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1« INTRODUCTION

Considerable attention has been paid to PWR
steam generator water level control problem over
the years, Loss of water level control has not
only cauged insufficient cooling of the reactor,
but also been considered as an important cause of
reactor shutdowms,especially at low load (<20%).
The conventional level control generally takes an
automatic control scheme by the P.I.D, controller
above 20% load, and a manual control at low load,

Most of the earlier studies (1-4), have acce-
pted the P.I.D. analog controller, which causes

difficulties in control at low load.
Feeley (5,6) investigated an estimator based on

Recently,

the Kalman Filter and optimal control system thro-
ugh mumerical simulation studies, He was able to
demonstrate a considerable improvement in level

control. However, his work required 7 element

measurements, complicated process modelling, and

a computer with high speed an large capacity.
Therefore, this system is not only umrealicatic
to implement, but also expensive in the installment

A1s0, from sensor failure's viewpoint, his control

system depending on many sensors is inappropriate.
Steam gvneré.tor control system using a model ref=-

erence adaptive control scheme through only numer—
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ical simulation studies has been described in Ref.
(7)s In Refs. (5,6,7), they recommended that the
digital control system should be tested experimen~—
tally.

The MACS (Microcomputer — based Adaptive

Control System of a Steam Generator) is developed
to satisfy the following difficulties of level

control at low load (mentioned in Refs. (3,4,5,6,
)¢
a., Water level "swell" and "shrink" phenomena

following power changes are significantly

serious.
be There exist the considerable the measurement
errors and noises of the steam flow rate and

feedwater flowrate in the MACS are not
measured, but the water level is only meas-
ured,

The various disturbance inputs(e.g., sudden
steam flow, primary coolant flowrate, tem-
perature of hot log water, temperature of

feedwater, and condenser pressure, etc. )

the

The feedwater control valve is controlled

cause change of the water level.
d..

by an electro - mechanical system with

hysteresis,
the modelling but significant in the con—

Its effects are ignored in

ventional controller with a very high gain

cantrol law,
of the level to an

increase in the feedwater flow, which is

es The delayed response

usually neglected, has an effect on the

level control.



An adaptive control method is chosen to

Ain adaptive Teg~
to

overcome these difficulties.
ulator can change its behavior in response

changes
cisturbance,

in the dynamics of the process and the
4 particular form of adaptive

control law which combines the recursive least

squares parameter estimator with the one - step
ahead controller will be called self ~ tuning

regulator. Its basic concept is to form an ada-

ptive oprediction of the system output form the
input and ocutput data, and then to determine the

control input by setting the predicted output

equal to the desired output.
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2. SELT -~ TUNING REGUIATCR
2., 1 ARMAS
The input - output behaviour of a finite

dimensionsl linear dynamical process can be
described by an ARMAS model,

is described by an ARMAS

It is assumed
that the process
model, i.e.y

A(q'l)y(t) = q_dB(q-l')U(t) + C(q_l)w(t)

(2-1)
where d is an integer time delay and
a7 = 1eagqle oo + anq (2-2)
B(ql) = "o'bxq-1* ..... + bpg ™ ; byk0 (2-3)
c@™ = teepqhe e vcqt (2-4)
y() 5 uw(t) , and w(t) are seq-
uwence of outputs, inputs and white
noise, respectively.

2. 2 ARMAS predictor

Steam gererator in its environment
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If the ARMAS as +the model for +the evolut—

ion of the time series is known, then it is pos-

sible to construct a suitable predictor from
the models An ARMAS model can be expressed in
the optimal d -~ step ahead predictor,

For the process Ig. (2-1), provided c(q")

is asymtotically stable, then +the optimal

d - step ahead predictor

satisfies

-1,.0 -
€@ )y (tedlt) = aq Hiy(e) + 8(q~Hyuce) (2-7)

where
NCHDR Ely(e+d) [F,} = y(eod) = F(q DIW(erd)  (2-8)
(ahH = 6@™H (2-9)
aa™hy = FaTHae™ (2-10)
and sq7l) Gq7!; are the unique polynemials
satisfying
ea™h = Fa™Hae™ + a7%@™hH (2-11)
Y = 1¢f1q‘1+ ..... vy, -d+l (2-12)
Gty = gy geahe e * gga™! (2-13)

Also
0 3y g -1 2. dzl_a 2
E{ly(eed)-y (t+ dfe]?} = E(E{[F(q" IW(t)} Irt)} -jEszU“ (2-14)

Tow, the ARMAS predictor is regarded

as the model for the process.
2., 3 Tarameter estimator
Let us discuss the recursive least squares

paraneter estimator for estimating the parameters

of the predictor in EBg, (2-7) to minimize the
square error between the measured output and
a -~ posterior, predicted output.

If only the input u(t) and the outpud
y(t) sequences are directly awvailable, then
the parameters
can be estimated.

d 2

p(t-2)¢(z-d)

—niTe)etrme)

T {2-15)
L+o(t-d) p(t-2)¢(t-d)

8(t) = 8(e-1) + y(t)-8(t-d)d(e-1)

p(tel) = p(r-z) - RLEZDOC1-d)eCe=d)Tp(e-2)
1+o(e-a) Tp(e-2)0(t-a)

with §(0) given and p(~1)> O
(16517) )

where
d(t)T = [y(t), -

(2-16)
(mentioned

in Refs.

» y(Eearl), UCE), -+v, U(t-medsl),

Sy(Erde1), ceee, y(tedet)] (z-11

and 9(1:) is the & — posteriori predicted

output
by

given

y(0) = s(e-d)Tace-d) (-18)



and

8(t) = parameter estimate

= (@ (e), sooey Ba(0), Bolt)relp(e), Cy(e)---E(e)) (219

2. 4 \Veighted one ~ step ahead
stochastic

It is probably a good

controller

idea to include a

weighting factor in the adaptive controller
it offers a +tuning parameter
limit the amount of the conirol effort. in the
stochastic

exactly. The

since which can
casey the output cannot be predicted

control dinput is chosen so as

to minimize cost function. Consider the foll-
owing one — step ahead cost function.

J{t+d) = - A
(t+d) = E{}{y(t+d)-y*(t+d)}2s FUOI2(F,} (2-21)

where,
the desired

y*(t+d) denotes output seguence

Control input wu(t) will be chosen as a
function of F(t)y F(t=1)y eeeey ult-d), u(t-

8=1)5 eeesse so as to minimize the cost
function J(t + 4).
Ry using Fge. (2-7), (2-8), (2-14), and
(2-5)y Bge (2-21) can be written.
ey = H50e00? + 10 () yaCes)}® + Juce)? (2-22)

Proceeding with +the minimization leads +to

3r(t+d)

au(e) yO(erd/ey = yr(erd) + QE u(e) =0 (2-23)

After subtracting ¢(a Dy (tr)- Auco)) from

both sides of Ego (2~7)y, the d - step ahead

predictor Eg. (2-7) for the system g, (2-1)

can be rearranged into the following form @
gzca i e/t - yrcee) » oty

- 0o+ ;Zr‘,’?m")y(w %—‘A—um“)-sol— ;~0((q“>q)

B
- 9 -1
x U(e-1) - —,-—csoﬂ (a7 y*(e+d)

(2~24)
Finally, by using Bg. (2-23), the weighed
one-step ahead optimal law could be deter—

mined from
0 .-l
u(t) = - E;q (q Dy(r)

8 -
0 -1 LA iy_ v(t-1
- %‘—x (8(a )84l —‘BOIC(‘I )-1]q U(t-1)

v oot (2-25
FOTKC(“ Iy*(t+d) )
3, COMPUTER STDMULATICON
3 .1 Simplified discrete model

Congider the continuous transfer function

of a steam qenerator
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F(5) = {61756,/ (14e 504G 3/ (x 23T 2021~ gas 7)) « Ug(s)

-(GI/S - Gz/(l*rzs)lls(s) (3-1)

where vy : output water Ilevel

up ¢ feedwater flow control input
ug ¢ steam flow disturbance input
In the case of feedwater flow, up=5T7.4 kg
/sec, in 5% power, then
Gy = 0,058, Gp = 9.63, G3 = 0,181,
T = 119.,6 = 4149, = 48.4
Dy using the Tustin's methods (16), the

approximate discrete +time model at a sampling

time of 1 sec is obtained.

y(t) = (1.9796q"1-0.97960 2 y(t)
- -2
+ (0.0695-0.000593q1-0.07a™2)u_(t)

. q’l(0.0188004000593q-1-0.0183q-2)UF(t) L) (3-2)

where V(t) represent a stochastic noise.

The result of the self - tuning regule-
tor are presented under the conditions of n =3
1=2, m=2, The response of the closed output

and control input to the zero set -~ point is
shovm in Fig. 2.
It is shown in Fig. 3 through Tig. 5

that the recursive least squares estimator

provides rapid parameter estimetion and global
convergence.
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Fig. 2 A step increase in steam flow flow 5% to 10%
at 5% power with self-tuning regulator under
the conditions of ) = 0.0003, T = lsec,
d =1
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4. Txperiment
(a) Influence of random noise
The additional measurement noise to the
system causes, as expected, some degradion in

systen performance. It is noted that the nea-

surement noise characteristics are similar to
influence of random

and the

noises,
hyster—

those uscd in the

weighting factor, disturbances,

control performance
and 7

esis of valve motion on

111 be described by referring Tigs 6

In spite of a severe measurement noise,

the water level is randonly distributed in the

vieinity of a set — point as shown in Fig 6.
Tn these Tigures the solid and dotted lines
represent the measured output and a-posteriori

predicted output respectively. The measured

ocutput ard a-posteriori predicted output in

spite of the significant measuremenrt noise are

FE)

i. excellent agrcement as indicated in the



simulation results, Trom the above

concluded that +the recur-—

computer

result, it can be

25

sive least squares estimator provices rapid

parameter estimation and global convergence.

(b) Influence of weighting factor

In case that the weighting factor is set
to

steady-state

zeroy the water level is maintained without

errors, but the feed wvalve motion

is frequently changed as shown in Pig 6,

The feed valve

(%)
motion can be reduced by

increasing the feed wvalve input weighting

indicated in the num=—
epical The feed wvalve
gradually closed after the sudden close of the

factor in Fig.

7

simulation results.

as

is

steam valve Ybecause the long term response of

20

the feed wvalve 1is slow in the self - tunning

reguiator with the non - zero weighting factor

as shown in Fige. It can also be a natural

T
result that an increase in the feed valve

weighting factor increases the steady state

errors because a-posterior predicted

the desired

output

Level {Cm

n
(8.}

is output minus the weighted

input term as indicated in Eg. (2-23).

(¢) Influence of disturbences
Among disturbance the steam flow distur-
bance chan—~

input has a greatest effect on the

levele It can be noted
7 +that the
even through the disturbance

ge of the
from Figs 6 and
stably controller

water
water level is
input is not measured. From the above fact,
it can be +thought +that the water level might

be

urbances

Valve Position (%)

stably controlled against +the various dist-
(primary coolant flow rate, tenperature
of hot leg water, and temperature of feedwater

etd. ) existing in the actusl nuclear power plant

the
shogn in Fig-

It is also interesting to observe
motion of +the feed wvalve

If a constant water Ilevel

7
is maintained,
then +the <feed water flow is simuilar to the
steam flow in the steady state,
(d) Influence of hysteresis of valve
Pneumatic valve motion is not always proport—

motion

jonal to the pmeumatic signal, The hysteresis of

valve motion exist in the actual system. Also,
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Figure & A step increase in self-point from 19Cm to
25Cm with self-tuning regulator under the condiction
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Figure T Trip from 10Kw to 30Kw at 105 Sec with
self-tuning regulator under the conditions of

A =0.0001, d=1

the change of feed flow corresponding to a feed

valve position is nonlinear, The hysteresis of
valve is implicitly considered in calculating

the control input signal.
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5. CONCLUSICNS

The new controller developed here, which is

the facility with only one measurement, is-a new

concept for the level controller of the existing

nuclear steam generator. A lACS (i’icrocomputer~

based Abaptive Control System of a Steam Generator)
is quite practical and efficient, and has also

simple structure and higher flexibility in the in~

stallment for acturl plant. A key ingredient of
this system is adaptive regulator which can calcu-
late adaptive, optimal valve position in response

to changes in the dynamics of the process and the

disturbances,
In spite of many difficulties in the steam
generator water level control at low power, it can

be concluded from the experimental and simulation

results, that the MACS can provide optimal, robust

steam qenerator level control from zero to full

pover.

The amount of the control input effort can
be reduced by adjusting the weighting factor.
However, the steady state water level errors are

generated. To avoid the steady errors, the 4iffe

erent adaptive algorithms should be investigated

in the future, The 3 second sampling time is

acceptable for this system, However, sction
should be taken to shorten the sampling time for

better digital control.

663

VII, REFERDNCES
(1) &, Y, Nanavendi and A. Batenburg, "Steam Gener—

ator Yater Level Contrel," Trans. ASID, pp. 343,

1966,
(2) L. . Kirsch and C.

o
e

Sanathanan, "Teedback

Control of a Iarge Steam Genefator", Nuclear
Ingineering cond Design, Vol. 42, pp. 431446,
1977,

(3) A. Gautier, J. F. Petetrot, A. Reclet and P,

Ruiz, and G. Zwingelstein, "U-tube Steam Generator

lodelling : Applicatior to Ievel Control and Com-
parison with plan Data", BITUS, London, Beiler dyn—

amics and control in nuclear power station. pp. 3

"9' 1979.
(4) €, iossec, J. Tassart and Z. Irving, "iutomo—
tic Control of Steam Generator Levels in EDPF PR

Units'", BIM'S, 1, ndon, Boiler dynamics and control

ppe 299307, 1979,
(5) Jo J. Peeley, "Optimal Digitel Dstimation and

in nuclear pover stations,

Control of a Matural Circulation 3team Cenerator!,
Tgg-2096, GG Tdaho, Ince., 1981,

(6) 3.3, Teeley arnd J. L. Tylee, "Current Appli-
cation of Optimal Dstimntion and Control Theory to
the LOPT Reactor Plant",

Decision and control ,

T ppe 113-120, 1980,
(7) 2. Irving, C. lMiossec and J. Tassart, "Towvards

Trans.,

Dfficient Full futomatic Cperation of the PR Steanm

Generator with level Adaptive Control”, DNCS,
London, Boiler dynmamics and control in nuclear yow—

er stations, pp. 309-329, 1980,

(8) Ko Jo Astron, "Theory and Application of Adep-
tive Control - .. 3Survey'", Automatica, Vols 19. 17056

pp.  4T1-486, 1983,

(9) Cgardt, B.y
Time Adaptive Control Schemes',

Auto. Control, AC — 25, Dpp. 693,
(10) Je De Tandau and R. Lozano,

"Unification of Some Discrete
I Trans.,
1980,
"Unification of

Discrete Time Lxplicit lModel Reference Adaptive
‘Control Design", Vole 17y pDPe 593,
1981,

(11) Ko Jo Astrom and B. ittenmark,

Lutomatica,

"On Self-

Tuming Regulators', pR. 195

-199, 1973,

Automatica, Vol.9,



