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MAXTMUM LIKELIHOOD IDENTIFICATTON OF SOME LOOPS OF -THE HALDEN -BOILING .
WATER :REACTOR -

GUSTAF QLSSON
ABSTRACT

The dynamics of some loops of the Halden Boiling Water Reactor have
Been identified with the Maximum Likelihood method. The experiments
were performed by the OECD Halden reactor project group as a part of
the current research program. Rod reactivity, subcooling flow and
steam flow demand have been used as inputs, while the two most im-
portant outputs are ruclear power and primary pressure.

The model order has never exceeded four. The achieved models are
compared partly between different experiments, partly with a state
model, developed in Halden. The choice of - input signal is

shown to be crucial as the reactor time constants cover a broad

range. v e
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1. INTRODUCTION AND PURPQSE OF THE WORK

The Maximun Likelilicod method has Deen used in this work in order
to identify the dynamics of some loops of the Halden Boiling Wa~
ter veactor. Dynamical experiments have been perforred on the re-
actor in the years Z968 and 1969. These experiments ave parts of
a large program on camputer control of the plant. It is desirable
to find more accurate models and also to test different control
strategies and instrumentation equipment.

As the reactor is a power reactor, a great muber of temperature
and void dependent reactivity feedbacks occur. The dynamics of the
plant is space dependent as well as nonlinear, Control ldws

* based on such models ought to be teo camplex. Therefore identifica-
tion methods have been used to find cut space independent,. linear

models.

The experiments have been performed as single loop experiments,
that is only one control variable at a time has been moved. The
experiments have been made with the IRM 1800 on line computer,
which has generated the control signals and registered the inte-
resting outputs.

Three different control devices, which are commonly used in normal
operations, have been used in the experiments, viz. the control
rods, the subcooling flow and the steam flow to consumer. All the
registered outputs have not been used in the identifications, but
the most interesting have been nuclear power, the primary, secon-
dary and tertiary pressures and finally the neutron flux.

The purpose of the identifications has been to gain more knowledge
about the reactor dynamics and the noise characteristics of the
plant, and to compare theoretical vesults with identification mo-
dels. Same identification method problems have been illuminated
by the weork also.

The structure of the models has besn assumed linear, time invariant
and discrete, and a structure, proposed by Astrém |28] has been
used throughout the work '
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I_.:zf?he?e y and u are the output and input signals respectively. The
Hmise’ ia assumed to be discrete, hermal distributed, consisting
of independent stochastic variables, e(t).

- The tnknown paremeters in this model have been identified by the
meximon 1ikelihood method, originally developed by Astrém et.al.
{26].

Tt is essential to include the control equipment in the:models,

as its dynamic must be included in the control laws. ’

An essential geal is also to try different control laws, based on
different models, on the plant and compare the results.

Tn crder to get minimal variance of the outputs, it is necessary
[ L
to gain more knowledge about the noise dynamies. &

As the reactor time constants are very different it is very
difficult to get models, which are accurate in both the fast
and the slow models, In the report this problem is discussed.
The sanpling interval is 2 seconds in all experiments. The
results indicate, however, that futher studies of the influ-
ence of the sampling interval on model accuracy has to be
performed.

The choice of input signal is known to-be-very important. Two types
of inputs, steps and pseudo random binary sequences, have been used
in ‘the experiments. It is shown in the paper, that the accuracy of

the step response modelstis very bad, The results of two different

random input sequences are also compared.

In order to gain operating experiences with the second fuel charge
a great number of dynamical experiments were performed at the Hal-
den yeactor until 1964%. The vesults of different kinds of identifi-
cations have been collectéd in a nunber of reports |1, 5, 8, 7, 22,
25|, later it has been emphasized to try medern cortrol methods for
the reaqtor. For this purpose a state model of the plant has been
developed in several stages [10,718, 21]. The model is multivari-
able, linear and time inveriant., As it is very difficult to theore-
1. 'ally derive the quantitative values of the parameters, the mo-
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del has been built up by mesns of the analog computer, and the
mula’cz.ons have heefn compared successively to experiments. In
this work the state model has been used to conpare different mo-
‘dels of the reactor.

In the state model it is assumed, that every state variable ig
corrupted by independent noise, an assumption which has been
shown to be teo rough. The plant dynamics, hewever, has shown
a vexy good agreement to the experimental results and the iden-
tifications.

Similar dynamical experiments have also been performed on other
reactors. Random sipnals have been used as inputs. In most cases
the reactivity has been disturbed {4, 23] and in some case turbo-
pump speed or flow demand has boen used as input. Crogs correla-
tiens have been calculated and Lode plots have presented the re-
sults.

In {13} a comparison has been made of correlation methods and the
maximum likelihood method for the Agesta reactor in Sweden.

In all the mentioned referen:es model canparison problems arise.

Bede plots have been used extiinsively. Frequency domain compars-

gons may be quite irrelevant for time domain comparisons, as the

transform is an’infinite operator. Problems of this type are dis-
cussed in chapter 6 of this rejort.

In chapter 2 g short description of the reactor plant and its dy-
namics is made. The state model, mentioned before, is sumarized
and seme of its chs;acte&istim are presented in appendix.

-are presented. A t:ha,ater 3. Ir:temstmg vamables
are l:t.sted and the inputs are accounted for.

The identification results are presented in chapters 4 and 5. 4

ure loop have been analysed.

No model has higher order than four, and several of them have or-
der two or three,

reactivity - nuclear power loop and the reactivity - primary press—




The madel steucture has been corplicated to find scasetimes. Rew
dundant paremeters .are coamron in models of order 3 and wmore. Some-
times it has been difficult to find the most relevant structure.

In the experimental data drift has ocoured in scre cases. The con-
mon way to eliminate the deift in resctor experiments has been
high'pass filtering |23{. However, low frequences are quite im-
portant and they will be complete neglected, so the model will
take ‘care only of the fast modes. The static gain has been very
badly calculated, a problem which depends on both the drift eli-
mination and the choice of sampling intexwal.

The numerical difficulties are quite common for the orders of
three and more. Scmetimes convergence: difficulties have occured,
somethimes the paremeters have not converged towards the right
valuss.

The test of order has bezen rather involved as there is no single
test values, whichwill determine the order of thé”éystan.

In chapter 6 some model comparisons are made. The accuracy of the
mxdels and the canparison methods have been discussed in the first
part of the chapter. Among other methods simulations have been
used to comparse different open loop models. Cross compapisons bez-
ween different inputs and experiments have also been performed,
and the state model has been used as a canparison.

Host of the simulations show the bad low frequency behaviour of

the models. The major reason is considered to be the short samp-~
ling interval, two seconds. qp input frequency content is also

important, which is discussed in 3.3 and 6.7.

An interesting way of comparison has been comparison by identifi-
cation. Not only the outputs of the state model and other models

have been compared but also the parameters. A parametric discrete
mxdel has been identified from data generated by the state rmodel,
and the agreement was surprisingly good. The noise representation,

however, was shown to be rather inaccurate in the state model.




In chapter 7 some subjects for further study are mentionsd. At
first longer sampling interval must be tried to get more accurate
mxiels. Attention must also be paid on the choice of identifica-
tion input signals. Redundant pavameter elimination in the iden-
tification and multimode control of the reactor are finally two
interesting subjects For future research.




. BRIEF DESCRIPTION OF THE REACTOR SYSTEM.

ponie

A summary of the plant performance is given in this chapter. The
details of the reactor system are described elsewhere i]_‘jf . In 2.1
+the different parts of the plant are mentioned. In 2.2 the general
" dynamic behaviour is described, and in 2.3 a theoretical model is

presented.

7.1. THE REACTOR SYSTEM.

The OFECD Halden Reactor was made cpitical in 1859. Since then the
.plant and the reactor system (HBWR) dynamics have been described
in a number of reports {1, 18], |6, 7], |30}, J22{, [28].

in order to make the text more understandable for the reader we will
summarize the most important features of the plant.

The reactor is a heavy water boiling reactor. The core contains 1.5%
enriched UOQ fuel, moderated by heavy water. A fu.ela element consists
of seven stringers of uranium pellets, canned with Zr-2. There are
100 fuel assemblies in the core, and they are arranged in a hexagonal
pattern. The length of the fuel elements is 88 cm. The core diameter
is 187.7 om and it is surrounded by a radial reflector, the thickness

of which is 51.% cm. The bottan reflector is 38.3 am thick.

Heavy water is entering the coolant channels through ports in the bot~
tan section (fig. 2.1). The lower part of the coolant channel is a
nonboiling region, and the rest of the chamnel is a boiling one. A
steam-water mixture leaves the channel through perforaticns at the top.
Steam is collected in the space above the water level. The shrouds in
the fuel elements will give a defined flow pattern in the reactor. The
upstreaming steam-water mixture is separated from the downstreaming
water between the elements.

Fipure 2.2 is a simplified sketch of the whole plant. The heavy water
steam circulates in the primary circuit to the steam transformers A
and B, where it is condensed. Light water steam is produced in the se-

condary circuit.




ﬁé_avy water can also be withdrawn from the core tank into a subcooling
~ireuit. The subcooling flow can be controlled by the valve VAT70,
‘which is used here as an input variable. Generally stability increases
Ath increasing subccoling.

e light water steam in the secondary circuit produces light water
‘steam in the tertiary circuit by means of the steam generator. The ten-
‘tiary steam can be distributed to the consumers through the control
wElve \VB 282.

The thermal power is limited to about 25 MW at a maximum operating
pressure of about 32 ata, A maximum power of about 2.2 MW can be ta-
‘ken out from the subcooling circuit. The normal operating conditions
in the experiments have been 8-11 MW nuclear power, 1.5 MW subcooling
‘and 30 bar vessel pressuve.

2.2. GENERAL DYNAMIC BEHAVIOUR OF THE PLANT.

L] .
R

In this section a brief description of the HBWR dynamics is made in
order to simplify the physical understanding of the experiments. A
detailed review of the dynamics is given elsewhere, e.g. [25].

The neutron kinetics is described in a conventional manner. In a power
reactor there are several reactiviity feedback terms, which will make
the dynamic behaviour complex. There are feedback effects from the
heat fiux through fusl, moderator and coolant charmels. We have to
know the chamnel dynamics (void and temperature distributions in the
coolant channels), which is a function of heat flux from fuel and mo-
derator, vessel pressure, steam and water velocities and coolant in-
let temperature, For similar reasons the moderator dynamics is also
complicated. It is also difficult to estimate the thermadynamic para-
meters of the fuel thecretically.

The hydraulics relates the void content with steam and water veloci-
ties and includes steam-water two phase mixture effects, such as slip,
buoyancy end friction.

There are some important differences between light water and heavy
water boiling reactors. In H,0 system almost all the moderator is




boiling. In DQO system thz boiling tekes place onlj' in a fraction
of the moderator space, because the moderetor to fuel ratio is re-
latively large. Therefore models of light water bolling reactors,
;-:hich are described in literature, e.g. |8| , differ from the HBWR

in basic assumptions.

Primarily we want to examine, how nuclear power and primary pressure
“depend on the different inputs. '

7.3. A LINEAR DYNAMIC MODEL OF THE HBWR.

3 In Halden several reports have treated the dynamical behaviour of
'HBWR. In order to get a model suitable for computer control, attempis
{have been made to Fit a linear state model to the plant l18].

The model has been built up on an analog computer step by step, star-
ting with the tertiary circuit. The structure of the equations was
]

L F

more or less known.

Several simplifications have been mede. The complicated hydraulic
equations are approximated by linear equations in subeooling, mode~
rator and fuel temperature. Nonlinear effecis, such as flashing, are
neglected. The same applies to spatial dependence in ‘coolant channels

and steam transformsrs.

The state variables were chosen in order to get as many states as pos-
sible directly measurable. Factor analysis has been used |11| in or-
der to reduce the number of states to the most relevant ones. The mo-
del has been improved and modified in a couple of times [21]. The ob-
ject was to make the model satisfy the following requirements:

- give step responses comparable with the experimental responses,

- show instability similer to the cbserved behaviour of the reactor

{because of increased power and decreased subcooling).

All the state variables do not have a physical meaning, but are intro-
duced only to make the model represent the real process more accurately.

»



o

Thé equations are in the form:

X is the state, u- is the control vector and y is the ocutput. The
‘matrices A, B, and C are found in appzndix.. ‘The termns v and e cor-
respond to "white" noise.

Iﬁe system is of order 11 with 3 inputs and 4 outputs. The state

:vector is:

ul

normalized neutron density

. %P,
= H primary pressure Emw
1 sz
= " secondary ." e
ép3 2
= " tertiavry " — , )
P3 Copt
. S0 R
= M delayed neutron density .
o
&I’
= T fuel temperature 2
!l’i -
E
S T‘
= " moderator " -
o
W
§T
- - " sub
= subcooling e
“gub
X x are artificial.
107 Tt

In the model comparisons later we first compare the deterministic
dynamics.

The eigenvalues of two different reactor conditions, called a and b
{subccoling 2 MW and 1.1 MY vespectively), are shown in appendix,

T

The system is observable from any of the four outputs. However, it

is not completely centrollable from iny arbltrary input, withronlj u
(VA770) all states are controllable, with only u (VB282) or with on~
ly v, (rod) the states g €e }3 Xgs %y, and ¥y, arve not controllable.

In the figures 2.3 - 2.6 the step respenses of the most interesting
state variables are shown.
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DESCRIPTION OF THE EXPERIMENTS.
GENERAL EXPERTMENTAL CONDITIONS.

rocess computer IBM 1800 is connected to the plant |21|, The
vanced instrumentation makes it possible to get a great number
'f different inputs and also to make measurements in the core,
struments are placed in several positions and many interesting

, temperatures and neutron fluxes can be recorded.

ee inputs, viz, control rods, and the iwo valves VA770 and VE282
figure 2.2) will be used for the control, so they are interesting
rom the identification point of view.

s it is important to know the input exactly, the input signal must

e carefully defined. As vod position indication we use the compu-

er signal to the rod step motors. The rod position instrumentation

s too rough for identification purposes. The amplitude of the rod
nput is defined in steps, where 1 &tep = 7,5:pcm.§% these experdiments.

Fé}:’ the valves we also use the computer signal as input. As it will
take about 6 sec. to move a valve through its whole range, it is very
meaningful to include the valve and valve motor dynamics in the model.
There is no unique relationship between the flow and the valve area,
és_ the flow depends on the operation conditions, mainly the vessel
 pressure.

The computer can store a maximum of 40 outputs. The most interesting
outputs for the identification are:

- Primary cirouwit: Primary pressure, P13
Moderator temperature, T2
Muclear power, C10

Subcooling flow, VAT70 {input)
Neutron fluw, e.g. ND306

Secondary cireuit: Secondary pressure, P61

Tertiary circult: Tertiary pressure, P62
Steam flow to consumer, VB282 (input)
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We are also interested in storing some other variables as a check,

wncomer subcooled flow F§
ertiary circuit steam flow F21
jer plernum subcooled flow F8g

The Steady state values of all interesting variebles are stored in

he computer before and after the experiments.

All signals cannot be registered simultaneously by the computer.
Bvery variablg is vead in once during the 2 second sampling inter-
‘yal. However, the variables C10, P13, ND30§, and the pulse to the
rod step motors dre all read within B0 ms. We neglect this time de-
lay. For the other variables, the time delay during the sampling in-

terwal is not at all critical.

The variables have been punched on cards by the IR{ 1800 computer.
~The cards have been transferred to magnetic tapés at“the CD 3600 com-
puter in Kjeller. From these tapes we have copied the data to tapes
for the CD 3600 computer in Uppsala and the Univac 1108 computer in
tund. The identification has baen performed on both the CD 3600 ter-

- minal in Lund and on the Univac 1108.

3.2, THE INSTRUMENTS.

The pressures in the three circuits are registered as differential
pressures with conventicnal DP cells P13, P61, P62 with a range of
+0.3 bar. The nuclear power is measured with a ionisation chamber
C10. The neutren flux is measured with B current detectors (Co 60
and V 51), The Co 60 detectors are very fast, while the V 51 detec-
tors have #5,4% min. time constant. The control rod configuration is

shown in. figre 3.1, and the actual rods are -indicated.




1z.

SUMMARY OF THE EXPERIMENTS.

ave used data from three different experiment series in the
ntifications. Throughout the report the namss of the experiments,

efined by the Halden group, are used in order to cause no confusion.

experiment series has been made during the following periods:

gp;?{jﬁ October, 1968
708 May, 1969
November, 1969

The opsrational conditions, type of inputs and number of registered
variables have not been the same in the different experiments.

In 511 runs the nuclear power control loop is decoupled. For security
asons it was impossible to découple the vessel pressure control com-
'l_étely= The vessel pressure has bsen controlled by f%’eding back the
ertiary circuit steam load, which will give a very slow long term re-
uiation, with & time constant of at least one minute. Therefore the
rimary pressure variation in the time region about a few seconds and
less will not be influenced by this control.

All the experiments are listed in table 3.1 and are commented on be-
dow. The sampling interval is all the time 2 seconds. All outputs ave
recorded in physical units, that is:

Noclear power C10 in MW
Pressures in bar
Neutron flux ND306 in neutrvons/cmt. sec.

Temperatures in °C.
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Experiment EP-706.

Four runs of the experiments are analysed here. Some of the runs with

red input have been discussed previcusly in a master thesis |18/.

Step response runs with the valves VA770 (subcooling circuit) and
VB282 (tertiary circuit) as inputs have been treated.

Interesting outputs are nuclear power Cl0, vessel pressure P13, secon-
dary (P6l) and tertiary pressures (P62).

There were great difficulties to get accurate models from the step re-
sponse input experiments. Only first order models with bad parameter
accurecy were achieved., The main reason for the bad result is because
of the input signal. It causes the output to vary significantly only
during the initial stage. Especially the puclear power (CLO) is a prob-

lem, because the absolute value and not the changes are measured.
Run 10 and 15 are piotted in fig. 3.2 and 3.3.

Experiment LP-708.

There are two types of inputs:

a) The rod has been moved in deterministic oycles, like fig. 3.4, as
the rod can be moved only one step each sampling interval, the
slope of the input is like a staircase for big amplitudes.

b) The rod has been moved in a random sequence. The rod position is
recorded in steps. The interesting outputs are!

nuciear power CLO
primary pressure P13

As an example, we have plotted one experiment, run 65 {fig. 3.5).

In table 3.1 the runs are sumarized.
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| Experiment EP-710.
Three different runs have been analysed. The input lsequence is the

same for all three runs, but the reactivity amplitudes are different.

The sequence is a PRBS sipgnal with maximem length 991 sampling inter-

vals., The smallest imterval is 2 seconds.

Consequently the spectrum of the signal is from

1 -3

f . 5ot = 0,50 ¢« 1077 Hz  to
R . AT

£ " s 0,95 Hz
! 24T

For further discussion of the inpu’t we vefer to chapter 6.7,

In runs 4 and 5 (see table 3.1) two or three rods (figure 3.1) are
moved simultaneously with one step amplitude. In this way the stair-
case shape of the input, shown in EP-708, is avoided. The three rods
have different reactivity equivalence (figure 3.1) and therefore the
system gain cannot be exactly the same in the three runs.

The outputs nuclear power (C10}, vessel pressure (P13), neutron flux
(ND30B) are used. The data from the rod - neutron flux (D 306) loop
gave quite inaccurate results. Therefore this loop is not considered

here any pore. The stationary conditiong are shown in table 3.1.

The nuclear power is a bit higher than in the previous experiments.
Moreover, the subcooling is not so great. Consequently the core is

more unstable,




3.5 ~ 3.8) we see that

input has a nonzerc mean,
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CENTIFICATION OF THE REACTIVITY-NUCLEAR POWER LOOP.

THE MODEL STRUCTURE AND THE IDENTIFICATION METHOD.

ap model with time-inveriant parameters

he identil jcations a line
tted to the input-output samples from the experiments. It is al-

sumed, that the disturbances are atationary normal random pro-

with rational power spectra.

e model is:

(9 _-)y(t}‘ B (q )u(t) + AC (g )e(L)

is model has Deen used extensively in a pumber of papers lia} - 118,

|271, l2sf.

(et | T 21, cors 1)

is a sequence of independent normal (D,J) ra,ndom vamablem q depcfces

the shift operator gx(t) = x{t+1) and A% g ) B (q 1), and € (q” by

are polynomials.

-1y - , -1, -1
) = 1+ a)q e tad
-1 N -1 ~T1
} h bD blq + s + bnq
“l - o, "-1 . -1
) - 1 i Clq PR + qu_

The maximum likelihood identification method is described elsewhere

1261

_'Thmughout this report the program package written by
| 14| has been used for the maxinm likelihood identification.

1, Gustavsson
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for simplicity we repeat the definition of the loss function V:

ST Ee
t-y
"

3
o
o+
o

-5

£ b,
: ISy | ‘.. 4
LnlugH] = { .1?‘__‘3‘,“( —1} T - e
=1 4 AT (™) |g=2 1+ 1 a.

The statistical T test |26] is used for test of the model order.
This means, that we examine if the loss function decrease is signi-
ficant, when the number of pavameters has increased.

In all runs the coefficient bO is shown to be nonzero, which means,
that there is one term going directly through the system. This is
easily explained by the neutron kinetics, discussed in 2.3. The re-
activity affects the power very fast.

The direct term in the sanmpled model causes one direct teym also in
the comtinuous model. This is not true of physical reasons, but is

explained by the sampling time, which is long compared to the neutron
 kinetics.

The proceeding of the identificetion work is describsd in detail in
Crder to explain the perameter set in every case. Redundant parare-
ters ceour very often. We call A pearameter redundant if it differs
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from zero less than one standard deviation,

' If there is redundency in the model the parameter estimates are not
“consistent. However, the input response and the noise distribution
“of such a model are the same as n the right model.

' In several experiments the output has a drift, which has to be re-
moved., This is made by a high-pass prefilter

H{q‘"l) =1 - q_l

of both input and output. Thus, differences are caleulated of the
data. The consequences of the prefiltering are discussed in chap-
ter 6.

4.2, EXPERIMENT 3, EP-710.

The input-output sequence, consisting of 1007 dats, fias prefiltered

with 1 - q’”l in order to eliminate the drift.

4.2,1. Accomplishment of the Tdentificetion.

The result of the identifications of different model orders are showsn
in table 4.1, '

In the first order model the parameter b, was assumed redundant, so
it was removed. The uncertainty of the parameters decreased substan-
£3ially while the loss function did not incresse.

The second order model was found without any trouble (table 1),

The third order model with all parameters assumed nonzero ({case 3 A,
table 4.2) contained -larpevarisnces. The parameters a, b and ¢,
ceemed to be redundant. Less a nurber of parameters might describe
the system accurately enough. At first both a, and b, were asgvmed
zero. The uncertainties decreased considerably, but the value of the
loss function minimum was lapger than in models 2 and & A. If 211 the
paraneters a,, b2 and Cq in 3 A were neglected, the result was even

worse.
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Then the second order model was used as initial value of a third
order model. The number of parameters wes increased step by step.
1f a, was added .(3B) the result was better than 34 (table 4,2},
The loss-function decreased.and the uncertaintieswwere acceptable,
1 further pavametars were added (30) the resOlt was worse again.

Model 33 was accepted as the thind crder model.

The complete fourth order model is shown in table 4.1, No parareier
seems to be redundant, and the uncertainiies are acceptable. The
loss function,. however, is only slightly less, than the third order
model loss function.

4,2.7., Test of Order.

The T test (table 4.1) indicates a third ordsy systen Within 5% wisk.
Model 3 B (table 4.2) has the best T test esweng the different third

order attempts, which confirws the previous choice of system.

The parémeter uncertainties are not significantly larger in model 3
then in model 2.

Table 4.3 shows the roots of the polynomials of the models. One may
suspect common roots of the A and B polynomials in the third orcer
model. However, the Bode plot (figure 4.1) shows a significant diffe-
rence between the third order model and the ¢bbreviated third order
nodel. The third voot of A is quite near to the root of the first or-
depr model.

The roots of A in the mxiels are never in the neighbourhood of
the negative real axis, so the sampling interval seems to be short
enough. However, it may he chossn longer {ses chaoter 6.7).

In table 4.1 is demonstrated, that the static gain is not very accu-

rata. We find, that both

1+fa ad }b

i i
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are close to zevo..ile £ind the £olloving.vaiues:

Model order 1 2 3 74
14+ £ a; £.8232 00,1353 0.1084 0.4582
I bi 0,1436 §.0204 0.0199 £.0719

Consequently an error in any parameter may cause large static gain
ergors. Thus it is very difficult to conclude anything about the or-
der from the static gain. (Observe, that the gain is defined for the
differences of -the input and output sequarnces ),

The residual covariance functions (fig 4.2) is satisfactory for both
the second and third crder models.

Normality can be accepted by the chi-square test within }§ % risk. The
-tails of the distribution are guite :*}_arg%,% Lo

The simulations (fig. 4.3, 4.4) do not show any clear difference bet-
ween the second and third order systems. In the low frequency range
the third order model is somewhat better. Fig. 4.3 and 4.4 also show
4 large output error. Too many details of the output seem to have been

neglected by the deterministic cutput.

The error can be decreased by a larger input amplitude (see 4.4 and

.5). The real output has also a very slow variation of several minu-
tes period, which is neglected by the models. The data prefiltering is
one important cause. ‘The short sampling interval may also be too short

or the input frequency tco high.

The continuous transfer function is of the form:

),
Als)

Gis) =

The parameter D is the same as b, in the discrete model. The poies

and the zeroes are as follows:
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e. third order model has one exponential time constant:

1
1.2575

¥ 0.8 sec,

h_‘LCh is similar to the time constant of the first order model. One
may suspect, that it is too fast, compaved to the sampling interval
sec. However, simulated systems have shown, that it might be possib.
e to detect a time constant 2 - 2 times shorter tnan the sampling time.
Physically, a time constant of about 1 second is reasonable for the
coolant channel dynamics.

The other two complex poles of the third order system will give a
| dampad sine wave with damping time constant T * 8.5 sec. and a period
cof the sine wave of about 40 seconds. This is quite acceptable in com-
parison with the theoretical model.

Figure 4.1 shows the Bode plots of three models, ﬂ.r:tzg dhe second and
third order models, and then the model, which is ach:.eved if the ali-~
most common factore in the third order model are omitted,

The third order model has the most probable low frequency gain and
phase. The second order model phase seems to be too positive.

To sum up, no clear and unique test exists to determine the system
order. Because of the F test and the Bode plot and the simulation we
accept the third order system. A control law, based on the second or-
der model, might also give quite a satisfactory result.

The accepted third order model is:

-1 s

- =9
(1 - 1.89g © + 0,759 © ~ 0.05q “day(t)

(0.1% - 0.2297 + 0.09g"2)auct) +
+ 0.023(1 - 1427 + 0.45q"2)e(t) (4. 1)

where

Ayltd = y(t) - y{t-1) = (1 - qﬁl)y(t)
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is defined analogously.

ntinuous transfer function is:

0.0162(s% % 0.2925 + 0.113)
3 1.49s% + 0.33s + 0.047

+ 0.145 (4,2}

L EXPERIMENT &, EP-710.

“cauSQ of a large output drift, this experiment is shorter than the
ious one. 737 data are used. Digital prefiltering is carried out

3.1. Accomplishment of the Identification,

13
The identification result is shown in table 4.4, «

As in run 3 we could neglect the paremeter by in the first order mo-
el (table .4).

| the second order model c, was very small and uncertain, and it

/s omitted. Also b2 wag rather small, but not redundant, and we tried
0 neglect it. The result, howaver, was very bad. Both the loss func-
ion and the paremeter variances increased considerably.

1 the canplete third order model all the parameters a, bg, bS’ and

3 were found to be redundant. If only b was neglected “this result was

ot satisfactory, and Cy Was still redunqant (table 4.5, 3 A). However,
f'c3 in model 3 A was neglected a better model (3C) with smaller vari

dnces and an acceptable loss function was found, Model 3 C was accepted
as the third order model.

1f only ¢4 was neglected, the parameter variances were larger, and still
redundant parameters existed (38),
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complete fourth order model containg 5 more parameters than the
pted third order model. The loss function is only slightly be-
‘hat of the third order system (table 4.4). The parameter ¢,
redundant. There is, however, no reason to mske more calculations
the loss function will not decrease with fewer parameters. The
tést quantity thus ean increase at most to 1.3 or to 1.7 if also
is negiected. Thus, the test quantities are too small for the
ourth order system.

73,2, Test of Order.

The model order discussion is very similar to the previous run 3,

so it is made rather briefly.

Even in this case the F test quantity gives a third order system

thin 5% risk level. The indication is not &s ¢leay as in run 3.

The third order model has the same number of parameters as the mo-

The pavemeter variances are quite largs, compared to the second or-
der model and also larper-than in corresponding ran 3 model (table 4,1).

This last fact depends on less number of data.

The root configuration (table 4.6) resembles that of run 3. One may
suspect common factors in A and B, in both the second and third order

- frodels. The second order system Bode plot (fig. 4.5) is changed only
slightly if the almost common roots in the second order model are ab-

- breviated. If one parameter in A and B of the second order model or

o paraneters from the third order polynomials are neglected, the
structure is of first order. This medel is too simple to explain the
dynamical behaviour of the system. Therefore the roots are not considered
COMION: .

The residuals are satisfactorily independent in both the second and
third order case (figure 4.6). The hypothesis of normality can be
accepted by chi-square test at 50 and 20 % risk level régpectively.

The tails of the distributions are much smaller than in run 3.

The similations (fig. #.7 and #.8) show, that the third order model has

@ sorewhat better low frequency behaviour.




25,

cbntiﬁUOt;s models have poles and zZerces as follows:

Order 2 3
oles -0.119 .0.1866 + 0.10927
0,510 ~1.273
roes -0.,0987 ~0.1783 + 0.35163

o here we find a fast time constant, 0.8 sec., in the third

“third order model is accepted

1

1 - Lu2ql + 058072 ~ 0,037 Day(t) =

1

(0.12 - 0.16¢"" + 0.06¢ 2)aule) +

X

0.023(L - 1.2uq" T + 0.28q 2delt) (4.3)

The continuous transfer function is:

1%(s) _ 0.0124(s? v 0.36s + 0,155} . 4 191 (5.3

AU(s) 8% 4 1.65g% + 0.52s 4 0.060

It,4, EXPERIMENT &, EP-710 (DATA PREFILTERID}.

The drift of the pover in run b is insignificant, end no digital pre-
filtering may be necessary. However, in order to compare the results,
two identifications of the same data have been performed one with

trefiliering and the ofher without. 1007 points have been used.
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4,4,1. Accomplishment of the ldentification.

The identification results are shown in table 4.7. )

The first order model was found without any problems. In the complete
second order model (table 4.8, 2 A) ¢, was found to be redundant.

The parameter was neglected and a better model was found (2 B). No
better result could be found if b, wWas neglected (2 C), and there-

fore 2 B was accepted as the second order model.

Tt was difficult to find a third order model without a pole on the
negative real axis. In this case no continuous transfer function is
defined.

In the complete third order model (table 4,9, 3 A) rather great
uncertainties were obtained and bB was small. Neglecting ba we got

-a bad result. in the sense that the variances increased. However,

if both .b3 andi Cy were neglected, the convergence was good, and the
parameter variances were acceptable (table 4.9, 3 B). The loss func-

tion increased only a litile.

H .
\"‘

In the fourdth order model all parameters seem to be "‘éignificant.
However, the loss function is not very small, a fact whidh is re-
flected in the F test quatity, table B.7.

4,4.2, Test of Order.

The F teat quantity gives a clear irdication to a third order sys-
tem (table %.7).

This model has the same parameters . non zero as’the third order models of
ung 3 and 4. The parsrster untertainties- aversmaller than in run ¥, pro-
bebly depending on partly & lacger input amplitude, partly more in-
put-output data. The wicertainties are not very much larger than in

the second order model.

No camnon factors can be found in the third order model {table 4.10)

The gain is determined more accurately in this rum.

The thind order system residuals have a better covariance function
than the second order system {fig. 4.10). The normality is established
for both model residuals within 2 and 20 % risk respectively.
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The simulations (fig. %.11 and 4.12) have similar behaviour as in run 3 and X,

The continuous counterparts of systems of order two and three have

poles and zerces as follows:

Opnder 2 3

Poles -0.096 -0.0767 + 0.165j
~0.636 -1,3u5

Zer0es -0.069 -0.1483 + 0,1363

Aleo here a fast time constant is found in the third order model.

The Bode plots show very small differences between the two models

(figure 4.9).

The main reason to accept the third order model is the F test. The

Pode plots are not very different. However, as they show only the

deterministic part of the system, we consider the stochastic part

better described by the third order system.

The accepted model is:

(- 1.69q"% + 0.85q72 - 0.05q"dayle) =

1 2

= (0,138 - 0.221g "~ + 0.09%g au(i) +

+ 0.028(1 ~ 1.52q7% + 0.58q 2)elt)

oy

-7

(1 - 2.69¢"" + 2.54q7% ~ 0,900

- ) Ny
s (0.138 - 0.36g % + 0.32¢7% - 0,095 yult) *

1

+ 0.028(1 ~ 1.52qF + 0.58q 2)a(t)

+ 0,05q Iyt =

(4.52
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Tn continuous form the transfer function is:

p¥ts) _ 0.0147(s” + 0,295 + 0.039] , ¢ 130 (.7

AUGs)  &° + 1.5052 + 0.24s + 0.0u6

4.5, EXPERIMENT &, EP-710 (DATA NOT PREFILTERED).

The same data sequences have been used as in previous section. This
time no digital prefiltering with high-pass filter has been made.

4,5.1. Accanplishment of the Tdentification.

The complete second order model contains two redundant parameters
ay and b,. The accuracy is much better if the two parameters are
neglected (table 4.11).

Lo tha first thicd order model (table 4.12, 3 A) both ay and by ave
redundant, With b, onitted an acceptable model (3 B) was obtained,
although the parameter c, is small. Model 3 B was accepted as a third

order model.

Model & A (table %.12) has some very small ﬁarame‘ters, e.g. Cq» Ty
A ba, and by. If ey
and this model must be better. ¢, vas also negiected which leads to
medel 4 B (table 4.12). However; the model has no continwous transfer

function, because some voots are veal negative.

is put zero no change of the loss function is found,

Therefore the very small parvameter by was algo omitted.{model 4 C,
table 4.12). The parameter variances £0T much gmaller, and the loss
function was quite good., Model 4 C was .accepted ag. model ¥, and it

has aiso a continuous trensfer funetion.

For conparison a result from EP-708, run 84 is shown in table 4.11. The

model is from [u9].




4.5.2, Test of Order.

in previous identifications with prefiltered data third order models were s
i
found. In this case the F test gives a fourth order system (table H.11), a |

fact which could be expected.

Both A and B (table 4.13) have roots near 1. By the prefiltering in
previous jdentifications it was assumed a pole and a zero exactly
on the unit circle. In chapter 6 is discussed the consequences of

this gmall difference.

Depending on the dipole near the unit circle the sums 1 % L &g and
¢ b, are almost zero, and therefore it is meaningless 1O calculate

the static gain. This may be an indication of a too short sampling interval.

{see chapter 6).
Tor comparison the roots of the model fram EP-708, 1un Bh, are also

chown in table k4.13. The model is taken from {18] .

The parameter variances are guite acceptable in the fourth order mo-
del.

Only the fourth order medel has an acceptable r%siduglsc:ovariance
function (Figure #,14). Normality is only accepted with 90 and 70 % rise.

As previously, the simulations (Fig, .16~ 4170 giffer mainly in
the low fregiency Yange, and the fourth order model is the most accurale one.

The continuous models of third and fourth orders have the following

poles and zerces:

Order 3 4

Poles ~0.0021 -0, 0127
«04113 ~(.053 & 0.1753
~1..350 -1.366

Ferces ~{,0102 -0.086 = 0.1423
-{(1,263 ~0.213

vie confirm, that the fast time constant,about .75 sec., is found

in both models (compare TuUns 3 and ).
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The Bode plot fig, 4.13 seems & bit oddiy shaped for the fourth order model,

probably depending on the nunerical troubles, caused by the dipole.

We accept the fourth order model
G - 2.73q° % + 2.6347% - 0.95¢"3 + 0.051q Dy() =
= {0.138 - 0.35q”l + o.ssqu - 0.11qf3>u(t) +
. 002701 - 1.62a"L + 0.88g Dde(t) (4.8)
with the continuocus transfer function!

Ws) . o005’ + 0.30s” + 0,047 * 0.005]_ 4 0.138 (5.9}
oy oF + 1.4983 + 0.20s7 + 0.0uBs + 0.0006

The conseguences of data prefiltering can be studied, by comparing {4.8)

with (4.6). See also section 6.4,

4,6, STEP RESPONSE ANALYSIS - EP-708.

Tn order to get & more complete comparisen between models from diffe-
vent types of experiments, identifications have also been made with

deterministic inputs, shown in fig. 3.4

The vod to nuclear power leop has besn analysed, and digital prefil-

tering has been used.

The plot (fig. 3.5) showe, that the output varies not very much a
bit after a step in the rod position. T '

14 is Aifficult to get accurate values of the output differences, a5
these are small. This depends on that only the total value of the nu-

olear is registered.

This value is converted into digital form with 11 bit resolution.
when the differences are calculated the quantization errors bacone
large, vhen compared to the amall output variation.
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Despite the difficulties mentioned the available data were analysed
in order to give some knowledge how useful a simple step response

experiment may be.

Tn table 4,14 the pesults of the identifications are summed up, assu-
ming first order systems. We can see that the wmeertainties are very
large. The al'values tor pole) vary several standard deviations. In
the second order models the resulis are quite irrelevant in this sense.
The large variances are also due to the low number of sampling points.
(1.

No conclusions about the dynamics can be made from these results.

The static gain is compareble to previous results.




5. IDENTIFICATION OF THE REACTIVITY - PRIMARY PRESSURE LOOP

e

Apart from the nuclear power also the vessel pressure is considered
important. As inputs are used the two previously mentioned valves and
the rods. '

First the primary pressure is identified with the rod input. Generally
the gain is very low, so one step amplitude of the rods was not enough
{run 3, EP-7108) to make the signal-to-noise ratio acceptable (see fig.
3.6). In runs 4% and b of EP-710, however, we found higher amplitudes

of the pressure (see fig, 3.7 ~ 3.8). These runs are examined in 5.1 and

5.2 respectively,

5.1, EXPERTMENT u, EP-710

This identification is baged ¢n the same nuwber of data as in chaptepr
4.3. The input-output sequence consists of 737 dsta and has been fil-

tered by differences, 1 - q”l.

The primary pressure is influenced in & similar way as the nuclear
povier by the neutron kinstics. The fast time constani gives a by, para-
meter significantly nonzeroc.

In order to increase the numerical accuracy, the cutput sequence
was multiplied with 100 before identification. In the results this

factor is reduced again.

5.1.1. Accanplishment of the Idemtification,

The second order model contained a redundant b2 parameter from the
beginning. When bz was omitted, the result got much better. The loss
function was changed only in the fourth figure (table 5.1).

Also in the third order model the last b parameter, by, was omitted.
The uncertainties decreased significantly, while the loss funciion
increased only in the fourth Figure.

The complete fourth order model contains four redundant pavemeters,
2y b3, buy and Cy (table 5.1). it was made aftemgts 1o neglect one 3

or two parameters, but better result was not achieved. The fourth order

model 1s consequently not significant.
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5.1.2. Test of Order.

The F test implies clearly a third order model on the 5% risk level.

There is no indication in table 5.2 of common factors in the polyno-
mials.

Figure 5.2 shows, that the third order system residuals are better
+han the other residuals, but € ¢ geeond onvder residuals are also
acceptable. The normality is accepted at 20 and 70% rigk level res-
pactively.

The static gain is determined very inacourstely, depending on mune-
‘rical difficulties. The reason is the same as previcusly (section #.2),

that zbi and 1 + zai are small.

The continuous second and third order transfer functlons are:

els) = 0.00093(s + 1.0113 . 0.006072 (5.1)
(s + 0.106)(s + 0.547) PO
and
_ CaNre 4
Gls) = 0,00102¢s + 0.218)(s ¥ 1.325) + 0.00081 _ (6.7)
(s + 0.081)(s + 0.202)(s + 0.770)
vegpectively.

The Bode plots have some minor differences (fig. B.1}.

The simulations show the accuracy of the different models (fig.
5.3 and 5.4). The discrepancies between the real outputs and
+he deterministic outputs are quite large. The high frequency
behaviour is similar in both models, but low frequencies are
badly recognized in both cases. The difference in the beginning

of the transients is not decisive for the choice of model order,

Apparentiy the experimental data are bacd. The ocutput has scme
slowly varving mode of about 4 - § minutes period and this may
depend on the long term control of the pressure, mentioned in

section 2,3, Prefiltering of data further decreases the low

frequency influence.
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Due to the bad accuracy of both models, the best choice,
if any, should be that of lowest order. Only fast varia-

tions can be explained in any case.
Thus, the model:

1

@ - Lagt * 0,27 eyt =

¥
p

M
LA

et

- - -2 .
e 0.00072 + 0.0014q"S)AuUCE)* 0,0018(1 ~ 0.91¢ ~ + 0.30g ety i

is accepted. with the continuous transfer function (5.1).

5.2. EXPERIMENT 5, EP-710

As previously in run 5 a sequence of 1007 scans has been used.
The input - output data have been prefiltered by taking diffe-
rences.

) o

5.2.1. Accomplishment of the Tdentification.

The second order model contained a redundant b2 parameter. If
b? was omitted the variances decreased significantly, and the
loss function changed only in the fourth figure. (Table 5.3).

The third order model contains no redundant parameter. The pa-
rameter vaviances, however, are much larger than in the secend
order model. No attempt was made to eliminate ba as in previous
oon b, Even if the variances should decrease, the experimental

conditions are too bad to imply a third order model.

in the fourth order model both 2y bu, and ¢, were small {(table
and c. were very uncertain. It was

b
37 73° 3
impossible to find a fourth order model with all parameters non-

redundant, althougn the T test for the achieved fourth order no-

£.3), while also a

del (table 5.3) indicates a small loss funetion.

5.252‘ Test of Ordenr-

r

The results are quite analogous to the previous gection. The,

Lo

poots of the models are shown in table 5.4%. In fig. 5.5 the
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re31duals are plotted. Fer the .same reason as in previous run f,
we accepL a second order model, Corresponding simulation iz shown
in fig. 5.6. The third order model gives no better simulation

regult.

Thus, the second order model,

(L - 1.12¢°% # 0,209 ) ay(t) =

(%.i4)
» (0.00074 + 0.0019q"L)Au(e) + 0.0026¢1 ~ 0.97q"F + 0.28q e (t)
with the continuous version
le) = 0.00113¢s *+ 1.150) _ . 4. ogo7s
" (5,5)

(s + 0.054)(s + 0.754)

is accepted.
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§. COMPARISONS BETWEEN DIFFERENT PROCESS MODELS.

As the identifications of différent experiments have given a num-
ber of results, some comparison has to be made in order to knicw
something about the accuracy. It is difficult to define accuracy
of a model. It may be defined in terms of deviations in the time
response or in the transfer function. ‘

Ao mentioned earlier it is not the goal to get only good process
‘models, but to get the best control law for the reactor, based on
the identification results. Therefore the most adequate compari-

son should be made between the different closed ioop systems.

In this chapter the dynamic properties of the different models

ara ccmpared partly to each other, partly to the state model. The
comparison 1s not completely adequate, as all experiments are
not made at the same operating condition. However, the behaviour

can be cafpared qualitatively in these cases.

Tn order to make it easier, the models are summed UP in 6.1. In
6.7 a discussion is made, how to compare different models. The mo-
tives for the choice of comparison methods are given. The rest of
the chapter is devoted fo comparisons between different models with
reactivity input. As the EP-710 experiments are made under the same
conditions a separdte comparison of these models are made in 6.3.
The other reactivity power models are discussed in 6.4, "The reacti-
vity primary pressure models are then compared in 6.5,

The maximum likelihood identification results can be compared

to the state model (appendix). Inpul-- output data has been

generated by ‘the state nodel, and a new model has been iden-
tified. '

The coefficients are compared to the previous models in 6.6.

Finally, the choice of input is discussed in 6.7.
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6.1. SUMMARY OF THE IDENTIFICATION RESULTS.

In order to simplify the references to the models we summarize the
reactivity input models in this section.

Nuclear Power Qutput (C10).

At e S e e S B i o et o i SR A P A % Fm T

1 2

(1 - 1.59q7F + 0.75q7% - 0.05q Hay(t) =

1

s (0.4 - 0,221+ 0,09 Dault) +

1

. )
et

£ 0.02901 - L.u2q" L + 0.55q" He ) (6.1

e oo i e A e 2 o 2 i s e e 2 B B ke A 1 B it oan e e et e T i it e Bt s s

(1~ 1.82q"% + 0.58q7% - 0.037g"ay(t) =

1

= {0.12 - 0.16q ~ + Q.GGqukau(t) +

1

£ 0.033(1 - L.2ug™t + 02897 %delt) (6.2)

FREp———

1

(1~ 1.69q ~ + 0.35q“2 - G;Oﬁq“a)ﬁyit} ©

1

= {0.138 - 0.221q + o.ﬂgsq“z)Au(t} +

& 0.028¢1 - 1.52¢"F + 0.58q 2delt) (6.3A)

o

3

(1 - 2.69q % + 2.54q72 ~ 0.90q7° + 0.05q" Dy(t) =

= (0,138 - 0.36q°% + 0.327% - 0.099¢ Su(t) +

1

+ 05807 2)elt) | (5.38)

# 0.028() ~ 1.52q°
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EP~2}9_399¢§-339p9§€i§é2222552

e v

(- 2.73q "+ # 2,632 - 0.9507° 0.051q" y(t) =
. (0,138 - 0.36g7" ¢ 0.332 ~ 0,117 ult) +
v 0.027(L - 1.62g7 * 0.68q" 2lelt)
(1 - zelqul + 1.36q“2 - 0.25@"3)y(t) =
2 (0.5 - 0.30q°  + 0.19q7% - 0.08g" ult) +

+ 0.028|1 - 0,950 0,214~ - 0,224 et

primary Pressure Output (P13} "

EP-710 Run 4 {prefiltered input-output

(- 1ang L+ 0,279y
- (0.00072 + 0.001kg Dautt) *

+ 0.0018(1 - o.elq”l + Gsaanz)e£t)

ot s o b o e 73 ST B e i e g e e o T o 42 o e m 30 et

G - 117qE + 0.20q Day(e)

. (0.0007k * 0.00130 ault) ¢

. 0.0016(1 - 0.97q" + 0.28q" 2)elt)

(6.4)

(6.5

{6.61
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or

Q- 2.12q7F + 132472 - 0.20¢" (o) =

- (0.00074 + 0.0012q"% = 0.0018q )ulx) +

~1

+ 0.0015(1 ~ 0.97q" % + 0.289" “re(t) (6.7)

e . i e ek e B At 3 et e i A e M Yok R ;...._ ot

(1 - 1.85q7F + 0.86q “)y(t) =
i , -1 2.
= (0.0018 + 0.0006q > - 0.0019g ~Jutt) +
-1 -2 i
+ 0.0018(1 - 0.6297F + 0.19¢ “delt) (6.8)

The variables are given in physical units, that 13 mactwuty in
steps (=7.5pemjand output nuclear power in MW and pr*éssure in bar.
The variables of the state model (app.) are nommalized to the sta- '

tionary values. The resctivity is there writfen in cent.” ...

6.2, METHODS OF MODEL COMPARISON.

A comparison of process models can be based on & number of diffe-
vent quantities and properties. Such properties are eigenvalues,
poles and zerves, Bede plots, static pain, parameter variance, i~
mulations, and model order. The problem is, that there is no unigue
measure of accuracy of the open loop of a linear system. Therefore
a comparison may sometimes be rather inaccurate, and the complete
information of the model azccuracy is not achieved, until the loop

is closed.

The poles and zeroes in different discrete models may be compared
(see chapter 4). However, if the roots are quite near each other,
what does it mean for the model accuracy? Moreover, if the model

orders ave different, the comparison between the roots may be use-
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less, The difficulties are even greater when the continuous state
moddel should be compared to the discrete parameter models, as the
transformation between continuous and discrete representation must
be made. However, the roots may give qualitat'ive hints about the
model, as discussed in chapters 4 and b. '

A comparison of the frequency characteristics is also often a bad

tool. Other authors, e.g. |28], have menticned, that a good agree-
ment between two Bode plots may not cause a similar agreement bet-
ween the time responses. The transform is an Infinite operator, and
therefore it may be erronious to use only the Bode plots for compa-

risons, as they are derived from time domain calculations.

The static gain and the low frequency behaviour may be compared by
step responses. As shown later in this chapter the models differ
considerably in this sense, but the question is, how the closed lcop
behaviour is affected by bad accuracy of the static gain.

The parameter accuracy is an important tool, but not agtsufficient one
to compare iwo models., In 6.3 an example from rﬁm'sf\ﬁEP--'?lo, will
show, that a good parameter agreement can cause quite large devia-
ticns in the low frequency behaviour.

The model order comparison is also a very insufficient tool for com-
parison.

Simulation with different inputs has been the most used tool here
for comparison of the models. Both the identifications and the com-
‘parisons are based upon the residuals. In order to test the closed

loop system accuracy it is, however, not sufficient to make residual

tests, The output variance may be the mosi adequate performance index.
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6.3. COMPARISON BETWEEN THE REACTIVITY-POWER MODELS FROM
EXPERIMENT EP-710.

The models (6.1) - (§.4), resulting from chapter 4, will be dis-
cussed in this section. The operation conditions are almost the
same in all three runs, so the models ought to be similar.

)

The pavameters are based on the same data, but in the former case
the data are prefiltered. From table 4.11 we find the sigma limits

g%rs‘i: ‘d&e parameters of the fourth order models (6.3B) and (6.4) are

of B el order 8, (6.4) It is clear that the A and B polypomials
of (6.3B) differ less than one sigma limit, while the C parameters differ

a little bit more,
Despite the small differences of the parameters we will show in

the newt section, that the low frequency responses are gquite dif-
ferent. This depends on the fact, that {6.3B) has zeroes exactly
on the unit eircle, but (6.4) has the corresponding zerces of A
and B in 0.975 and 0.957 respectively (table 4.1 3’) .

Obvicusly the parameters do not differ ::aignificantlj‘,f if the input-
output sequence has been prefiltered or not. However, the low
frequency modes have been neglected by the filter, so the poles

clese to the unit circle have been moved to the circle exractly.

The paramsters from the models (6.1), (6.2}, and {6.34) are then
compared. The parameters in the models (6.1) and (8.3A) are cloger
+o each other than to (6.2). One veason is, that run & (6.2} con~
tained only 737 scans, so the parameters in (6.2) are also less
acourate than those of the other medels (see tables k.1, B, 8T,

it is quite difficult to conclude very wmuch from the pole patterns
{tables 4.3, b6, #.30). The pole configurations resemble each
other, but frequency contents or simulations have to be studied in

order to get better information.

From the simulations the most interesting detail may be the low
freguency behaviour in run 5 (fig, 4.12 and 4.5 Y. In fig., 4.12

the low frequencies are almost completely neglected. In the next
section more similation resulis are given.

The normality of the residuals has been tested in chapter .

However, in most cases it has not been possible to verify nor-

mality. Probably this is not very crucial.
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6.5, SIMULATIONS OF THE REACTIVITY~POWER MODELS.

Tre different identification results and the state model are com-

pared by simulation in this section.

Three different inputs have been chosen. First the PRBS input from

¥P-710 has been applied to the model (6.5) and the theoretical mo- -
del. Then the rendom reactivity input from EP-708, run 84, has been
tried on the models (6.1) - (6.4) and the detenministic outputs as

wall as the residuals are plotted. Finally, the step responses are

compared to each other.

Fig. 6.1 and 6.2 show sinulations with the PRES input (EP-710) app-
lied to model (6.5) and to the theoretical model. The outputs (con-
dition a) can be compared e.g. with that of fig. 4,16, The high
frequencies are satisfactory, while there are some differences in

the low freguencies.

The second input (from EP-708, run 84) shows more clearly the dis-
crepancy in the low frequencies. Fig. 6.3 is a simuiation of the mo-
gz} (6.5) based on the experiment 84 [18].In fig, 6.4 - 6.7 the
same input is applied to'the different models achieved

from EP 710,

The residuals of the different models are not very different from
the "right" model in fig. 6.3. However, the deterministic outputs
differ considerably. The low frequency wodes are completely neglected
in the models, based on prefiltered input-output data (fig. 6.4 - 6.6).
The low frequency in fig. 6.7 is not very good either. However, the
output from model (6.5) in fig. 6.3 is quite similar to that of the
theoretical model (fig. 6.8},

Finally, the models la‘:re tested with step inputs (fig. 6.9). The sta-
tic gain is not accurate, & fact, which was emphasized in chapter h.
Then it is demensivated also here, that the low frequencies are bad-
1y recognized. The state model step response is shown in fig. 2.3.
(Upper curve. Observe that other units are used.)

The bad low frequency behaviour of the models (6.1) ~ (6.4) may also
depend on the choice of input, - However, the input . ds'not the
only reason. Modéel (6.5) has also a very

inaccurate static gain, although it is based on a low frequency in-

put. Ths gain is almest of the form g, because of a dipole near the
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unit circle. This in turn depends on a tooc small sampling interval.

However, no common factors were found in this model either [19].

6.5, COMPARTSON BETWEEN THE REACTIVITY-PRIMARY PRESSURE MODELS
FROM EXPERIMENT EP-710.

As in section 6.3 the models from the experiments EP-710 are con-
sidered, and they are previously discussed in chapters 5.1 and
5.2 {see (6.6) and (6.7)).

In general the parameter variances are larger in model (6.6) than in
(8,7) depending on a shorter sample record (tables §.1 and §.,3),

The step responses (fig. 6.10) ave a bit faster than the state
model step response (Ffig. 2.3, second curve). The static gain 1is
not very accurate, a fact, which is shown in chapter §.

The simulations of the state model (fig. 6.2, 6.8, condition a)
should be compared to the experimental results.

The EP-710 models are showm in fig. 5.3 and 5.7, while the EP-708
moddel (from [19)) is simulated in fig. 6.11.

6.6. COMPARISONS WITH THE STATE MUDEL BY IDENTIFICATICN.

In the previous section 6.% the identification resulis were com-
pared by simulation. Heve is considered another more relevant way
of camparison betwsen the reactivity - power models, viz, identi-
Fication of the state moxiel. The Astrdm model (section 4.1) is
then achisved from date, generated by the state model, and the
_éiffefant paremeters may be compared directly. The identification




method may alsco be used as a model reduction method'.
As input to the state model the PRES signal frem run 5, EP-710 was
used during 1000 sampling intervals.

A deterministic 11th order model should, of course, give a paramet-
ric model of the same order. Already for order five, however, great
nurerical difficulties arose, and the convergence speed was unsa-
tisfactorily low. Therefore a fourth order model was tried,

A Dyey = B g yute)

whare
AN = 1 - 2.7953q7 + 2.6089972 - 0.8181g"0 + 0.0028¢™"  (6.9)
8°(q™) = 1.0203 - 2.8339q"% + 2.624507% - 0.e108q" (6,10)

¥ _\,

As the data has not been prefiltered, the model may be compared to
the model (5 4). Inorder to compare the models ‘the irput has to be
scaled, so B (q ) is ‘divided with a constant, Thus the bO pararmeter
of (6.10) is made equal to b of {6.4).

1 3

5 = 0.1379 - 0.3830™" + 0.3547q77 - 0.1096q (5.11)
Now the system has both a pole and a zero close to the unit circle,

80 the polynomials (6.9) and {6.10) are split up into

A§<§”1> =8 - g™ + olg™) =
= (1~ 1.7953q7F + 0.8116q7% - 0.0025q"3)(1 - q"1) +
+ 0.0003q" ' (6.12)
B‘&(th) = Bi(l - q"l) + o(q’s} =
= (1.0203 - 1.8136q7T + 0.8109q 2)(1 - q" 1) +

-3

+ 0,0001g (6.13)
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The rest terms are neglected, and the polynanials Ai and Bii Ray
be compared to the identification results of runs 3 - 5, (6.1) ~

- (6.3}, Again }3; has to bs scaled ito

1 2

“e -1 . .
By(q ") = 0.1378 - 0.2451q " + 0.1096g

The static gain of the scaled difference system is

W,
E?(l}
% 0.172 (6.18)

A zimple noise model has been used in Halden [21f for the plant.
fvery state variasble is corrupted by independent noise. This
noise model showed a bad apgreement with the experimental resulis,
as was expected. Only the amplitude was almost correct. Also here
numerical troubles occured in the identification of the.fifth or-
der model., | ‘

6.7. DISCUSSION OF THE INPUT CHOICLH

The comparisons show that the high frequency performance is quite
acceptable in all models. The low frequencies, however, are not
very good. '

The step responses have given bad accuracies, 8o we can confirm,
that the input has to be persistently exciting |26} in this case,

The choice of bandwidth of the input and choice of sampling inter-
val have to receive more zttention. Recent reports in this area |3, {17],
show the need of more knowledge.

The simulations have shown, that the identification result may
depend very much on the choice of input fr‘équency.

Tn section 6.4 was shown, that the slow input from EP-708, run 84,
gave more accurate low frequency behaviour than the PRBS input in
EP-710.
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The low frequency 1imit of the EP-710 PRES signal was 0.5 * 107 Hz

(section 3.3). Consequently time constants of several minuts would
be identified |9. However, the longest pulse length of the input

is only 9 sampling intervals or 18 seconds.

1t is reasonable to assume that time constants longer than about
twice the longest pulse are badly identified |3]. In this case this

means, that time constants greater than 30 - 40 seconds are not de-

tected.

The longest pulse of run g4, EP-708, is about 240 seconds, i.e., about
13 times longer than +he PRBS pulse.

If differences of the output are calculated, the slow modes are al-
most neglected. In order to eliminate drift, other methods have 1o
be used, if the slow modes should remain. The simplest way would be
a subtraction of a str-aight line fx;om the output. Other suggestions

sre wade in }2], 120].
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4. SUBJECTS YOR FUTURE STUDRIES.

The identifications of the HBWR dynamics have revealed some general
problems. They may be gplit up into three classes, experiment plan-
ning, jdentification, and control.

The results have shown clearly, that the choice of sampling inter-
val is crucial. It is also obvious, that a step input is. wk sufifi-
cient to give en.accurate model desived. Toe typs of '
randomn input must be taken into account.and also other types of in-
puts than PRBS may be useful |31, IF the model shall be used for
control purposes, the most interesting frequency Tange must be
stated. Then the instrument equipment has to be considered. For
example, on the HBWR only the total nuclesr poWer and not its dif-
ference values can be measured (section u.g), Of this reason, quan-

tization errors in the AD conversion as well as inetrument holse

are significant. _
Drift elimination at the identification may De erucial {20], High
pass prefiltering eliminates the low frequency modes and it is in-

teresting to know the consequences for the closed loop behaviour.

redundant parameters have oceured many times here. A method for
automatic pavemeter elimination should simplify the identification procedure.

The static gain has been caloulated with bad accuracy. 4 dipele

has  oooursd close to the unit circle, which causes the static gain
to be the quotient of two amall numbers. The pole close to the unit
cirele is a result of the short sampling interval. The closed 1oop
sensitivity for the gain error has to be known. Probably a larger
sampling interval should be the best correction to make in this

Qase.

Multiple mode control of the reactor may be interesting to try, &5
the peactor time constants cover a very broad range.
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THE ‘SYSTEM MATRICES OF THE LINEAR STATE MODEL.

The matrices A, B, and C of the reactor model are found in an ana-

log computer scheme in [18|, but are repeated here for convenience,

“Two reactor conditions a and b with 2 MY and 1.1 MW subceoling res-
pectively are defined. Condition b is consequently less stable (see
table A,1}.

The A matrices are different in the two cases, while B and C are

constant.

The explanation of the state variables is found on page 9. The control
variables are
subcooling valve VAY70. Au, corresponds to change

1

of the opening of the valve. W, can vary 1 unit.

it

]

ik

tertiary steam flow valve VB28Z o

reactivity%E

i




- .

#0"0- $792°0 0 g o 0 6 0 o 0 g |
52920~ o 0 5 0 0 o 0 ¥ 0 D
o~ 57292 0~ D 800~ o 0 0 g 9 s 0 o
< 0 0 $0°0~  §0'6- 0 0 0 ) o 0 0
0 0 §000°0- 2000°G-  TO'0~ 800070 s D $400°0 0 0

D 0 0 0 0 5210~ 0 0 0 0  SZI'0 =V

0 0 0 § 0 9 8070~ 0 D D 80°0
0 0 0 o 0 0 g §Z0°0- 28°0 0 0
0 o 0 £000°0- o ) 0 #hZ0°0 0TG- £2.0°0 o
o 0 98000°0 hZB0G" 0 ARk TI0T0* 0 0 g 52200 5T 0- 0

0 0 2L8°T  BH3°0 0" b= 898" g~ 0°0T o 0742 0°0g-  0°0T~)

A e e e +




L

0
o 0
0 0
0 ~0.0975
0 0
0 0
0 0
0 0
0 6
0.1 0
L O 0
1 0
0 1
{0 Y 1 0
0 0 0 1

Ly
[ome]

T o S o B we B s B o T e TN e B e S oo S

& % * D

0

A 3.

S T F AT EFA Y LSRR SR EEE S
0 A8 E WD EBEGEd AR

PR




{0ty
§529¢° 0~
5¢9¢°0-

0
0

Al,

929270
g

a
0
0

jgie}

¢
8
50" 0~
Sgto~

¢

g

0
§0°0-

Zr000" 0~ 820007 0-

9 0
0 o
0 0
0 £800"O-

S000°0 %E000°0

B8SL°T 28L9°1
8, oS,

"2 UOTITPUCD o1 pagediion polumus aue SHANBTI PSUTTIBPUN B,

0 0 0 0 0 G o )
0 0 g 0 0 0 0
a 0 0 0 o 0 0
9 0 0 o 0 0 g
T0°0-  L8006°0 0 0 $L00°0 8 )
0 ST 0~ 0 s 0 0 8ZT'p i= v
0 0 80° 0~ o 0 0 80°0
0 a 0 §Z0* 0~ 20" ¢ 0 G
o 0 0 whZ0°0 T'0~ EZL0°0 0
Z1'0 TTOT* 0 0 0 $ZZ0°0 ST g~ 0
G- Gh- ZGE ¢ 0701 0 0° 24 0" 08~ D.oﬁi_
Bm _m@ 3 m& m& .ﬁnm Ty

» A 4 - W

*q UOTITRUSD J015E8y




gystem matrix A can be subdivided, which simplifies the eigen-

alue calculation.

ws we find:

|sI - Al = (s # 0505)2{(3 + 0.0W)s + 9,2525?}!31 - g7!

ers A7 denotes the submatrix of order seven. The eigenvalues are

_given in table A.l.

“fable A.l - Eigenvalues.

Cond A Cond B

~0.01867 + § - 0.004438 -0.003651 + J ¢ 0.02166
-{.,02266 ~0.02084
-0,08823 ~(}. 08545

-G.1633 + § » 0.0812¢ ~0.1331 & 5 « 0.07871
~10,013 ~1G.110

R RPN -t dnm memw PSSR, e S

-0,02000 £ 5 0.2617
-0.05000
-0.05000

~0,02000 = § 0.2617
“’D [} GBGQQ
~0.05000

The first six eigenvalues correspond to time constants between 6
and 44 seconds {condition A) and 7.5 and 300 seconds (condition Bl.
The seventh eigenvalue corresponds to the meutron kinetics with a
time constant of about 0.1 second. This eigenvalue is impossible to
detect with a 2 sec. sampling interval. Therefore we find & direct
term from input to output in the identifications.

The last four eigenvalues correspond to the fictictious states and hav

no pliysical, interpretation.
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Fig, 2.1 - sketch of the core of HBWR.
{The figure is fetched from ref. 1254.)
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Fig. 2.2 - Diagram of the HBWR II plant circui
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Fig. 2.4 - (Gee page 8 and ApPJ .

Response of the reactor after a unit pesitive reactivity step,

condition b.




Fig, 2.5 - (See page 8 and App.)
Response of the reactor after a step of 1
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