Bxarz cozepxallieiica B Tonal=-
B. O6mas jopMyra Ha CpPeAHEDD TENJOEMKOCTh BASKHHX TONOUYHHX Ia =
30B, yMEOXeHHas Ha 100

100C, anch Rochcoz+°2CPoz+ co- CPco" H0 CP@ [m] (2.2),
rme: N2,02- MOJZSPHHE NOJE asoTa M CBOGOAHOI'O KHCAOPOZE B Cy

XAX TONOYHHX I'as8X HA BHXO0AE KOTJA& [%_];
I-QO- MOXSpHAS CTeNeHb YBAGXHEHHS TONOYHHX Iasos [%J',
CPN,_'CPCQ‘ CPOZ'CPCF cp&nue TEeNJI0EMKOCTE KOMIOHEHTOB TONOYHHX I'asS0OB
midegl .
B. 3apHCHMOCT: COOTHOMEHHES HENOJHOI'O CrOpPaEMS OT XEMEYECKOro
cocTaBa TOnJMBa H CyXHX TONOWYHHX I'asoB, A Taxxe Moxspsol cTeme
HE yBXZeXHEHHS TONOURHX [asoB X BOSAyXa
| { KL 1_ 1l 2 [ - !
e Ry * M 735 (F iy o3 “'Nz) RO#CO  _ A(RO#CO). 29
< . - = 3),
e KO- Fopke  Hp0-(-5)X,
The:n nﬂzn,v.n"zn - KOJHYECTBO KHJIOMOJEKYya: yriepoas, BOZOPOA& ,
BIal'l, asoTa B KHCAODOZA Ha BECOBYD eXHEHENY
Tonamsa
*i- MOJsipHAs CTeNeHb yBiaxHeHEs Bosxyxa [%].
T. aaaacnnoc-rb COOTHOmEHKS HENOJHOI'O CIOpPaHHS OT XHMEYECKOIO
cocTaBa TONJEBA M CyXHX TOHNOUHNX I'asop Ha BHXOZE KOTaa

079( nu'noz)+Q21~ﬂN2 ROtCO (LR~1)(R02+co) _(LR-‘I)(RQ;«co)
n 'N2~79+0,395-co 'N2-79+q395-co '21-R02-02-qea5co

f-x = (24),

r,ue:L =1+079-0375 . +Z%§53—;-1 - koepdHUHEHT, XapakTepRsypRull xu-
Muueckuit cocTas TonaEsa. Ha OCHOBAHEE CTATHCTHUYECKHX xa
arnx? *© noxyusercs, UTO SHAUEHMS ®TOTO KooddEmEeHTa mou
TH NOCTOSEEN M paBHH: LR = 1,1084% 0,0237 - nas xamesHO
ro yras #s Bepxuelt Cuaesuu H LR= 1,083%f 0,033 - gas 6y
poro yras us Typomosa.

G . Lp=1
Oreogas N=Tg+ ﬁ—x (Roy*C0) - 0395-CO [%] (2.5)
L. BazgHc CyYXUX TONIOUHHX T830B H& BHXOLZE KOTaA&

Ny+ RO, +0,+C0 =100 [%] (26)
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Hogcrasés (2.5) B (2.6) no.xywae'u 3aBHCEMOCTD
RO#C0 = —(21 0,+9395C0)  [%] (27)

HeOGXOAEMYD AAS COlzacoBanls pe3yxbTaTos HsMepemHft a Taxxe nas

npoBepkE NpPaBRALHOCTE Noxasankft HamepuTeabHNX CHcTem RG, 0, mCO
1-x

KOTOpyD BBELYy TOI'0, 49TO HX JacTHOe —- B MHEEMaXbHOR cTenexM
3aBHCHT OT COOTHOWEHHS HENOAHOTI'0 CropaHlisg, MOXHO 3anHcaTh
Lp (RO, +C0) = 21-0,+4395-C0 (28)

lasnne Bume saBEcEMocTE (2.3), (2.5)H (2.7) HcmoaneoBaHR nas Ha
ngcasEs o6me# popumyan (2.2) Ha& CPeZHDD TEeNJOeMKOCTh TONOYHHX Ia-
30B, & HMEHHO:
8. B Cayuae OmnpelleAeHHS COCTaBa CyXHX TONOYHNX I'asOB H& BHXOZE
KOTXa

: .
1003y t0a-feosax e L (ere) [rpbi] (23)
6. B caydae ompellexeHEs COCTapa BISXHHX TONOWHHX I'asoB
, kJ
1oo-CP-1ooa-f-C°*%?(P-‘"‘)*d'“z" [ ) md (2:10)

T : 010706y, $421Gyy = 13075200033 [,;'i—fﬁ] (Gp=463£30°K  T,= 2882 15°K) ;
b-c”mzc"“z LR(cm!cPN)MCP,&o-u?B 10277 - gas XOTAOB OTONAUBAEMHX

KaMeHHEM yI'zem B 3,217 £ 0,322 - nas XOTXOB OTaNIMBAEMHX
OypuM yraex

kT
d-CPH2°31522*q0075[,;sT], e= Pcoz-c”zeo,losstqos‘l [m,:-deq]:

fe Cpcofm‘“”(‘raﬁu,) cp,&oeolno +0033Lu Tdeg f. CPcalcPCD 0395( CPa:
..CPNz):q456 £0032 [,,?’3?9] p= Cnp‘cp.z LR(Cpol cpy() g452£031 (m’deg

Torna otmas dopmyaxa (2.1) ma CyuMy noTeps NpHHEMEeT BHZ:
a. npH onpenexexiE coc'rana cyxlx TONOYHNX I'asoB

{[womd x,L-f-CO* (b-cx)](T -T)+Co Wc,}(f-x) —%(RGI*CO)X
229 % %" g‘-?s«z(en.m(mz ” @)

22.'715 c+0375's
6. npR onpenexeHHH cocTaBa BJASXHHX I'a3oB

[(100a +pRO,+d-H,0NTypT,) +CO-W, (1-x) + E%(Roz-fco)«

3798%*%" 1 Q-2512(3h+w) ® s (212)
2275 ~ c+03755 %v)
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2.2. O6mu# Bux dopumyam obycxopiisaplefl MEHEMYM NOTEpPbL C yXOAs-
MUME I'asaMd M OT HENOXHOI'C CI'OpasEks

3anicr popumyan obycaoBaEpaplie! MEHEMyM HOTEpPhr HNOXy4YeH& B pe-
syzpTaTe nupdepeEurpopanis (2.11) mam(2.12) orHOCKHTeaBEO MOXSpHOH
LOJH CBOGOZHOI'0O KECAOPOZ@ B CYXEX TONOUHHX I'asax H& BEXOXe KOT
Ja ¥ npHpasEEBaEHEg mepsoft npomssonHO# x Eyap. B mecTo 4:’—,%’,‘,—2
NonCTaBASDPT PABHOSHAUHNE BHpaxeHHS NOJyY4YeHHNE B pesyaprarTe ZED
pepcszuEpoBaBis amcmoe-tel (2.7) & (2.3) oTHOCKTEABEO Oy X zeze -

EES OpOM SBOXEHX aq Ha EX Nepeomauaibkoe Bupaxenis (2.7)E (2.9 a
HMEHHO:

g dc0  21-0,+0395.C0
R e T e s ) )
+co dx _ Ra#O  [d(H0-%) X dco] [dRG dco 14
‘Rz@‘(" x‘[ : $d°a](°'°a doz) o

Torna saniEch B OCmeM BHZAe Qoply.ul ofycaopaEBaplief MUHEMyM DO =
Tepbr NpREEMSET cCaexyDREfft BNxE:
a. OpE onpexeleENE COCTaBa& CYyXEX TODOYENX I'asos

e "(EP'Q.’ [wm- = -(f-qs959)f’-p' jast !}m*d"ff““ Ax (b'e"):{

22715

.%)}(21 0;R0,~06050)~ {L,—?-e(r.,,n) il 5 [ k> 22145 S ‘?’95")(';’@%

- (100a +d-X, )(T,P T.)}( +0605 aﬁz ) = F(0)=0 . (215)
6. OpE onpemeaeREN cocnn BAGXELX TONOWENX Fasos
El% {[wwc (‘r.,'l;,] )IRG+ E:::’ wm{f eXI;, T,jco (1000 +d- X,)(T.p"B)} dco +

{[Z::s <t g [21'3 - Wt ()T 3]232 (100c +pRodH0) d;:) }[‘&0-@
'éc‘:‘a)'xJ* Flg)=0 . (216)

2.3+ YopollerEne 38NHCE (opMyx OGYCAOBAEBADIEX MEHEMYM CYMMM IO
Tepp ¢ yXOnSMEME TONOWHEME I'asaMi E OT HENOJXHOI'O CrOpasMs

I3 anazusa sasMcEMocTE (2.15) x (2.16) sMzum, uTo HeXOTOpHE XOM=
NOHEHTH B HUUTOXHO# cTeneHE 3aBHCKT OT BHCTYNaDNEX HsuMeHeHER
TeMnepaTypH TONOUHHX I'asoB (T‘P = 463130 °8), TeMnepaTypu Oxpy
xapne# cpeau (T, = 288t 15 °K)x pasmuus nuncpu-ryp(t -2, =
= 180 % 40[deg]), a caezosareasmoi”
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a. OpH CTOpPaEMH KAMEHHOI'O yr.u 33
039542 J
128 ey T =(1832 £ 24 1Y |5 Wo Loim—-(-0395¢) () = 5517215 [k

22"—% Weo* (f-€)(T5T) = 5274 11 Fﬁ-}

6. nNpE cropasd 6yporo yras

39512 %
;i.::g -e(T; '.B) '172354'24[—1-] : WCO- 92—27:15— ($- 03956)('1',P-'l'°)=5753+15 [m ]

e o {f-e)Ty ) =46TT21 [ ]
Bzaﬁsy :gro u': SHANOHNS KOMIONGNTOB [400a+d'XL"FC0+R—?:1;£°(b'°"‘):"
d“’;:” E [100a +pRO, +d-H,0] dMpT)  gyauuressmo memnme or ocrazs -
HHX KOMIIOHEHTOB, nnc-rynanlngz B BHpaxeHHsx (2.15) ¥ (2.16), # kKpome
TOro, MSMepeHHS NOKaseaM UYTO SHAUYEHHS OPOH3BOZHOM g d°° GaH 3KH
K eqUHHNEe, STH KOMOOHEETH MOXHO C xocTaTouHOM TOUHOCTED BuuHC=

JATP NO ynpoleHHHM dopMmymam:
8. NAS KOTJAOB, OTANANBAGMHX KAMEHHHM yTaeM:

- OpH ompeneJeHHHM cocTaBa CyXHX TONOYHHX I'asoB

R°z e ﬂd(Ts o) ~ (338 413R0y) dr:z;n) (247)

- NpH onpeneaennn cocTapa BJAXHHX TONOYHHX I'a30B

@00a+d XL fCO+

d(rpT) »
[100a +pRo,*d- Hzo] —5— = (13075+Q452R0,+52H,0) _5%2_— (218)

6o nJAS KOTJOB, oman.uaaeuux CypHM yraem:
- NpH ompeneseHMl cocTaBa CYXHX TONOWHHX I'a3oB

e b-ex)] d”;i”g(qas,eaamoz) % (219)

- NpH onpeneJseHEHMd COCTaBa& BJIAKHHX TONOYHHX I'asos
El00a+p.'R02+d+&o] ‘.’%%'21") ~(13075+0453R ozﬂ,s_z-fko) d—.,(?%z—m (2.20)
B coOTBeTCTBHH ¢ BHIE H3JOXEHHHMU yopomabH¥MH NpPEeANOJOXSHHS~
MH, dopMysn 2.15 M 2.16 DpEHEMADT caeAyDmEA BHX:
Q. OJ8 KOTJAOB, OTANJUBEEMHX KaMEHHHM yIJeM:
- IpH onpeneseHHM cocTasa cyxnx Tonounxx rasos

[100q +d-%,-f-C0 + —£

C
-a%z=ﬁ7832+5517%£2-+(¥388+437102) j(z«-o -R0,~4605.C0)-(17852(21-G,) +
-5517-co-133,8(13p-T°)](%&weos %Qﬂ) F(0,)=0 (221)

- OpH onpexneJyeHHnMd COCT&BB Bﬂ&!ﬂﬂx TOIIOYHHX I'a3oB

d d(H0-X) X, dco dr
%"r = [11832R0,+527400- (13076+152 X, Ty )J[——cloz_L o 67832 _alg—:*

dCO d(Tsp~To)
+5774 932 - 15075 +0452R0,+13240) —Egz—_][ S ]=F0)0 2
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6. KIS KOTJIOB,0TANIEBAEMHX OYpPHM yraeM:
- OpH onpefeJeHHM COCTAB& CYXHX TONOUHNX lasoB

g%: i1235+5735 %43 0, (193,8+336R0y) E'QL)](W;‘ -R0;-06050)- [17235(21-0)+

~5753.0-1338(Tay T,)] d32+°'5°5 doz+1) F(a)=0 (2.23)

- OpH onpereJeEMH COCTE&BA BJASKXHNX TONOYHHX I'asos

doz-[1723”“2"“‘77°°'“”"5”52 | _%”20;"0 i-%dc&] [}7235 dro,
w17 42 -tsarsrahsare152h) "—f—’J[@ -U-E)x o0 C. 24)

H2 sanicaHHNX BEme BHpaxesEE# BERHEO, WTO OHE BeaChM& WYBCTBH -
TeaibHE HA& OmMECXH HsMepemult, a, cirezosaTeubHO, He MOT'yT ONTH HE
DOCPeACTBERHO MCHOXbSOBHHH NJas ONTEMAXHSaNKE npomecca Cropasis
6es cOrzacoBSENg pesyapTaTos Hamepenuft,

2.4, PasaocTEme BsanucH ('pom.: O0yCIOBANBADEEX MHEEMYM CYMME IO
Teph C YXORSMEME I'aseMi M OT HENOJHEOI'0 Cropamis

BeAXy HEBOSMOXHOCTH DPEAXMSANHE COOTBECTBEHENX HSMEpPHTEXBHHX
CECTeM RJA% HEeNPepREHOI'O B HeNOCPeXCTHBeHEOI0 OnpeXexeHHs NpDOHs-
BORHEX %: %C-i d—ﬂlo—'-’-‘l-) B M s SHAUYeHHe PTHX NPOESBORHEX O

npeneaAsOTCS paaaoc‘rml ucnn

dRO RO-RO  dco _ C0-co', d(H,0- X,_) (“20""[)‘(“20"’(;.). d(Tsp-To)

d0,~qC ) 4, %' do 0,03 FE%7 Y
- HEED : @29

roe: R°£.°2'.,C°'. ”20': x,_',(T.;,—Té) - H3MepeHHs NpPOBeNEeEEHe nepex HameHe
HHeM H30HTKE& BOSAYyX& B TonouHOX xauepe ¥ nocxe cTabKamsa-
HAE nponecca cropaHis,
Ro;,oz',ca;' Hy0', le(*r‘;-T‘;_) =~ H3MepeRHs NPOBeZeHHHE NOCJe HSMeHe
HHg H30uTEE BOSAyXa B TONOWHO¥ Kamepe H nocae craluaEsa -
UHH mnpouecca CropaEHEs.

Dxs yUpONSEHs 38184l IDPHHHMEDT uYT0 8TA nponaaomne‘coowner -
CTBYDT CpejHeMy 3HQUeHER 02 s BEUWHCASHHOMY HA OCHOB&HHH 32BHCE~
ke 0,=£(0,+0;) [3%] (2.26)
Doxofamd cROCOGOM MOERHCO BHUMHCXATE CPEAHNE SHAUCHHES OCTAABMHX
DAPAMeTPOB, HSMEPeRHNX 3 FBYX NOCIENYRHEY OPOMEXYTKSX BpeMexd
H3uMepGHES, 8 HMeHHO: :

[ani K »*
RO, (RG;*R0,) ; C0=7(C0+CE); KO 3(wd+Hp) ; X = =Linex); Tged T %ol (%)
@am
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HoxzcTasds 3aBHCHMOCTE (2.25), (2.26) # (2.27) 3 smpaxenus (2.21) ,
(2.22) , (2.23) ¥ (2.24) noayuUM OKOHBUATEIBHHE 3&NHCH PASHOCTHHX
pupaxenifl, HEOOXOXZEMHX AJS ONpeAeNeHMS MUHEMyMa HOTePb, a HMeR
HO: !

8. A48 KOTIOB, OTANJUBAEMHX KAMEHEHM yTrIeM:

- OpH ompeeseHdd COCTABA CYXHX TONOUHEX rasos
a : " .121-0-R0;-0605C0
Foy)y 2-E7932(21-02)-5517(0-133,3(T,,,—.°] '&_&_—q- s -

-}-R03-G,605-CO" '
firg3a(21-0p)- 551780 ~1338(135 ] = % Z?_;Z (228)

- OpH oupexeaeHHH coCTaBa BJIAXHHX TONOYEHX I'asos

F(G,), 2-{17832 RO, #5274-co'_[13q75 *‘175("{*"[2] (T:P.g)} “zd'xg.% (x+x0) 5

_{17832Roé+5274cd-[130,75+q76 (xi+x;)](T,;;Ts‘)} "2";":;'.‘:%("'-_‘*"'-) (229

Ge XAJS KOTAOB , OTANXHMBaAGMHX OypHM yraem:
- OPH ONpeZeJeHHH COCTaBA CYXHX TONOWHHX I'asos

" 2 g(pr_qo] 21-0aRG;-0605C0
Aoy rassierdy-s7s3cs-1o3805; %) _az:%;__ 3
~[17235(21-0) 57530 -1338(555] 2’—*‘2:—%?—695—“1 (230)

- NpH onpef2JeHMH COCTaBa BJIAXHHX ronomxlx‘r&ao? :
(), -{17235-1205+4577co'-[130,75+q75(x[+x[ﬂ(1;1—r;)} MO tioo (LX) |
2 %

)} b B )
%%
BuuHcaeHHOe TakiM oCpasoM 3HaveHHe F(02§,'2 mocxe corxacoBaHis
pesyJbTATOB NEePBHX M BTODHX HMaMepeHH! ykasyeT TOABKO HezocTa =
TOK HAM M3GHTOK BOSAyXa B TomouHO# Kamepe K, CAeZOBaTEJILHO, H=—
BASeTCH HEZOCTATOUHHM AJAS ONpeAeJXeH:s ONTHMAXBHOTO SHAUSHHS 0y
C aroft meuwso caenyeT HSMEEHETHh HSOHTOK BOSAYyXAa B TONOYHOM Kame—
pe ¥ mocxe cTaCHIM3alMl mpouecca CropaEHs NPOBECTH TpPeThbY H3Me
pesds H naxee, corzacosaTh pesyJabTaTH NEePBHX, BTOPHX H TpPeTHUX °
HauepeHH}i, Jaxee, caeAyeT BHUHCANTH F((lz)?Hg no onHot Hs saBUcCHMOC-
reft (2.28), (2.29), (2.30) nau (2.31) samenss HmzexcsH 1 Ba 2 ¥ 2 Ha 3.

Hocae BHUMCXEHHS F(02)1I1 B F(Oz)23 HeTPYRHO BHUHCAHTbH ONTHMAJBLHYD O
JD KHCJOPOZ& B YXORANHX TONOWHMNX r'asax H3 3aBHCHMOCTH

. (3+07)-FlOply 5= (%+05) F(Gp),
a 2[F(6p)y2=F(Oy)y3)]

-{|7235Roé+4677cd-[3!30, 1540760+ (15T (231)

(2.32)
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KOoTOpas NOXyYeHa NyTeM NpEPaBHEBAHES K HyLD xnaeﬁuoﬁ dyHKUHE ,
npoxozsmef 4epes KOOPAMEATH ABYX OYHEKTOB {F(Oz) 2572 02+02)} B
(RIS

3aBHECHEMOCTS (2.32) A (G)opt, MOEeT OuTH ECHOABSOBEHE HENOCPER =
CTBEHHO TOJbBKO B CAELYDNEX CIydasx:
a. xorza F(0),>0 =& oz‘>o§
6. KOrZa F(oz)ﬂ<o ) ¢ Qz<
B OCTAABHHX CAyYasX CAEAyeT HSMeHHTb NODAAOX BTOPHX nauepeanﬁ
Ha mepsue H HAOG0DOT, & HMEHHO:

( 2 (0+07)F(Gly 5 (0+03)-FGo)y 5
» 2[F(0y)~F(Oly]

3. Corzacosasée pesyapTaToB H3MepeHH#t, npomezeHENX B ABYX K
Tpex NOCAeXOBATEJbHHX OTDESKAX BpeMeHH

(2.33)

Corzacosanfe pesyXbTaToR HauMepeHi HMeeT neJbD yMeEbmMEHKe
cTeneRH WYBCTBHTEIbHOCTH saBMcHMOCTH (2.32) ra omEGXM Hsuepenuit,

B caydse omnpeneseHHS COCTaBa& CYXHX TONOUYHEX I'as0oB HA& BHXOZE
KOTJ8, KOJHUECTBO HCXOAHHX ypaBHeEHM} nis. coliacoBeaHES pesyas =
TaToP HSMepenHli paBHO TpeM H HOAYWADTCS OEE Hs S&8BHCHMOCTH (2.8)

a m-o. ﬁ LRRDZ+(LR-0595)co+oz 21=-w, (31)
f,s L§R02+(Lg-q395)~co +0,-21=-W, (32)
fy= Ly R+(Le-0395)-c*+0) - 21 =- Wy : (33)
rme: LR - cpensee RafiGozee BeposTHOe SHAUEHHEE 8TOI'0 KOHPE-

neHETa, COOTBETCTByDNEEe ZAHHOMY TONJHBY,
W, W, W~ HeCOBHNaNeHHES OCHOBHOI'O ypaBHEHHS (2.8) B Tpex mocaxe
AYDNHEX OTpeSKaX BpeMeHH H3MepeHHS.

B caywae omnpexeserHs COCTABA BJIBKHHX TONOYHHX I'asoB, pe3ysb-
TaTH TPeX HOocZenOBaTeAbHHX Hameperk# R0,0,,(0, H0 X X MoTyT OHTH
corzacoBaHH HO AByM HCXONHNM yPABHEHESM, noayqanuuca HS saBi~-
cHMoc

TH
(21-02-Roz-qs05co)[ (Hzgz &) zj‘oo‘i‘"gj [H,o =% ](ngzzwmaggz 1)=0 (34)

KOTOpas NOoXydYeRa Nocie CpaBHeEEs pupaxenu# (2.13) u(2.14), a HMeH
HO:

f,=(21-0- R03-0605C0')[I&o X* 0t (xL+le (20RO ososco)[uzo X[+ m("L“"L)] (35)

ff(zq-q-nag-qsoscrf)(uzo'-x}% (X)) (2-G-Re-gg0scd) 0™ thg;(x%x[)]..wz 36)



90

Lpa mocaefypREX HCXOZHHX yPaBHEeHHS Axs COlZacOBEEMS pesyinTa -
TOB TpexX NOCHeAYDNEX H3MepeRH# cOCTaBa BIAXHNX TONOWHHX I'asoB
(R0202 HO B X,) moay4eHr B pesyabTaTe NOACTAHOBEE B HOpMyaH 3.5)

# (3.6) papHOUGHENX BHpeXeHH}, BosHExevUux s pamexcTs (3.1), 3.2)
2 (3.3) eMecro 21-0;R0)-Q605C0', 21-d;RQ)-g605cd & 2+-G-RGr0605cd" a MuenHO:

21-aé-no;-qsosco'=(LR-q)(Ro;a«co') E T.X. @7
Torza zsa nocaelyoHEX HCXOZHHX ypasnegu AZd coraacoBasHis pe -
8yABTaTOB Tpex IOoCAeNOBATEJABHHX lauepenxi cOCTaB& BJSXHHX TONO
YENX I'880B DpPEMYT CaeAyDMEA BHZ:

(R°2*C°)[“z° "L*qoo(xL"xL] (R°2+C°)["° o(xL"x'-).]' Wy @8)

ﬂ=(R0§+cd)[up-xL+‘Tg-o(x+ - Rogecs g™ K+ (xL+X,_)]—-W,, (39)

CoraacosesEEe DesyXAbTaTOB HsMepeHEE BexyT caeAyDHEM CHOCOGOM:
8. ZEHeapA3yDT OCHOBHNE S@BHCHMOCTH CXyXallie COI'ZACOBAHED pe -
8yapTaToOB HsMepeHH! OTHOCHTEABHO KAXKOro HeMepeHES RAHHOI'O Ha=

PRestie Ta Y= (310)
rze: O, - 4acTHNe NPONSBOZENe HCXOZHOIO ypaBHeHMES k oTmOCH ~-
TearHO HeMepeHHs i XaHHOTI'O mapemeTpa,
Vi - nompapxa sHavYeHEs HSMepeHES | XEHHOIO mapameTpa,
W, = BecomnazenHe HCXOZHOI'O ypaBsHeHE:.
6. HCOOABLSYDT ycxosHe HallMeEBMEX KB8ZPATOB

il = %am-kk (a)
Tne: m; = a6coapTHag omuOka HaMepeHHli, onpexesesRas nocpex -
CTBOM KIacca TOUHOCTHE ZAHHOI'O H3MepHETEeABHOI'0 npHGO-
pa ¥ ero sepxEero mpejpexa BEamepemuit,
k - HeonpenexeHHHE koedppEuHeHT JAI'DaHES RAL HCXORHOI'O
yDPaBHeRHS.

Pemns ypasxHexis (3.1), (3.2), (3.9), (3.10) 1 (3.11) max (3.5), (3.6, (3.8
B.9), (3.10) u (3.11) mosyuun BesMuMEE nonpaBox V; a TeM caMEM cor-

JaCOBaHHKE BEIUUHHH OTAEJbHHX NapaMeTpos, HSMEPEHHHX B TpPeX OT
L)

KeALHNX NPOMEXyTKax BPeMeHH.
4. BuBOOH

.A. Tlocxe corazacosasls pes3yabTATOB H3MepeHH) OMHGKE 3TEX Haue
pexlit SynyT MeHmme, UeM JO corzacoBaHHS. PeayabTaTH OCHOBAHHNX
Ha npHMepax suuMcaeHdf cob6paHn B TabaEnax T.4.1. # T.4.2.
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T.4.1. CpasEeHde omHGOK HaMepeHH}i ¢ OmHOKESME NOXyHYeEEHME HocCJxe
coraacopaHis pesSyALTATOB TpeX HaMepeHHEll OTZeABENX xoMIO
HEHTOB CYXHX TOIOUHNX I'asoB

EsMepseMue

B RO, ] o B B | L
nocxenosaTelab- - ¥

HOCTb H3meperuil - E 3 2 4 2 3 1 _2 3 _
cocTap TONOUYHHX] X

i 1430 | 1398 |1365| 50 | 54 | 58 | 03% 0,307 | 0274 | 11
KJacc TOWHOCTH )
NeuepNTexs 251 25125 | 25|25 |25 |25:125 |25

m;- omaEGKa

HauepHTe S 05 |05 |05 (925 |925 |025 00125 [00125 |0,0125(0,026
rﬁt—omoxa T 0238 10235 |0224 (0186 (0185 |0184 | 0,010 0016 0010 10,0155
corzacosauug ’ g ! ; : J

T.4.2. CpapHende omHGOX HamepeEEE ¢ OmMGKaME DOXYYECHHHME NOCXe
COrZacoOBaHNE peSyAbTATOB Tpex H3MepeHH# OTHeAbHHX KOMIO
HEHTOB BAAXHNX TONOWYHHX I'asos

H3MepEeMue .
RO, (% oF X
napame TpH , [l 0, [l €0 | Ho [%] k
nocaexosaTexb~ 3
sl e S o rrog LA T8 1
HOCTL H3MeperHi
COCTaB TONOYHHX] :
14,30 [1398 [1365| 50 | 54 | 58 | 0374 |100(978 | 2
rasos
KI8CC TOUHOCTH
5125 5
suepHTexs 25| 25 | 25 | 35 |35 | 25 |25 |25 |25 |25
omuoKa <
HaMepHTEXS 05 | 05|05 | 025(025|025 |90125(025 | 925 |q
omubxa nocaxe| pamy
coTzacopamus 0238 |0236(0222|0151|0150 |0146 |0,009 |0183 (0135 {0085

B. 3azava onTUMasEsallH nponecca CropasHs He MOXeT OHThH pemeHa
6es corsacoBasHs pesyJbTaTOB H3MepeHH#. BuBoz 2TOT cresaH B pe
3yJbTATE BHUMCISHHY MAKCHMBJIBHHX OmMHUOOK mwz)° o mepex ® mocxe co
TJIacoBaHNUS DPesyJIbTATOB TpeX Ha3MepeHHH cocTaBa BJISKHHX TONOYHHX
rasop. Pe3yabTaTH BHUNCJASHHY STHX MAKCEMAJBHNX ONMGOK COGpPaHH
B Tabxadne T.4,.3.
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T.4.3. CpapEesdEe OmHGOK m(oz) #‘nepen 4 nocxe corzacosasis pe3yJasb
TaTOB Tpex HaMepeHH# cocTaBa BJISXHNX TONOYHHX I'a30B

o b s Oz . CuEGra m - MeToza ONTHMAJHMS3anUK
YyXOozaMHX TONOYHHX Iasax (@,)opt.
orrocureasno Q= 5,7% [PORECCa Slepans
KJacC TOWHOCTH H3 |[KXacc TOWHOCTH K3
02’ o; a; |MmepHTeset - 2,5 |uMepHTeamel -~ 1,5
6es | mocae 6es | mocaxe
coraaqoBaHisg corzacoBasisg
52 54 56 43,50 5,07 26,10 3M
50 54 58 1017 155 6,10 096
4e 5k 6,0 442 084 265 0,55
Le 54 6,2 25% 0,61 1,52 0,38

B. B pesyasTaTe NnoxCcuYeTOB, NpEBEeneHHNX B Talaune T.4.3. hoxyua
erTcs, 4YTO 3azada. OnTEMAJHSandi mponecca Cropasis MoxeT GOHTE IO
CTaATOYHO TOYHO pemeHa HpH NOMONMHE HSMepHTEJbHHX CHCTEM KJacca

TOWHOCTHE 1,5 a Takxe npH HSMeHeHHH KOXHUYeCTBa 02 B yXoxsmHUX Ta
sax He MmeHee uem Ha 0,8 ¥ Mexny AByMS NOCJeXYDHMEMH H3SMepeHEIME

I. [lo nosoxy OTCyTCTBES B JaHEOE BpeMs KOEKPeTHHX HaMepenkil, o
LeHKy OmHGOK mepexn E NmOCXe COrZacOBAHES peSyJbTaTOB HaMepeHu#
NpOHSBENEeHO HAa OCHOBAHHE CJGAYDRMX npexnoxoxenufi:
8. EesecTHH XapaxrepHcTHxE (0°f(0) m x=(Q) ompeseaszvmme mpo -
necc Cropargis B RaHHHX SXCHNIYyaTanlHOHHHX YCJAOBHEX

Co=f{0y)=2 f%z+qzz [%], x=9()=0002(6-0,'+0,005.

6. comepxaHHS OCTOIBHNX KOMIOHEHTOB TONOWHHX IasoB, COOTBET -
CTBYDREE NaHHOMY COXEPXAHED CBOGOLHOIO KHCAODOXE B YXOASMEX
TONOYHNX 'asax NepewHCAeHO K3 saBHCHMoOcTed:

R02=(21-02+q395-co)-‘%x- €0 [%ly uzo,E:l:?.A +(1-!‘£-5).x,_ [%l.

npEuex NpEESTO,wro: A=0542; Lot X;= 2 [%].
B. HECOBNAZemES OCEOBHNX ypaBHeEE# IS COrZacoBeEES pesyibTa -
ToB HauMepemM#t mepeuHcJeHO NO dopMyxe
W=V Zai;m;
rze: M, - MaxcHMaIBHOE OTKIDUeHNe H3MepUTeAbHOTO NpEGOpa oO-
npezeseHEOe NO KIacC TOWHOCTE M Bepxmiufl AEanasom.

U3 TOro BSTAZRA PeSyABTATH MOACUETOB CIeAyeT NDUHUMATS K&K

OpeHTHPOBOURKE .
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INVESTIGATION OF THE DIRECT DIGITAL CONTROL
OF AN ONE-THROUGH-BOILER

B. Hanus
Technical College V3ST
Liberec, Czechoslovakia

The application of a digital computer in the power
engineering has a progressive tendency.The computer is used for
checking and for evaluation of the technological process and for
caontrol of the energetic system, as well as of the power plent
and of the energetic block itself. Here, the computer is used
not only for control under normal operating conditions but also
for automatic starting up and loading. In order to obtain much
more experience with a digital computer, control processes are
investigated under application of different control algorithms.
Algorithms for a general error compensation according to a
quadratie criterion appeared Lo be very suitable.These algorithms
ere varied and enable therefore good adaptation for the given
real conditions. The calculations of the algorithms are carried
out by means of a’digital computer on the basis of  dynamic
characteristics of the control system. The characteristics are
given 1in tne time sequence-form of dynamic Tresponses. Normal
procedure using Z-trensformetion was not applied at all,

1. Calculation of a catrol algorithm

The calculation of a céntrol algorithm is carried out
in two steps :

In the first step from the beginning of the control
process until the / -th intervel the state values X, of the
system ere measured. The minimum number of these state values
/ of vector elements / is n o+ r , where 72 is the order of
the controlled system and £ is the number of the contrelled
veriables. The different physical values end their derivatives or
the same physicel vealues but in different sampling intervals can
be used as the state values. At the same time-interval also chen-

ces of the manipulated veriables ¢, and entering disturbences

& are measured / presuming that it is actually possible /.
On the basis of &ll these measured values there zre evaluated
t

the so called substitute disturbances Z, VA AR o o elements/
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which are presumed to enter the system before beginning of the
control process. The vector of the substitute disturbances is gi-
ven by the relation

Ry * ELL TN 5 VT /1/
where ‘,m ’ /1;" ’ /,-, are the matrices of discrete values of

system responses.

When determined disturbances Z; , not measured at
all, are expected to enter the system during the measuring of the
state values X, , it is possible to generalize the farmile /1 /
by introducing the relation ;

zd 2/
in the form
x, ~6x v Nog_ Iy 3.5

In the case / 3 / of course the number of the elements of the
vector X, is to be augmented to the number of the elements of
the vector Z . $

From /1/ end / 3/ it follows for the vector of
substitute disturbances }

Z, * a,;.[xm'ﬁ,/,,,z,,,'/,‘;ym] /47
or
z = 6;,:’[1,“ -//mzm‘[nym] /57

In the second step the criterion values X, (// of the
system are calculated for esch contrel interval from the
relation



96

5.G) = FGIy * £ Gln * Gilg)2n * Helin SBE

where Y is the vector of the manipulated variable changes
from the control interval ¢ till w - 1 and
f&'}to//‘_g/are matrices of discrete values of the system
responses.

For the criterion values %; and for the mani-
pulated veriable changes ¢/ in the time interval of the control
procesa taken into account J =l +k to# / a condition
of minimum functional is valid

174
TR AR - Ty e
where A’,V. and A’ ere the diagonel matrices of weight
coefficienta.

The number of the criterion values X, in the control interval
is only unilaterally limited / the minimum number is 2 /e
Inserting / 4/ end /5 / into /6 / it holds for the
vector of optimal manipulated veriable changes, after the
derivatives y@ = 0 are carried out,

24 £
15, Ky F) + Kyl
.(Jg?" F(]} % /6076; X, *
*[HyG) - 6,G) b Hin ] 2
*[F () - 6.6)6E]g,}) eV,
The control algorithm for the Z - dimensional control system
is given by the first I rows of the system / 7 / , which

include all manipulated varisables for awntrol interval  just
carried out.

2. The control algorithm for a program _control and for

" loading
" In the case of & program control a vector of
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command values is prescribed for the criterion values. Instead
of / 6/ it is possible to write a condition

24 : e : 4 7
J= gm (x, 7) - wig)) Ky e Gl-wig)) * 9Ky /sy
For g control al.orithm & generalized relation holds insteead
ot/ T4

- /J'aZ(-fA- Fg/ K/v FCJ/ 5 kj]/ 3
« 7 -
(Z f]&/tk%j [f~aféé/ - ‘a'ci)‘;niﬁm +

PRY 2

*LH G) GG Hy T #
PR G) - 66 K] g D 757

If & time program is given in a polynomial form

o f s
y}/f/ =0 a't / 10 /
then for a conformity between the command values &and the real
criterion values inside the control intervel it is required that
the control loop should contain as many integfators as cor-
responds to the degree of the polynomial / 10 /. Usually one
integretor 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 z> is given. For the criterion values in that
case it holds

: : . . . gy’
%G FG)Y * b/ Gl M) R
s wr(])
and for the control algorithm it follows

o L R
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(L IR 9] 6.6/6 0
L1 G) = 6 ) b o T2+ P52,
R ) = 6.6) 6 o Tym F

/ 12/
3. Quadratic criterion with additional conditions

Additional conditions for the criteion values during
the control process can be attached to the functional / 6 / or
/ 8 /. These conditions can be expressed by means of a criterion
values vector x;_ﬁk/ joined to a sampling interval £

es x_(k)- & (k)=0 Pakd

where

X (k) = b (h)y + £, th)y, + G (K2, +H,, (k)2 *lh)z,/ 14 /

By means of the additional conditions / 13 / it is possible e.g.
to obtain a control process in a finite control interval number.
In this way the additionel conditions enable to derive one
general formula for celculating control algorithms for a finite
control process and according to the quadratic criterion.

Connecting conditions / 8 / and / 13 / &and using a
vector of Legrange factorials we obtein

7
F=J+de —  min /15 /
After carrying out the derivatives according to the manipulated
variables ¥ 1t holds

] =§4%0., + aj-i@, (d%)=
2 LK)+ 6)6 8,
* LH,G) = 6,G) 6 Hon T2+ Rij) 2 *
*fﬁv{/)’ - 6/]/6;.’4:]7»: .

1FGlyt * Ky v KA i
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and after derivatives according to the lLagrange factorisls A it
holds

4= + 30 S (de) =g (e)- e-
- w (k) + G.(k)E,
+HH () = 606G Hy ey + Llk)z, +
[E, (k) - G U)EE. Ty + F.lh)y ey

After joining both systems and after introducing simplified
symbols we cobtain :

f

-
§k

~7|4y¢ = Wwr - K x,-2 z, -{a:p~>,,’,y,,, /18 /

Then it holds for a vector of optimal manipulated valuea

Tﬂl/v X, - Iz-lz,, o, /19 /

The argument K of the vector V,.{"/is calculated from the
beginning of the whole control process and is being reduced by
1 for every following control interval. Therefore it is not pos-
sible to take for a control algorithm the first I rows of the
system / 19 / as was done in the previous cases. The procedure
for the evaluation of the control algorithm is then aa follows:

The time behaviour of all criterion or state values
are calculated on the basis of the optimal manipulated values
vector y « This time behaviour is taken as given and
corresponding coefficients of the control algorithm are cal-
culated in the way described in the next chapter.

L The control a:_l.gor ithm for a given control process
= 1 tor)be the time behaviour of the g-th

manipulated var%able end let ;A (k=1 tom/ be the time be-
haviour of the corresponding state values for a given contreol

process caused by the #-th (Z =1 tor ) determined dis-
turbance. Further let us suppose that the control . algorithm




is given by the relation

494G) = Z, fboga@ A *{,5—1 &n ey
7= 0 tao u-? :
1\ % r /20 /

After Inserting the time behaviour of manipulated variable chen-
ges Az‘ y&/ and of state values Xl.kgyinto equation / 20 /, it
is possible tc calculate the values of all the coefficients of
the control algorithm za,k « When however the number of
the equations / 20 / “is greager than the number of unknown
coefficients of the control algorithm, the values of the coeffi -
cients are to be evaluated from the minimum squere error con-
dition

of ™ ZZ Ky ,2// — min g=7tr /a2y

749
where /(Jz is the weight coefficient,

’:2 (]) is the error
/22 /

612 (]} 2?&/ kg 244? ll( 0?) A1 f./ 26/3 Axfyy-y/
After some treatment it holds for the values of the coefficients
of the control algorithm for the 2 -th manipulated variable

sL| [1x,y'K zxyl} X,y 'K,

2=/ to Jf
= /to r

=0 to -1 L5230
where X ’ yJ are the matrices of discrete values of state va-
lues and of ’manipulated variables from the given
control process for all entering disturbances
t =lto £,
yz is the vector of manipulated var?.able changes
for all entering disturbences ¢ =1 to £ and

( . is the diagonal matrix of weight coefficients.

(/4
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Conclusion
" The investigation of control slgorithms was carried

out by calculating algorithm coefficients and by evaluating
control processes for different disturbences. The time beheviour
was . calculated either directly by means of the digital com=-
puter or by means of a model on the analogue computer comected
with the digital computer. This connection was' brought about
in the laboratory of the nationel enterprise ZPA, Prague /ane-
logue computer ARS, AR, MN 7 end digitel computer IGP 21 /
and in the laboratory of ihe Technical College V3ST, Liberec
/ anzlogue computer AP 3, MEDA and digital computer MINSK
22 /. For the investigation of the direct digital control a
One-through-boiler is made available in the power plant Ledvi-
ce in connection with a digital computer IGP 21. The Insti-
tute EGU Pregue is in charge of all this research work.
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DIGITAL CONTROL TECHNIQUES FOR POWER
PLANT APPLICATIONS

Theodore Giras Robert Uram

Advisory Engineer Senior Engineer
Westinghouse Electric Corp. Westinghouse Electric Corp.
Hagan/Computer Systems Div. Hagan/Computer Systems Div.
Pittsburgh, Pa. 15238 Pittsburgh, Pa. 15238
INTRODUCTION

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. 1In
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 a coordinated plan. 1l

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 variables 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 the 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.

DIGITAL 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 quickly in the field to-
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accomodate process dynamic characteristics which 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 simple 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
programming effort to do this interchanging must be
relatively simple so that plant engineers whko are not expert
computer programmers can make the changes with a high degree
of accuracy and in a minimum of time.

In addition to this block flexibility, the digital package
must be designed so that process parameters can be changed
quickly and accurately. Thus plaat gains, biases, set
points, limits, time constants and 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, refinements in the control system
must be made to improve operating efficiency and reliability.

Another major requirement of a digital system is careful
selection of the computing schemes used in the various
controllers and 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 and easily
programmed.

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 minimum 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.



104

DIGITAL CONTROLLER ALGORITHMS

The conventional dynamic controllers required in any process
system consist of the following: reset, rate, proportional
plus reset, proportional plus rate, and proportiomal plus
reset 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

the computer, all possible controllers may be formulated.

The following 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
system and must therefore be accounted within a digital
package.

Reset Controller

Figure la shows a diagrammatic representation of the reset
controller with time varying input x (t) and output y (t),
while Figure 1b lists the conventional transfer function

in terms 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(c>=1jx<c> de (1)
T

The numerical 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)+££_X(n) (2)

Here AT is the sampling interval, at which instant the
digital algorithm will compute 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 Eq.. (1) is with the
trapezoidal rule as follows:

y (@ =y (ah) + 41 [x (n) +x (n-l)] (3)
T

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 the more complex formulation.
However these points are more than matched by the much

higher accuracy of the algorithm due.to the knowledge of the past
history of the input function; thus the method may be used

with a larger sampling interval and a net reduction in
computation time.

The technical literature Z contains additional analytical .
verification of the merits of the trapezoidal integration
method over the rectangular method in terms of frequency
response and phase shift.

Figure lc lists the FORTRAN programming statement required

to execute the trapezoidal reset algorithm, while Figure 1ld
shows the output curve for a unit step input. It will be
noted that the initial slope of the output differs slightly
from the succeeding slope, because the initial computation
had no past history value for x (m-1l) 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 algorithm
and may be set at any value in the field. The quantity de-
noted YARRAY in Figure lc 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/(14Ts), 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 variable,
resulting in the following:

dy =dx -1 y (5)
dt ~dt T
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Using the same technique of trapezoidal integration as for
the reset controller, Eq. (5) may be written in the following
format:

y (n) -[zr - Ar]y (n-1) + __ 2T [x (n) - x(n-l)] (6)
2T + AT 2T + AT

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/(1+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 X (s) €))
1+ Ts

In differential equation form the lag output is given by:

y-1x (8)

dy = 1
dt T T

The trapezoidal formulation of Eq. (8) yields:

y (n) =[2T -AT]y (n-1) + AT [x(n) + x(n-lﬂ (9)
2T +AT 2T + AT

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 functions 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 pertinent 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. 1In this case the output is set to
zero 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 Algorithms

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 functionms,
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=0 which drops the controlled output, 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, over 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 K2 on the system behavior. Plots
of the controlled variable C are given in Figure 13, where
the important role of K9 is dramatically shown.

Many additional computer runs have been made 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 has been to show the application of
digital concepts to a steam power plant. Since the entire
control system for a modern once-through steam boiler-
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 complete 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. 1In the diagram the concept
of feedforward control 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 of plant
demand develops a convection pass enclosure pressure set
point which is differenced with actual convection pass
enclosure pressure 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 pressure 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 necessary to develop a method of simulating these
signals in order that the entire feedwater loop may be closed
and the digital package demonstrated.

Figrre 15 indicates the additional functions needed to
generate. the required dynamic feedback quantities. The upper
left part of Figure 15 shows blocks which produce the desired
steady state pressures, temperature and feedwater flow as a
function of load demand. Normally these curves are available
from the plant designer and may be easily simulated with the
digital algorithms.

The desired feedwater flow then 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 discussion,
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and the entire system connected within a digital computer.
This has been done with a program written for this purpose
and designed so that changes or wmodifications 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 air 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
implement 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 Quantity

BLRDMD Boiler Demand

BLRTRM Boiler Trim

CPEDES Convection Pass Enclosure Pressure Design
Value

CPEERR Convection Pass Enclosure Pressure Error

CPEPR Convection Pass Enclosure Pressure

CPESP Convection Pass Enclosure Pressure Set Point
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Symbol Quantity

CPETM Convection Pass Enclosure Temperature

CTEDES Convection Pass Enclosure Temperature
Design Value

ACPEPR Convection Pass Enclosure Pressure
Increment

ACPETM Convection Pass Enclosure Temperature
Increment

AFW Feedwater Increment

ATHRPR Throttle Pressure Increment

FWBIAS Feedwater Bias

FWDES Feedwater Design Value

FWDMD Feedwater Demand

FWERR Feedwater Error

FWMIN Feedwater Minimum Flow

FWSP Feedwater Set Point

FRQERR Frequency Error

LOAD Load Reference

PLDMD Plant Demand

PLMAX Plant Demand Maximum Value

THRDES Throttle Pressure Design Value

THRERR Throttle Pressure Error

THRPR Throttle Pressure

THRSP Throttle Pressure Set Point
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FIGURE 11. EXAMPLE OF RATE AND LAG ALGORITHMS IN CASCADE



123
T=10 SEC.
AT=1SEC.
K2= 1.0
0%K,<10

4 E 1 X ¥ S+
R-—-wA K,+%f % A %f

Fig.12(a)

DO 100 1:1,500
CALL SUB(R,C,E)
CALL PRESET (E, X, XARRAY)
CALL RESET (X,Y, YARRAY)
CALL MULT (X,K2,2)
CALL MULT (Y, Z,5)
CALL LAG (S,C, CARRAY)
100 PRINT
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FIGURE 12 NON-LINEAR FEEDBACK SYSTEM
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