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ABSTRACT

A prototype dynamic testing harnessfor programmabl e automation systems has been specified and
implemented at the Technical Research Centre of Finland (VTT). In order to get experience on the
methodology and equipment for the testing of systems important to the safety of nuclear power
plants, where the saf ety and reliability requirements often are very high, two different pilot systems
have been tested. One system was an ABB Master application, which was loaned for testing from
ABB Atom by Teallisuuden Voima Oy (TVO). Another system, loaned from SiemensAG (SAG) by
VO International Oy (IVO), was an application realized with SAG’sdigital SILT technology. This
report describes the experiences gained in testing an APRM pilot system realized with ABB Master
technology.

The testing of the pilot application took place in the VTT Automation laboratory in Otaniemi in
September—October 1994. The purpose of the testing was not to assess the quality of the pilot
system, but to get experiencein thetesting methodol ogy and find out the further development needs
and potentials of the test methodol ogy and equipment.

The experience show that dynamic testing is one feasible way to get more confidence about the
safety and reliability of a programmable system that would be hard to achieve by other means. It
also shows that more development of the test harness is still needed, especialy concerning the
comparison of the obtained test response to the expected response provided by the logical model of
the system and the user interface of the on-line part of the test harness. Methods for generation of
thetest cases also need further development eg. for achieving statistical significancefor thereliability
estimates.
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TIVISTELMA

Ohjelmoitavien automaatiojarjestelmien dynaamiseen testaukseen tarkoitettu testiympéristo on
méadritelty jatoteutettu Valtion teknillisessa tutkimuskeskuksessa (VTT). VTT on testannut kahden
jarjestelmétoimittgjan, ABB Atomin ja Siemens AG:n (SAG), koejarjestelmié téssa ymparistossa.
Kogéarjestelmat VTT:n k&yttdon ovat toimittajiltalainanneet Teollisuuden VoimaOy (TVO) jalVO
International Oy (IVO). Testausten tavoitteena on ollut kerété kokemuksia testausmenetelmén ja
-jarjestelman soveltuvuudesta ydinvoimalaitosten turvallisuudelle térkeiden jérjestelmien (joiden
turvalisuus- ja luotettavuusvaatimukset usein ovat hyvin tiukat) arviointiin. T&ma raportti kuvaa
ABB Master-jarjestel malla toteutetun APRM-jérjestelman testausta ja tuloksia.

Testaus suoritettiin VTT Automaeation laboratori ossa Otaniemessi syys-lokakuussa 1994. Testauksen
tavoitteenaei ole ollut arvioida koel aitteistojen laatua, vaan kerdtéd kokemuksia testimenettelysta ja
|6ytéa menettelyn jatestilaitteiston kehitystarpeita ja-mahdollisuuksia.

Saadut kokemukset osoittavat, ettd dynaaminen testaus on eras varteenotettava tapa liséta
uskottavuuttakohdej arjestel man luotettavuuteen jaturval lisuuteen, mitd muillakeinoillaon vaikeaa
saavuttaa. Ne myOs osoittavat, ettélisakehitysté edelleen tarvitaan, erityisesti koskien mekanismeja,
joillakohdej &rjestel man testitul osta verrataan sen | oogi sen mallin antamaan odotettuun vasteeseen.
My0s testipenkin on-line osan kayttdliittymaa tulisi kehittdd kayttgjaystavallisemmaksi.
Testitapausten generointi vaatii myos edelleenkehittelya mm. testien perusteella laadittavan
luotettavuusarvion tilastol lisen merkitsevyyden saavuttamista varten.
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1 INTRODUCTION

The safety assessment of programmable auto-
mation systems can not totally be based on
conventional probabilistic methods because of the
difficulties in quantification of the reliability of
the software aswell as the hardware. Additional
means shall therefore be used to gain more confi-
dence on the system dependability.

One central confidence building measure is the
independent dynamic testing of the completed
system. Thetesting isaimed at demonstrating that
the delivered system performsto its specification
and meets customer requirements, that there are
no functional errors in the software or the
hardware and that the system interacts effective-
ly (Abbot 1992). The operation of the system is
addressed in redlistic situations, with realistic
operating conditions, with respect to therequired
reliability. Testing isintended to demonstrate that
inaredligtic situation, with real inputs, the system
will behave as required over a prolonged period
of time. Although the testing can not prove the
system to be safe, each successful test case can
increase the confidence about safety.

The ultimate goal of dynamic testing would be
to reveal all possible faults and errors. If the
knowledge about the system internal structure
together with some continuity, majority etc.
principle does not allow the extension of one
single test to cover awider range of test cases, a
“complete” testing is required. This requires all
possibleinput and internal state combinationsto
be covered. Thisisin practice not possible, since
even in systems with alimited number of inputs
and internal states the combination explosion

would raisethe required number of test casesfar
beyond any practical limits.

Another important goal isto define a statistical-
ly significant set of test casesfor the estimation
of the system reliability. When the requirements
are very high, as is the case eg. for the reactor
protection system, even thissignificance usually
ishard if not impossible to fulfil.

In many casesonly alimited time periodisavail-
able for the testing before the system start-up,
and this time together with the performance of
thetesting system set the upper limit for the num-
ber of test cases. Thus the practical goal would
be to define as many different test cases as can
be run during the limited time period available
for testing.

In any case a large amount of test cases should
be executed in order to get any confidence on
the system safety through testing. An automated
test har nessisneeded to run the required amount
of test casesin arestricted time span. A prototype
dynamic test harness was specified and imple-
mented at VTT (Haapanen & Korhonen 1994).
This system was used for experimental testing
of two representative pilot systemsdevel oped by
ABB Atom and SiemensAG. The purpose of the
testing was not to assess the quality of the pilot
system, but to get experience in the testing
methodology and find out the further develop-
ment needs and potential s of the test methodol ogy
and equipment. Based on experience gathered the
system can later be expanded and completedto a
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full-scope testing environment and used for
testing real safety critical nuclear power plant
applications when they eventually arise.

The basic configuration of the test harness is
presented in Fig. 1. The central part of the system
isthe “Test Oracle’, alogica model of the test
object used to form the expected, “correct”
behaviour of the system output signals for the
test signalsfeeded to thetest object. Thetest data
generator isactually aninput driver feeding input
signal values from a predefined test datafile to
the test object and the test oracle. The result
comparator compares the outputs from the test
oracleand thetest object. An EXCEL spreadsheet
has been used to storethe output signal time series

from the test object and test oracle are and the
comparison is made eg. by drawing charts of the
time behaviours. In practice the systemis divid-
ed into two parts. The on-line part consists of an
industrial PC computer with proper 1/0 devices
to feed the input signals to the test object and to
read the test object output signalsto a datafile.
The generation of the expected output signals by
the test oracle and result comparison are made
off-line on separate PC-level computers.

Thisreport describesthetesting of apilot system
realized with ABB Master technology. Thetesting
took place in VTT in Otaniemi in September-
October 1994.

|
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Figure 1. The principle of the test concept.
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2 THEPILOT SYSTEM

The pilot systemwas a restricted part of a reactor core power range
monitoring system (PRM) configured on an ABB Master automation system.
It was based on the specifications of a complete systeminstalled in the
Barseback plant in Swveden (TVO also is considering replacing the existing
electronic APRM systemin Olkiluoto plants with similar technology some
time in the future). In the following the tested application and the used ABB
Master equipment are described.

21 The pi|0'[ application The APRM system surveys the local power dis-
tribution and the total thermal power of the

Thetested pilot application realizessomecentral  reactor core. The reactor core is equipped with
parts of an Average Power Range Monitoring local neutron flux sensors (LPRM ~ Local Power
(APRM) System for aBWR nuclear power plant. Range Monitoring) distributed over the core as
The technical specifications of the Barsebdck showninFig. 2 & 3 (an example fromthe TVO
APRM system are used as basis for the imple- plant). The sensors are located in different radial
mentation of the pilot application (ABB 1988, positions each having 4 sensors at different
Andersson 1993). heights in the core. The APRM signals are used

cc
=

Y B E—
. 21
= 177 m
H TTTF
TrrT
’ //& I PRV sersor (TVO ccre) @ Sub B LPRM's (TVO Core)

Figure2. Location of LPRM sensorsinthecore. Figure 3. Radial location of LPRM-sensors of
one SUB.
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to produce trip commands for the reactor power
set-back and the reactor scram functions! if
allowed power limitsare exceeded. Thetrip limits
depend on the main coolant flow (HC-flow)
through the reactor core as indicated in Fig. 4.
The system is divided in 4 totally independent
subsystems (SUB’s) making their own partial trip
signals combined then by avoting logic.

Thereal pilot system implements only one SUB
of the APRM system with 20 LPRM measure-
ments and reduced functionality. Only two trip
limits, the fast power set-back (E5) limit and fast
reactor scram (SS10) limit are realized in the
system, and lower filtered limits of the actual
system are left out (see Fig. 4). This makes the
system static so that the output is al the time

150
SS 16
100

APRM [%]

SS10=MIN(132; 72.38+104.93*f)

E5=MIN(121;61.38+104.93*f)

50

0,0

f = Flow/8800 kg/s

0,5 1,0

Figure 4. Reactor protection systemlimits SS10 and E5 as functions of the core coolant flow.

1  Power set-back = reactor power islowered by reducing the speed of core coolant circulation pumps.
Reactor scram = reactor is shut down by inserting control rods to the core.

10
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directly determined by the momentary input
values without any inherent dynamic behaviour
(memory) of the system itself (thefiltered limits
would have made the system dynamic and thus
much more complicated to predict).

The signal levels of the neutron flux sensors are
weakening during their lifetime by a factor of
ca. 10, andin actual system periodical calibration
by increasing the amplification of signals is
needed. In the pilot system the amplification
coefficients were constants and the influence of
their change on system behaviour was not tested.
Thebasic functionsincluded in the pilot system,
aswell asthelogical model, are showninFig. 5.
Thetasks of the system are (the tasks are shown
as bubbles in the Fig. 5, the arrows are
information flows):

1) to calculate the average power range value
(APRM) from 20 local power range values:
1 20
APRM =1 |

i=1

2) to compare the calculated APRM value to
HC-flow dependent trip limits (E5 & SS10)
andto givethetrip signa if either of theseis
exceeded.

Thetrip signasarecalled “reactor-scram”-signal
and “ power set-back”-signal. The system hasthus
only 2 outputs. The output signal is ‘1" if the
corresponding trip limit is surpassed and ‘0’
otherwise (De-energized trip condition is used
in the acutal system i.e. the signal values are
inverted).

LFPRN

N

[1C Tlow 77

AF <V

cower sel cac< s'gnc

—

\%

reactor_scramr_signal

Figure 5. High-level logical model of the APRM system.
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2.2 Thepilot equipment

The pilot application wasimplemented on asmall
ABB Master system, which consisted of aprocess
control unit ABB MasterPiece 200 (M P200) and
aprogramming aid MasterAid 215.

MP200 isacomplete processstation unit for logic
seqguencing, data processing, arithmetic, re-
porting, logging of processdata, weighing, motor
speed control, positioning, regulatory control,
adaptive control, optimizing, etc. The unit
contains al that is needed for the entire control
task, e.g. a process database which contains al
theinformation on the process signal sand objects
connected to it. The hardware composition of the
pilot MP200 unit is presented in Fig. 6.

MasterAid 215 isacomputer based unit for con-
figuring, application programming, documenting,
testing and commissioning of an ABB Master

system. The system uses a specialized pro-
gramming language AMPL (ABB MasterPiece
Language) for the devel opment of the application
programs. These are devel oped by selecting and
interconnecting function blocksfrom the system
library. A comprehensive set of function blocks
from simple logic gates up to loop, motor and
valve controllers is available in the Master
system.

The program is loaded from a PROM memory
(read only) of the MP 200. The state of the
incoming analog signals are updated in the data
base of the MP 200. The application program
could not be modified in this application, but
some parameters had to be defined to the read-
write memory (RAM) of the unit. These are the
amplification factors of the data base modules
of the neutron flux and recircul ation flow signals.
The amplification factors depend on the process
for which the system is applied.

O O|g

229 29929 2

355 hEr
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Il &G = =

N NN SIERE N
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FAN UNIT

POWER SUPPLY

FRONT VIEW

DSTA 130 DSTA 131

DSTA 170 DSTA 110A

DSXX 160

DSSB 120

BACK VIEW

Figure 6. The components of the pilot MP200 unit.
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3 TEST CASES

As the source of the test data in this limited
experimental testing asimplereactor core model
acquired from TVO was used. This model
provides plant data that is not real but realistic
enough for testing of the functionality and
correctness of the pilot application. The core
model isimplemented on EXCEL and ispresen-
tedinFig. 7.

The model calculates the total thermal power of
the reactor core (APRM) as the function of the
core coolant flow (HC-flow) and the control rod
position using apoint kinetic neutron flux model.
Themodel containsno core thermohydraulics so
the void feedback was not included. The
individual local power range monitoring system
(LPRM) measurement signal values are cal-
culated by multiplying the total thermal power
by constant radial and axial flux shape factors
for each sensor. The radia shape factors RSH is
calculated as:

RSH, = 1—0,35*R ?,

whereR istherelative distance of thei,j-sensor
from the vertical central axis of the core (i
indicatestheradial and j the axial position of the
Sensor).

For the axial shape factors ASH the following
values are used:

ASH,, = 0.6, upper
ASH, , = 0.8, upper middle
ASHi’3 = 1.0, lower middle
ASH, , = 0.8, lower

Individual sensor valueisthen calculated as;
LPRM iJ.(t) =APRM(t)* RSH”.*ASH”.

The model calculates the values of al LPRM
signals at constant time intervals; in the actual
calculation a 100 ms time step was used. The
calculated values are scaled to a 0—250 %
relative scale and stored as ASCII values (CSV
form) in the test data table as illustrated in Fig.
8. The core coolant flow scaled to 0—38 800 kg/s
isalso stored to the sametable. Asthe pilot system
uses a 20 mstime step, the actual values feeded
to the test object are interpolated from the data
table.

Two different sets of basic transient cases were
calculated using the EXCEL model. In one set
the core coolant flow was kept at aconstant value

Coc ant flow 1

15 Void leeckack

>
set vclue 3.

i 1 APRM
055 T s

A

wn

\eut-or knet'c
Co~trel red position 1

sel vclue S

020 s

l—

0.05

Figure 7. Point kinetic model of the reactor core (TVO).
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and the control rods were moved so much out of
the core, that the average thermal power slightly
exceeded the reactor scram limit SS10 (“rod
transients”). This set included eight (denoted as
F3—F10) cases with different flow values rang-
ing from 31 to 100 % of the nominal value 8 800
kg/s. The other set actually included only one
case, wherethe control rodswerekept at constant
insertion depth and the coolant flow increased
from 57 % to 98 % of nominal value (“flow
transient”; FF). The initial control rod position
was adjusted so that the thermal power was
100 %. On the flow/flux-diagram this cor-
responds the normal operation point near the
turning point of the flow/flux limit border. The
reactor protection system was switched off during
the transients so that the actual power limitation
and reactor trip limits could be exceeded.
Otherwise the protection system — if operating
correctly — would have decreased the reactor
power immediately after the power surpassesfirst
time the power set-back limit E5, and the
operation of thereactor scramat limit SS10would
never been tested.

These nine (9) data sets served as base cases for
the testing of the application. More actual test
cases were then generated by adding pseudo-

random signal noise on the calculated LPRM-
signals. The maximum amplitude of the noisewas
adjusted to be 4 % of the nominal power and the
dominating frequency around 0.4 Hz corre-
sponding the actual situation in an operating
BWR-plant.

3.1 Test caseswithout noise

Theinput-filesfor test-cases without noise have
100 rows. The rows contains the HC-flow value
and 20 LPRM detector values. The columns of
theinput datatabl e contain the momentary input
signal values with 100 ms time samples. As the
input signals to the model and the pilot system
are updated with 20 ms sample intervals, the
intermediate values areinterpolated from the 100
ms val ues during the execution of the actual test
runs.

Test data values are scaled so that LPRM values
between 0 and 1 correspond to 0—250% of
nominal power (i.e. when al LPRM values are
at 100 % the cal culated APRM value corresponds
the nominal thermal power of the reactor) in
actual LPRM, HC-flow values between 0 and 1
correspond to 0—8800 kg/s in actual HC-flow.

Core

coolant
flow

Control

Core
point
model

APRM

v

Power
distribution
model

ASCIl data
table (CSV)

rod
i position
v

LPRM
i . {7,817,21,27}

i . {1,234}

Figure 8. The principle of making the test data table.
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Tablel. A part of an input data file without noise.

HC-flow LPRM7.1 LPRM7.2 LPRM7.3 LPRM7.4 LPRM8.1 LPRM8.2
0.9 0.278644 0.371525 0.464406 0.371525 0.282752 0.377002
0.9 0.287839 0.383785 0.479731 0.383785 0.292082 0.389443
0.9 0.296115 0.394819 0.493524 0.394819 0.300480 0.400640
0.9 0.303563 0.404750 0.505938 0.404750 0.308038 0.410718
0.9 0.310266 0.413688 0.517110 0.413688 0.314840 0.419787
0.9 0.316299 0.421732 0.527165 0.421732 0.320962 0.427950
0.9 0.321729 0.428972 0.536215 0.428972 0.326472 0.435296
0.9 0.326616 0.435487 0.544359 0.435487 0.331431 0.441908
0.9 0.331014 0.441351 0.551689 0.441351 0.335894 0.447858
0.9 0.334972 0.446629 0.558286 0.446629 0.339910 0.453214
(100 lines altogether)

Table 1. A part of an input data file with noise.
Basename of the input file is: f9
Output voltages, cycle time (ms) is : 20
Cycle LPRM7.1  LPRM7.2 LPRM7.3 LPRM7.4 LPRM8.1 Flow
1 2.78630 3.71430 4.64470 3.71430 2.82780 9.0012
2 2.78140 3.83150 4.63740 3.80460 2.94020 9.0012
3 2.80340 3.91450 4.78140 3.76310 2.76920 9.0012
4 2.87420 3.78020 4.79610 3.63370 2.64960 9.0012
5 2.66670 3.98290 5.20880 3.68500 2.75700 9.0012
6 2.69110 3.97310 5.23080 3.62880 2.69350 9.0012
7 2.74970 3.87060 5.20630 3.88280 2.82780 9.0012
8 2.76920 4.10260 5.11360 3.77050 2.65690 9.0012
9 2.89380 4.08790 4.99150 3.61420 2.98170 9.0012
10 3.01100 4.16360 4.91330 3.88770 2.72280 9.0012
11 3.11110 3.99760 5.01100 3.76310 2.74730 9.0012
12 3.18930 3.93160 5.16970 3.62150 2.87420 9.0012

(5*500 lines altogether)

3.2 Test caseswith noise

The test data input files with noise have 2 500
rows containing five consecutive test runs
generated so that in each single 500 rows long
test run different pseudorandom noise val ueshave
been added to the same LPRM base data. The
base data containing signal values with 100 ms

samplesis firstly interpolated to contain 20 ms
samplesand then the noiseisadded to each value.
The rows contain the 20 LPRM values and the
HC-flow value scaled directly to voltage values
betveen 0—10V in LPRM value corresponding
to 0—250% in actual LPRM signal level, 0—
10V in HC-flow value corresponds to 0—8800
kg/sin actual HC-flow.

15
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Fig. 9 and 10 give examples of theinput signals value 0.9 and control rods are moved, in Fig. 10
with and without noiseintwo different test cases.  control rodsare kept at constant position and HC-
InFig. 9 the HC-flow hasbeen kept at aconstant  flow increased. Only 3 LPRM signals and the

Flow = 0.9, controlrod 1 --> 1.35

250 %

200 %

150 %

100 % /

’
)

APRM 1 1 - [LPRM17.1

50 % : : : : : :
0 2 4 Time [s] 6 8 10

250 %

200 %

150 %
SS10
100 %
. |APRM 1 . [LPRM17.1
50 % . . . . . . .
0 2 4 Time [s] 6 8 10

Figure9. Time series of three neutron flux sensor signalsin a control rod transient.
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APRM signal (corresponding the average of all  the test data without noise, in the lower part the
LPRM values) are presented in order to keepthe first 500 rows long test run with noise is
graphsreadable. Upper part of the graphspresent  presented.

Flow = 0.57 --> 0.98

250 %

200 % ' ' ' ‘ ‘ ‘ LPRM17.3

50 % . . . . . . . .
0 2 4 Time [s] 6 8 10
250 %
LPRM17.1
LPRM17.2

200 % 1 1 1 ‘ ] 1 1 ‘

150 % 1 1 ‘ 1 ‘ ‘ I
il ‘ ‘ ‘ | | It

T AR

A vt b M P,
100% o g1 N - o W};MH‘MLE”.

|
1 ‘ 1 1 . [LPRM17.1
50 % ‘ ‘ ] 3 3 3 ] ] ‘ !
0 2 4 Tim3 [s] 6 8 10

Figure 10. Time series of three local neutron flux sensor signalsin an flow transient.
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4 TEST ORACLE

4.1 Development of thelogical
model

The development of thetest oracle was based on
the requirements specification of the Power
Range Monitoring of the ABB-pilot system
(ASEA ATOM 1988). The details of the
regquirements were further discussed with TVO.

Thetest oracle consist of alogical model of the
system together with C-coded input- and output-
functions. The logical model was developed by
using PROSA structured analysis design tool
(Prosa1989). ReaGeniX code generator wasthen
used for automatically generating C-code from
this logical model (ReaGeniX Programmer
1994). The devel opment of thelogical model was
straightforward becausethe state-behaviour of the
modelled system is very limited.

Thefirst version of thetest oraclewas quitelarge
as it modelled the whole system requirement
specification including for exampleflow-filtering
and alarms for local power range values.
However, the actua version of theAPRM system
turned out to beasimplified version of theAPRM
system containing only the non-filtered trip limits
SS10and E5 (seeFig. 4). Thereforethetest oracle
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was adapted to correspond the reduced system.
The data flow and state transition diagrams of
the logical model are presented in App. A.

4.2 Validation of thelogical
model

The logical model wasin the early phase of the
project validated by comparing results obtained
fromit to results obtained by manually executing
the specification. Errors were immediately
corrected to the logical model. Later the
validation method was augmented with automatic
comparison of thetest results. In the comparison
the output of thelogical model wasautomatically
compared to the “correct” results (see Fig. 11).
Thetest system also reported of any differences
between the results. This automated comparison
speeded up the testing of the logical model
significantly.

Finally the logical model was compared to the
model of the reactor protection system also
included in the TVO's EXCEL-model. This
model was also used for generating the actual
test cases for ABB-pilot. Comparisons show that
the responses of the logical model correspond
precisaly to responses of the EXCEL-model.
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infile.txt

ABB Logical Model

"Expected results:"

stdout

read_inputs compare

all output

all input

3

5 results.txt

print_outputs

all prosessing

all output

Figure 11. Validation testing of the logical model.
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5 EXPECTED RESPONSE GENERATION

The generation of the expected response for the
test caseswas done by executing the test casesin
the logical model in a similar manner as the
validation of the model was done. The actua
logical model of the pilot system was enhanced
with some new functions that were used for
reading theinputsfrom aninput file (infile.txtin
Fig. 11 ) and storing the response of the model
into an output file (results.txt in Fig. 11).

The test input data files were read as text files
(seeTab. | and I1) to the PC-computer where the
logical model was executed. The output values
of the logical model were stored into the output
file each time when the calculated APRM value
crosses one or the other of thetrip limitsi.e. the
status of either of the trip signals change. The
output file contains the number of the cycle and
the exact event time of the change and the states
of the trip signals at that moment of time. The
filealso givestheexact value of theAPRM signal
at the event time.

An example of the logical model output filein a
rod transient without noiseisgiven in Tab. I11.

Ascan beseen from Tab. I11, only two eventsare
recorded:
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»  Power set-back limit E5 has been exceeded
on cyclenr. 70 at 1.4 seconds after the start
of thetransient; APRM valuewas 121.018 %

» Reactor scramlimit SS10 has been exceeded
oncyclenr. 219 at 4.38 seconds after the start
of thetransient; APRM valuewas 132.005 %

The output file for test cases including noise is
in principle similar, but if the power isincreased
slowly (as was case in the specified test cases),
much more events are recorded as the APRM
value exceeds and the again falls below the trip
[imits due to the noise. An example in this case
isgiven in Tab. IV. In this special case the file
contains 83 events; the number of eventsin all
recorded cases varied from 34 to 134. The
responses of the logical model are presented in
graphical forminApp. B together with the actual
responses of the pilot system.

Astherewere no timersinthelogical model, the
execution of test cases was totally independent
of real-time. This means that a new input was
fed into the model as soon as the response from
the previous input was received. Thus the
execution rate was tens of times faster than in
the pilot system.
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Table | 11. Response of the logical model to a rod transient without noise, HC-flow = 0.7.

Output # 70: time: 1400 ms
APRM: 121.018163

APRM alarms, hl (E5): 1

APRM alarms, h2 (SS10): 0
Output # 219: time: 4380 ms

APRM: 132.005300

APRM alarms, hl (E5): 1

APRM alarms, h2 (SS10): 1

Table V. Response of the logical model to rod transient with noise, HC-flow = 0.7.

Output # ; 65; time ;1300; ms APRM ;122.253000; ss10: ;0; E5: ;

Output # ; 68; time ;1360; ms APRM ;117.863500; ss10: ;0; E5: ;

Output # ; 72; time ;1440; ms APRM ;119.349875; ss10: ;0; E5: ;

Output # ; 73; time ;1460; ms APRM ;121.978250; ss10: ;0; E5: ;

1
0
Output # ; 69; time ;1380; ms APRM ;121.984000; ss10: ;0; E5: ;1
0
1
Output # ;162; time ;3240; ms APRM ;132.008750; ss10: ;1; E5: ;

Output # ;170; time ;3400; ms APRM ;131.068375; ss10: ;0; E5: ;

Output # ;179; time ;3580; ms APRM ;130.286875; ss10: ;0; E5: ;

1
1
Output # ;177; time ;3540; ms APRM ;132.722750; ss10: ;1; E5: ;1
1
1

Output # ;192; time ;3840; ms APRM ;132.566875; ss10: ;1; E5: ;

(83 lines altogether)
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6 TESTINGARRANGEMENT

The connection of the test harness to the test
object is presented in Fig. 12. The 21 analog
output signals from the test harness (test input)
and 2 binary output signalsfrom the pilot system
back to the harness were hard wired to the
terminal block located in the backside of the
MP200. The analog signals were connected
through D/A converter channels directly to the
analog inputs of thetest object asO- 10V signals.
The two binary output signals from the pilot
system are connected to the test harness binary
inputs through opto-isolatorsin order to prevent
electrical interferences between systems and
adapt the different voltage levels. To avoid
electrical disturbances, the MP200 was connected
to an uninterruptible power source (UPS) during
the tests.

The analog inputs to the test object consist of
twenty LPRM signals and the core coolant flow
signal. Test object produces two binary output
signals, the reactor scram signal SS10 and the
power set-back signal E5.
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The origina test data tables from the ECXEL
model contained the input data with 100 ms
sampleintervalsand theindividual LPRM values
werelisted in numerical order. Thesetableswere
arranged off-lineto separatefiles each containing
the time series of one input signal as presented
inFig. 13. Thesefiles (21 pieces, 20 LPRM files
and one HC-flow file) were stored in the on-line
test harness computer, which did the scaling to
proper valuesfor the D/A conversion, necessary
interpolation to the desired sampleintervalsand
possible addition of pseudorandom noise to the
APRM signals and finally wrote the data to the
input registers of the D/A converters. The on-
line part of the test harness operated in real time
updating the signal values with 20 ms time
intervals.

The on-line system sensed the status of the pilot
system output E5 and SS10 continuously with
0.01 mstimeresolution and saved the exact time
of the event always when one of the signals
changed its state.



STUK-YTO-TR 92

FINNISH CENTRE FOR RADIATION

AND NUCLEAR SAFETY

TEST HARNESS
VTT
OUTPUT INPUT
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Figure 12. Configuration of the test arrangement.
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writing to
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Figure 13. Preparing and feeding of the test data to the test object and reading the system response.
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7/  TEST RESULTS

The pilot system output was compared to the logical model output (“ the correct
response” ) manually by comparing the output file listings. This was considered to
be the most suitable way to do the comparison as the number of the test casesis
small. Thetest input data and the responses of the pilot system and the logical
model are also presented in graphical formin App. B, which makes the comparison
easier especially in the case of test signals containing noise.

7.1 Test cases without noise

An example of the pilot system output filein a
test case without noise is given in Tab. V. The
table contains the cycle index, the elapsed time
from the beginning of thetransient and the status
of the binary inputs to the test harness recorded
each time when one of theinputs has changed its
state. Thelast bitinthedigital output bytein Tab.
V is the status of the power set-back signal E5
and the second last the status of the reactor scram
signal SS10. The six most significant bitsare non-
relevant in this case.

The corresponding output file of the logical
model in the same test case is presented in Tab.
VI.

The response of the pilot system resembles the
logical model predictions quite well in most test
cases, although there seems to be a tendency of
the pilot system events (event isa change in the
state of one of the trip signals) to become
registered somewhat later than the logical model
has predicted. The event times predicted by the
logical model and actually recorded in the tests
and their time differences are presented in Tab.
VII.

Table V. Response of the pilot systemto rod transient without noise, HC-flow = 0.9.

Index : 55 elapsed time (ms) : 1093.90 digital input : 11111101
Index : 331 elapsed time (ms) : 6633.20 digital input : 11111111

Table VI. Response of the logical model to rod transient without noise, HC-flow = 0.9.

Output # 52: time: 1040 ms
APRM: 121.100210

APRM alarms, hl (E5): 1
APRM alarms, h2 (ss10): 0
Output # 293: time: 5860 ms
APRM: 132.000670

APRM alarms, hl (E5): 1
APRM alarms, h2 (ss10): 1
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Table VII. Event times and time differences in transients without noise [ms].

E5 SS10
Transient Model Pilot Difference Model Pilot Difference
F3 1560 1577.43 17.43 5080 5232.64 152.64
F4 1560 1604.29 44.29 4880 4903.81 23.81
F5 1580 1629.47 49.47 4600 4669.07 69.07
F6 1580 1625.27 45.27 6040 6544.62 504.62
F7 1400 1447.42 47.42 4380 4506.96 126.96
F8 1220 1270.70 50.70 4080 4210.32 130.32
F9 1040 1093.90 53.90 5860 6633.20 773.20
F10 760 783.92 23.92 3580 3663.54 83.54
FF 800 828.90 28.90 1200 1228.81 28.81
FF 9400 9627.62 227.62 5740 5828.07 88.07

Some of the time differences (1 or even two 20
mstime steps) can be explained by the asynchro-
nous operation of the pilot system and the test
harness and the settling times of the D/A andA/D
convertersinthesignal path. If thetime moment
when the test harness writes a value to the D/A
input register takes place after the time moment
the pilot system reads the corresponding input
channel the potential event can be discovered by
the pilot system at the earliest at the next time

step.

The larger time differences can be explained by
the inaccuracies in the analog signal path from
the test harness to the test object. Small
differencesin the datafeeded to the logical model
and thetest object were caused e.g. by the use of
uncalibrated analog output boards in the test
harness, the limited resolution of the D/A and A/
D conversions (e.g. 12 bit converter in the test
harness) etc. These differences could be avoided
by feeding the logical model with the actual
measured values from the test object using a
standard EXCOM-protocol. The smaller is the
time gradient of the input signals at the time of

N

t Irceeuracy
range

Qo Y onset

« :

Figure 14. Timing errors caused by quantification inaccuracies.
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Table VII1. Response of the pilot systemto rod transient with noise, HC-flow = 0.9.

Index : 48 Total time (ms) :  945.08
Index : 50 Total time (ms) : 984.88
Index : 54 Total time (ms) : 1065.07
Index : 151 Total time (ms) : 3004.78
Index : 156 Total time (ms) : 3104.62
Index : 160 Total time (ms) : 3184.76
Index : 164 Total time (ms) : 3264.61
Index : 173 Total time (ms) : 3444.74
Index : 183 Total time (ms) : 3644.55
Index : 199 Total time (ms) : 3964.66
(59 lines altogether)

digital input :11111101

digital input :11111100
digital input :11111101
digital input :11111111
digital input :11111101
digital input :11111111
digital input :11111101
digital input :11111111
digital input :11111101

digital input :11111111

event, the larger is the possible time difference
caused by the same signal difference. In extreme
casesthetimedifference may grow to theinfinity,
that is, an event in one system (pilot or model) is
not observed in the other system at all. This
principle isillustrated in Fig. 14. Since the test
transientswere selected so that the reactor scram
limit SS10 was just exceeded, the time gradient
of the APRM value is much lower at the SS10
limit than as the power set-back limit E5.
Therefore aso the time differences are bigger in
the SS10 signal.

7.2 Test caseswith noise

An example of the pilot system output filein a
test case with noise is given in Tab. VIII. The
table is in principle similar than in test cases
without noise, but there are much more events
recorded. The noise causes the APRM value
exceed the trip limit and return back below the
limit again several times. The transients are
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adjusted just to exceed the SS10 limit and
therefore there are more changes of statein SS10
signal thanin E5 signal.

The corresponding output file of the logical
model in the same test case is presented in Tab.
IX.

There were problemsin comparing results from
the ABB-pilot and from the logical model,
because the responses are quite different as can
be seen from Tab. V111 and I X and also from the
graphsinApp. B. The main differenceisthat the
logical model predicts much more events than
are actually observed in the pilot system. For
instance in the selected example cases, the pilot
system produced 59 events when the logical
model predicted 134 events. This result — that
the number of trip limit crossings was much
greater inthelogical model thanintheABB pilot
system — wasnoticed inall test caseswith noise.

This difference appears to be caused by analog
signal filtering at the input of the pilot system.
The“technical specification for quotation” used
asthe basisfor the logical model did not specify
the filtering of the input signals, and therefore
the behaviour of the logical model deviates in
thisrespect from the pilot system behaviour. The
design documents produced in the later phase of
the design process would have defined these
filters, but they were not availablefor this study.
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Table I X. Response of the logical model to rod transient with noise, HC-flow = 0.9.

Output # ; 47; time
Output # ; 48; time
Output # ; 54; time
Output # ; 55; time
Output # ; 56; time
Output # ;150; time
Output # ;151; time
Output # ;154; time
Output # ;155; time
Output # ;159; time

; 940; ms
; 960; ms
;1080; ms
;1100; ms
;1120; ms
;3000; ms
;3020; ms
;3080; ms
;3100; ms
;3180; ms

(134 lines altogether)

APRM ;
APRM ;
APRM ;
APRM ;
APRM ;
APRM ;
APRM ;
APRM ;
APRM ;
APRM ;

124.477750;ss10:
119.352875; ss10:
122.832625;ss510:
119.767875; ss10:
122.167375;ss10:
133.681125; ss10:
131.694000;ss10:
132.273875;ss510:
130.879125;ss10:
133.684500;ss10: ;

0;

P O P ©O P ©O © o o

ES:
ES:
ES:
ES:
ES:
ES:
ES:
ES:
ES:
ES:
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8 CONCLUSONS

No major problemswerefound in developing the
logical model for the ABB pilot system. Though
ReaGeniX is especially intended for embedded
systems, it proved to be flexible enough for
model ling automation systems, too. The amount
of work that was used for model devel opment
and testing, was approximately 2,5 manmonths.
Compared to the other pil ot experiment, the effort
was larger although the model is much simpler,
but this can be explained by two reasons. Firstly,
the persons involved in the development had to
be changed so that creation of the model and
testing of the model were done by different
persons. Although the change of personnel
probably increased the correctness of the model,
it also increased the amount of work. Secondly,
the model that was once created and tested, had
to be updated due to the simpler implementation
of the pilot system. It later turned out that the
many features of the original specification had
been omitted in the pilot system, and therefore
the missing features had also to be eliminated
from the logical model. However, taking into
account the previous reasons, the total amount
of work can be considered reasonable.

The pilot application was too simple to give a
full comprehension about the potentials of the
selected modelling methodology, e.g. a cor-
responding logical model was also included in
the EXCEL model used for the development of
the test data. One can estimate that the imple-
mentation of this ECXEL model of the actual
pilot system functionality can not take many
manhours of work effort.

Those rather few test-cases used in this com-
parison show clearly that the responses of thetwo
systemsare not identical. However, this does not
directly indicate that therewereerrorsin the pilot
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system or in the logical model, but a closer look
at the discrepancies is needed. For example, all
differencesin test data(e.g. caused by the use of
uncalibrated analog output boards and the
guantification errorsinthe D/A- and A/D-conver-
sions) may in some case cause quite large differ-
ences in the time behaviour of the system asis
shown in Fig. 14. The smaller is the gradient of
the signal when it surpasses the trip limit the
greater is the time difference between the
expected and actua moment of time when the
trip occurs. This means that a more intelligent
comparison algorithmis needed for distinguish-
ing actual erroneous behaviour of the system from
discrepancies caused by quantification error. By
using the actual measured data from the test
object as input for the logical model the
deviations could be minimized.

The ABB-pilot example has shown that dynamic
testing is not an easy approach. Thisis best seen
in the interpretation of the test results. Though
theamount of test caseswassmall, the evaluation
of two dightly different response turned out to
be somewhat problematic. An example of thisis
noticed in the evaluation of deviating outputs:
how great differenceisacceptable? The problem
isidentical tovoting methodsin diverse systems.
Thusit isreasonableto suggest that with alarger
system the approach should be more targeted to
critical or otherwise interesting portions of the
system. It also seems obvious that in later
versions of the test harness a more intelligent
response comparator will be needed.

Dynamic testing gives valuable information of
the time behaviour of thetarget system. Thistype
of test result can not be achieved by any other
means. For instance, analysisof the specification
or system design can not fully predict its time
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related behaviour. Proving of the response times
inevitably requires dynamic testing of the real
system.

The pilot system included features that were not
described in the specification for quotation
availablefor this study. Thismeansthat asimilar
system cannot be reconstructed using only this
specification. In this case the pilot system
contains probably some sort of filtering of the
input signalsthat is not defined in this specifica-
tion. The design documents produced in the later
phase of the system design process would have
defined thesefilters, but they were not available
for this study. The lack of requirements
traceability is a severe drawback: if specifica-
tion can not be used as a starting point for the
logical modelling, all thepossibleerrorsthat have
been made during the early phases of the system
development, are missed in dynamic testing. It
isawell known fact that the origin of most of the
errors lies just in the specification and design
phases of the development process. Some
references claim that even 80 % of errors stem
from specification phase. Thus — according to
those references — most of the potential errors
can not befound indynamic testing, if thelogical
model is based on implementation docu-
mentation, i.e. the formal specification.

Therefore it is suggested that the specifications
in the future also include features like filtering.

The decisions to add new features to the system
are perhaps done during implementation (that is,
during the development of formal specification).
However, there are no obstacles in updating the
specifications after this kind of design or
implementation decisions have been made.
International norms and standards should be
developed to give more clear guidance for the
production of correct and complete
specifications.

Test case preparation and selection should be
based on the analysis of the system. Test cases
should betargeted to key areas of the system and
selected so that statistical analysis of test results
ispossible.

Theexperiencesgained in thistrial testing of one
application it is clear that further development
of the test harness is still needed, especially
concerning the comparison of the actual
behaviour of the system with the expected
response provided by the logical model. The
tested application was of utmost simplicity and
more experience is still needed before the full
potential of the method and the harness can be
evaluated and the development tasks defined.
Another, more complicated target system will be
tested during the spring 1995. That test will most
certainly give a lot of new experience for that
purpose.
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APPENDIX A

THE LocicaL MobEL
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inlerfcce
J nclude —
——— ‘n corlirucus  —“KM_sigrals:icel_rec ;
fuaclior.h n corlirucus _2RM seleclionicel inl;
ir continucus rrir nbr of _2RMs:integer;
ir continucus A-RM_arrplfication:-eal;
in sigral _PRM done;
ir cantinucus | FRV_I 1_ evels:det_real;
in continuoLs AFKM_ale-r_leve s:ALl FVHI S;
oul signal APRM done;
oLt conatinLous APRN:real:
out continuous comaron_errars: RRORS:
CALCULATZ A2RM
or(LPRM dore)
cc culate_ APRIM(v(l PRV_se ecton),v(min_nbr_of_I| PRVs),
v(APRM_armpl'licelion), v(LFRV_s'gnals),&v(AFRV),
&v(commean_errors).v(l PRV_ 1_levels).v(APIM_c arm_levels)):
s(APM_core
Aul-ior [ stcs [ e 2.2 CA_CLLAIE_AFPRM [ bate _15-0s—1994
Project [ Apor [ vers File cal aprm.std [ 7~ 1s:17:.00
h inlerface
#include Leress decla-e
. , ir conlinuous HC flow:real;
csea per.n . ) slore M perar:ff U 1;
in signal flow dore;
csec‘_‘*/"” ‘n cont'nuous APRM:real; store kF_stctus:c_ff_b;
funclion.n in conlinuous Zireal; sloe FF va :ff L—FF PARAVETESS;
oLl conlinuous il flow:irea ;
out sigral filt flow dore;
ff pcrem init(&ov(TT param},&ov(IT va ),I'T cycle);
el inil(&ov(--_slelus),v(AFRM),v(HC_low),v(/),&v(lilLllow));
CA CUIATT_MI TFRED_I OW
cr(flow_done)
caleu ale_li lered_| ow(&ov(FF_pararm),&ov(FF_slalus),v(AP<NV),
v(IIC_flow).v(7).&v(filt_flow)):
s(ri L fow dane);
Aulho- [ steles [ rue 2.5 CA_CULA E FILIERED FLOW [ bale  20—09—1954
Pro ect | Appr [ vers [ rile cal_fflo.std [ Tme 10:20:12
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#inclLde

irte-fcce

out signal flow done;

in cortinueLs 11C_flow:real:
ir sigral A2RV done;

furclion.h

in centirucus APRV:-eal:
ir conlinuous /ireal;

cut continuous flow:real:

CAICUIA | 11 CW

or (APRM cone)

cc culate_flow(v(HC_flow),v(A=ZRN),v(/),&v(flow)):

s(flew_dcne):

[ status [ iue [ ete

Aul-ior 2.4 CALCU_A E FLOW S S5—06—"98<%
Project | Aser [ vers File cal_flow.stc [ Time  15:17:°5
inlerface
Jirclude
—_— ir continuous | "RM_s'gnals:det_recl:
furction.n ir signal APXV alcrrrs core;
in continuous | PRVl I1_levels:det_real;
in conlintuous LPRV L1 levelsidel rea;
‘n continucus APXIV_alcrmrs: Al ARVS;
oLl conlnuous _° acrrmsiprobe clarns;
oLt contnuous 1 aarms:orobe clorms;
oul signal prinl
CHF CK_I “RM_AI ARMS
cr(AP=V acrrs core)
cnec<| PRM_clarms(&v(AFPRM_clarms),v( PRNV_signals),v(l PRM_H1_levels),
v(LPIV L° levels),v(l 1 aarrms}.v(L1 alarms));
s(prial;
Aulho- | Slalus | TUe 2.5 CIIECK LPRV ALARMS | Dale 13 C6 1894
Poject [ Aso- [ vers [ rie | PRV_alm.stc | Time  1s:18:18

State Transition Diagrams
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Jl 'nclude

functicn.h

‘nterface

oLt signal APRM_alarms_dcre:;

in sigral low alc-ms done;

in coalintous APRM:rec ;

‘n centinuous APRM_alarm_levels:A_l VTl S;
oul conliruous A2=3M c arms:A ALARMS;

0

CCK AFPRM ALARNS

o(llow_alc - ms_done)

chec< APRM_alarms(v(A2RM),&v(A=RM_c arm_levels).
&v(A=3M_c arrms));

s(ARM_alarms_done):

Aulrio- | Slalus | lille 2.6_CHAECK APRM ALARNS | Dale  ~$—06—-1594
Project Appr Vers Tie APRM_alm.std Tme 15:18:03
‘nterfcce
. oul sigral flow ala-ms dane;
/linc ude
—_— in continuous flow:real;
function.k in cont'nuous filt_flow:real:
n conlirvous flow ala-m levelsi- _EVELS;
in signal L Mlow core;
oul conlnuous flow_alarns:F_ALARMS;
CIIFCK_"1 OW_AI ARMS
on('IL low dore)
check_flow_alarms(v(flow},v(flt_flow).&v(flow_a arm_evels},
Eev(l ow_alerrrs));
s(flow_a a-ms_done):
Actaor [ stetus [ —ite 2.7 CIICCK_I OW_AI ARNS [ bate 13-08—1997
Project | Ao~ | Ve-s File Mow clrr.sld | Trme  15:17:50
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funclior.t

inlerflace

in coalinucus _~RM signa s:del -eal;
“a sigral orirt:
in coalinucus 11 alerms:probe c arrs;
in coalinucus _1 alarrrs:probe alarms;
in contirucus APRM alarTs:A A ARMS:
in conlirucus [ ow alarms:- ALARMS;
in contirucus corTor_errors:k RROIE;
ir cortinuous APRM:real;

ir corlinuous flowirea;

in continuous filt_flow:rec ;

#include

FRINT NG_TAB

T_VAIUrS

on(prirl)

prinl oulpuls(v(LFRN s'grals),
v(H1_clarmes},v(l 1_ale-ms),&v(A2IM_alarmse},
&v(f ow_alarms),&v(cormmon_errors},

N

&v(APRN), &v(flow). &v(filt_f ow} }:

Aclhor [ saws

[ e

S oulpul

| Dale 14—06—1S94

Project Asp-

Vers

File newcul.sld

09:12:54

ime
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Test DATA AND RESULTS Core flow = 0.31 APPENDIX B
APRM
1,2
11 SS10
104 - - - - - - T R e

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0,4 : : ‘
0 4 Time [s] 6 10
1 E5m
0 LJ [ [
0 4 Time [s] 6 10
1 E5s
0 | [
0 4 Time [s] 6 8 10
1 SSl7m
0 : : 1 ‘ |
0 4 Time [s] 6 8 10
1 SS10s
0 } + }
0 4 Time [s] 6 8 10

« m refers to the logical model

« s refers to the pilot system
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APRM

1,2
0,4 ‘ ‘ : : : ‘ ‘ ‘
0 2 4 Time [s] 6 8 10
1 B5m
0 - ‘ : ‘ : ‘
0 2 4 Time [s] 6 8 10
L E5s
0 - ; ‘ ‘ ‘ ‘
0 2 4 Time [s] 6 8 10
. SS10m
o B | [ L T AL
0 2 4 Time [s] 6 8 10
. SS10s
o] | LD LA I T L T
0 2 4 Time [s] 6 8 10

The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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Test Data AND RESULTS Core flow = 0.4 APPENDIX B
APRM
1,3
1,2 SS10
T _— E% .
0,5 | |
0 2 4 Time [s] 6 8 10
1 / E5m
0 - : 1 i
0 2 4 Time [s] 6 8 10
1 E5s
0 |
0 2 4 Time [s] 6 8 10
1 S/SlOm
0 ‘ : [ [
0 2 4 Time [s] 6 8 10
1 SS10s
0 [ \ \
0 2 4 Time [s] 6 8 10

« m refers to the logical model

« s refers to the pilot system
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APRM

1,3

0,5 ‘ : ‘ : : : ‘ :
0 2 4 Time [s] 6 8 10

1 W E5m
0 A |
0 2 4 Time [s] 6 8 10
E5s
1
0 + : } : } :
0 2 4 Time [s] 6 8 10
SS10m
1 | I
0 - ! | R nn | L
0 2 4 Time [s] 6 8 10
SS10s
1 | L [l
0 - 1 i 1
0 2 4 Time [s] 6 8 10

The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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Test Data AND RESULTS Core flow = 0.5 APPENDIX B
APRM
1,4
13¢1---8810 - S
1,2 E5
0,6 |
0 2 4 Time [s] 6 8 10
1 E5m
0 LJ [ [
0 2 4 Time [s] 6 8 10
1 E5s
0 | [
0 2 4 Time [s] 6 8 10
1 /ssmm
0 ‘ : [ [
0 2 4 Time [s] 6 8 10
1 SS10s
0 [ [ [
0 2 4 Time [s] 6 8 10

« m refers to the logical model

« s refers to the pilot system
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APRM

1,4
13 SS10

0,6 ‘ : ‘ : : : ‘ :
0 2 4 Time [s] 6 8 10

1 W w E5m
0 - :
0 2 4 Time [s] 6 8 10
E5s
1
0 + : } : } :
0 2 4 Time [s] 6 8 10
SS10m
|
0 ‘ LAt ; WMM:WM—\MF
0 2 4 Time [s] 6 8 10
SS10s
1 Ll |1l il
0 - A 1 — Attt S
0 2 4 Time [s] 6 8 10

The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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Test DATA AND RESULTS Core flow = 0.6 APPENDIX B
APRM
1,5
) S
SS10
1,3

E5

2 4 Time [s] 6 10
1 E5m
0 LJ [ [
0 2 4 Time [s] 6 10
1 E5s
0
0 2 4 Time [s] 6 10
1 SS10m /
0 ‘ : [
0 2 4 Time [s] 6 10
1 SS10s
0 ‘
0 2 4 Time [s] 6 10

« m refers to the logical model

« s refers to the pilot system
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APRM
1,5
1,4

SS10 j
13 | W vwv WWMWW&'WW‘W‘WWAW

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0 2 4 Time [s] 6 8 10

0 | 2 4 Time [s] 6 8 10
L E5s
0 - : ‘ : ‘
0 2 4 Time [s] 6 8 10
. SS10m
o LA e I“l IR l
0 2 4 Time [s] 6
. SS10s
.| WL I O T
0 2 4 Time [s] 6 8 10

The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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Test DATA AND RESULTS

Core flow = 0.7

APRM

APPENDIX B

15

1,4

13

SS10

1 E5m
0 LJ [ [
0 4 Time [s] 6 8 10
1 Ebs
0 [ [ [
0 4 Time [s] 6 8 10
1 / SS10m
0 : [ [
0 4 Time [s] 6 8 10
1 SS10s
0 [ [ [
0 4 Time [s] 6 8 10

« m refers to the logical model

« s refers to the pilot system
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STUK-YTO-TR 92

APRM

15

14 |
SS10

0 2 4 Time [s] 6 8 10

1 E5m
0 w hw :
0 2 4 Time [s] 6 8 10
E5s
N
0 + L : } }
0 2 4 Time [s] 6 8 10
SS10m
| LN LY
0 - ‘ ! ULt ‘ = W—\M_Iﬂm_ﬂ_’].m
0 2 4 Time [s] 6 8 10
SS10s

-
—
—
/3
]
|
—

UL T LI

0 2 4 Time [s] 6 10

The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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APRM

1,5
L4+ - R I
SS10
1,3 - T - - - - o - T T T T e T [ - - - - - - - - - r - - - - - - - - - - - - - - - - - - - - - - - = °
E5
2 4 Time [s] 6 8 10
1 E5m
0 u [ [
0 2 4 Time [s] 6 8 10
1 E5s
0 ! [ [
0 2 4 Time [s] 6 8 10
1 SS10m
0 ‘ ‘ ! [ [
0 2 4 Time [s] 6 8 10
1 SS10s
0 . I | |
0 2 4 Time [s] 6 8 10
« m refers to the logical model « s refers to the pilot system
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APRM

1,5

0 2 4 Time [s] 6 8 10

0 2 4 Time [s] 6 8 10
E5s
1
0 + : } : } :
0 2 4 Time [s] 6 8 10
SS10m
1 | | I
0 - LU i 1 1 1
0 2 4 Time [s] 6 8 10
SS10s
: LU LTI [ T I
0 - 1 L1 1L — 4
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The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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Test DATA AND RESULTS Core flow = 0.9 APPENDIX B
APRM

1,5
R e
SS10

1,3"””7 ””””” e

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0,9
0 2 4 Time [s] 6 10
1 E5m
0 L/ [ [
0 2 4 Time [s] 6 10
1 E5s
0 | [
0 2 4 Time [s] 6 10
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0 ‘ : [
0 2 4 Time [s] 6 10
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0 ‘
0 2 4 Time [s] 6 10

« m refers to the logical model

« s refers to the pilot system
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APRM
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0,9
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The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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APRM
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LA 4 - - - - L]
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1 / E5Sm
0 + 1 1 1 | |
0 2 4 Time [s] 6 8 10
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1 / SS10m
0 : [ [ [
0 2 4 Time [s] 6 8 10
1 SS10s
0 : I | |
0 2 4 Time [s] 6 8 10
« m refers to the logical model « s refers to the pilot system
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s APRM
afto
1,0
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The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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APRM
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« m refers to the logical model « s refers to the pilot system
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APRM
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The graphs give the APRM time series calculated from the individual LPRM sensor signals feeded to
the logical model and the pilot system and the responses of these.
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