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FOREWORD

Thisisthe second in a series of benchmarks based on data from operating, Swedish boiling water
reactors (BWRs). The first benchmark concerned measurements made in Cycles 14, 15, 16 and 17 at
Ringhals 1 and addressed the validation of the predictive capability of the codes and models for stability
analysis in BWRs. Part of the data was disclosed only after participants had provided their results.
This work was co-ordinated by Tomas Lefvert from Vattenfall AB with the help of the team at
Ringhals 1. The results were published in the report NEA/NSC/DOC(96)22 (November 1996).

It was emphasised during the benchmark meeting of May 1995 that there was much more to be
said about the evaluation of time series data. Several different approaches were possible and used in
the past, but the results obtained with these approaches were at times very different.

A recommendation of the Ringhals 1 benchmark was to study the different time series analysis
methods in order to obtain a unified methodology to detect and suppress the oscillations during reactor
operation, as well as better qualification of the applied noise analysis methods. A follow-up benchmark
was thus proposed, dedicated to the analysis of time series data and including the evaluation of both
global and regional stability.

Tomas Lefvert, with the help of Paer Lansaker, Forsmarks Kraftgrupp AB, identified six interesting
cases for the purpose of this study, all measured at Forsmark 1 and 2. The proposal was presented to
the NEA Nuclear Science Committee, which approved it.

José Manuel Conde and Manuel Recio from the Consejo de Seguridad Nuclear, Madrid, agreed to
obtain the necessary support to arrange the co-ordination of this benchmark through the team of
Professor Gumersindo Verdu of the Polytechnical University of Vaencia

Practically all countries operating boiling water reactors participated in this study. The different
solutions submitted were discussed during a workshop hosted by the Consegjo de Seguridad Nuclear,
Madrid, Spain on 18-19 February 1999. Results of the study were also presented and discussed at
different international conferences, in particular at M& C' 99 Madrid, held on 27-30 September 2000.
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EXECUTIVE SUMMARY

The purpose of this benchmark is the intercomparison of different time series analysis methods
applied to the study of BWR stahility. It is focused on the analysis of time series data by means of
noise analysis techniques, in the time domain.

The primary goa wasto elucidateif it is possible to determine the main stability parameters from
the neutronic signals time series with sufficient reliability and accuracy. Typically, the main stability
parameters are assumed to be the decay ratio (DR) and the frequency of the oscillation. However,
there are other parameters that provide interesting information. Two kinds of power oscillations have
been observed in BWRs: in-phase (core-wide) oscillations, where all the core oscillations are in phase,
and out-of-phase, where half of the core oscillates out of phase with the other part. The oscillations are
studied using LPRM and APRM signals. Thus, the oscillation detection agorithms are important to
detect the instabilities from the neutronic power signal .

The benchmark is based on data from severa measurements performed in the Swedish BWR
reactors Forsmark 1 and 2, in the period 1989 to 1997. This data is divided into six cases, and the
sampling rate of all the time seriesis 25 Hz, decimated to 12.5 Hz.

These cases cover or address;

1. Neutron flux signals measured during several tests ranging from stable to quasi-unstable
conditions, i.e. standard measurements with no distortions.

2. Study of the importance of the time duration of measured data, i.e. the variability of the decay
ratio and oscillation frequency with the measurement time duration.

3. APRM data containing more than one natural frequency of the core, also containing peaks of
other frequencies due to the actuation of the pressure controller, a case with two frequencies
close to each other and measurements contaminated with influences from the plant control
systems.

4. Data with a mixture between a global oscillation mode and a regiona (half core) oscillation
for addressing the interrel ations between APRM and LPRM signals.

5. Analysis of two APRM signals obtained during a small plant transient that resulted in a bad
behaviour of the signals; analysis of the first dominant poles of the transfer function obtained
from the time series. It is a non-stationary case for which the auto-regressive methods have a
limited validity.

6. Test with local (channdl) oscillations with data containing APRM and LPRM signals from
two tests that were performed close to each other, both in time and in the operating conditions,
one of which with local oscillations.



In al, fifteen solutions were submitted by participants from eight countries representing ten
organisations. The following methods were used for the analysis:

Auto-regressive methods and dominant poles.
Auto-regressive methods and impul se response.
Auto-correlation.

Recursive auto-correlation.

ARMA (plateau method).

Power spectrum estimation.

The following conclusions were reached:

For noise analysis the decay ratio is associated with the least stable or dominant pole.
The definition is clear for a second order system.

For determination of decay ratios the asymptotic part of the transformation function should be
used.

The decay ratio can be determined automatically, without filtering, if expert tuning to the
plant is carried out.

The time duration required for determining the decay ratio is about inversely proportional to
the value of the decay ratio.

The decay ratio of out-of-phase oscillations can be determined for values up to 0.7 £ 0.1 and
if enough LPRM signals per plane are provided. This requires the expertise of the analyst,
or the sophistication of the monitoring algorithm.

A sufficiently accurate limit to the stable behaviour of the reactor core can be determined
using codes in the frequency domain. They are efficient but not sufficient. The real margin
should be determined on power. The “decay ratio” is a measure of linear stability and should
therefore not be used as the only indicator of BWR stability.

It was verified that the different methods consistently provide the same answer to a good degree.
The applicability and reliability of the different methods were investigated. The six cases chosen are
relatively difficult and are really addressing the limits of the methods. The use of a fuller set of data
could be the subject of adifferent study involving reactor physics.
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Chapter 1
INTRODUCTION

Events involving unnoticed power oscillations have occurred at different BWR reactors in the
past, and have |ed to the implementation of interim corrective actions to avoid repetition. Despite these
corrections, however, power oscillations continued to occur. In response to that situation, a great deal
of research and analytical activities have been carried out to improve the knowledge of the underlying
phenomenology, and to define fina solutions to handle this type of event. Two kinds of power
oscillations have been observed in BWRs (sometimes overlapping), the in-phase (core wide) oscillation,
where all the fuel bundlesin the core oscillate in phase, and the out-of-phase or regional mode, where
one-half of the core oscillates out of phase with respect to the other half. According to the Genera
Design Criteria (GDC12) the BWR operator may either prove that oscillations will not occur, or that if
they do, they can be detected and suppressed in a safe manner. Detection and suppression systems rely
on the recognition of oscillations by monitoring the LPRM signals. Thus, the oscillation detection
algorithms are important to assure the early detection of instabilities. For the experimental study of
the BWR oscillations, several stability tests have been performed at the Caorso, LaSalle, Forsmark 1
and 2, Oskarshamn 3 and Ringhals 1 plants.

The Forsmark 1 & 2 BWR Stability Benchmark is the second in a series of benchmarks based on
data from Swedish BWRs. The first benchmark was based in measurements made in Cycles 14, 15, 16
and 17 at Ringhals 1 and addressed the predictive power of the analytical tools used in BWR stability
analysis. Part of the data was disclosed only after participants had provided their results. This work
was co-ordinated by Tomas Lefvert of Vattenfall AB with the help of the team at Ringhals 1.
The results were published in the report NEA/NSC/DOC96(22), November 1996. It was recognised in
this report that there is a need for a better qualification of the noise analysis methods applied in BWR
stability studies. A follow-up benchmark was thus proposed dedicated to the analysis of time series
data and including the evaluation of both global and regional stability. With the help of Par Lansaker
(Forsmark Kraftgrupp AB), Tomas Lefvert identified six interesting cases for this purpose, measured
at Forsmark 1 & 2. He presented a proposal to the NEA Nuclear Science Committee, who accorded its
approval. José Manuel Conde and Manuel Recio from the Consgo de Seguridad Nuclear, Madrid,
agreed to find the necessary support to arrange the co-ordination of this benchmark through the team
of Dr. Gumersindo Verdu of the Polytechnic University of Valencia.

The purpose of this benchmark is the comparison among the different time series anaysis
methods that can be applied to the study of BWR stahility. While the Ringhals 1 stability benchmark
included both time domain and frequency domain calculation models to predict stability parameters,
the new activity has been focused on the analysis of time series data by means of noise anaysis
techniques in the time domain.

The first goal isto elucidate if it is possible to determine the main stability parameters from the

neutronic signals time series with sufficient reliability and accuracy. Typicaly, the main stability
parameters are assumed to be the decay ratio (DR) and the frequency of the oscillation. However,
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there are other parameters that provide valuable information, such us the Lyapunov exponents
associated to the time series, or the Haussdorff dimension. In fact, the Lyapunov exponents are also a
measure of the stability of the neutronic time series.

For the purpose of analysing the effects of all these parameters, the participantsin this benchmark
have been asked to provide a short description of the methodology used for the analysis of the time
series, as well as information on the codes used with enough detail to identify the sources of
discrepancies. The participants descriptions of their experience with the analysis of the benchmark
data and other information provided has been very interesting and has helped the global analysis of the
results, thus facilitating the drawing of conclusions.

12



Chapter 2
TEST PROBLEM S CONSIDERED

Two kinds of power oscillations have been observed in BWRS: in-phase (core-wide) oscillations,
where all the core oscillations are in-phase, and out-of-phase, where one-half of the core oscillates out
of phase of the other part. The oscillations are studied using LPRM and APRM signals. Thus, the
oscillation detection agorithms are important to detect and classify the instabilities of the neutronic
power signal.

The database is divided into six cases, the sampling rate of all the time series being 25 Hz,
decimated to 12.5 Hz. No filter was applied to the signals and the DC component has not been
subtracted.

Casel

This case contains the neutron flux signals measured during severa tests. The objective of the
case is to study several signals ranging from stable to quasi-unstable reactor conditions. The signals
are standard measurements with no distortions, and were considered fairly easy to evaluate. The data

provided contains measured average power range monitor (APRM) signals from stability tests.

The results for this case are the DRs and oscillation frequencies associated with the APRM
signastaken during 14 different tests. The APRM signals are shown in Table 1.

Table 1. APRM signalsfor Case 1

N° Name* Date Power % | Coreflow [kg/s]
1 |fl boc 13 3 1993-07-28 64.3 4385
2 |f1 boc 13 4 1993-07-28 65.1 4044
3 (fl boc 14 1 1994-09-02 59.9 4383
4 |f1 boc 14 3 1994-09-02 64.8 4313
5|fl boc 14 4 1994-09-02 64.7 4014
6 |f1 moc 14 4 1994-11-19 64.3 4092
7 |f1 boc 15 1995-08-16 64.1 4027
8 [f1 moc 16 1997-01-31 64.4 4 416
9 |f1 moc 13 1995-02-05 64.3 3940

10 | f2 uppst 14 1995-07-28 65.1 4028

11 |f2 boc 14 1995-09-25 65.0 4026

12 [f2 moc 14 1995-12-18 63.3 3850

13 | f2 uppst 15 1996-09-01 64.0 3791

14 | f2 moc 15 1997-02-15 67.3 4234

* f1 — Forsmarks 1, f2 — Forsmarks 2
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Each time series has about 4 000 points, the range of DR being from 0.4-0.8. The objective of this
case is the comparison among the different methods applied to obtain the stability parameters.
I nput

The files provided have the following structure in ASCII format: cl_aprm.i (i=1,14),
corresponding to the information shown in Table 1.
Output

The participants will provide the following results:

CaseNo | Memeorihe DR |DRuncertainty| Frequency

Frequency
uncertainty

Case 2
This case addresses the importance of the time duration of measured data.

The objective of this case isto study the variability of the DR and the oscillation frequency with
the measurement time duration. There are two long time series to anayse, 11 and |2. Each one has
about 14 000 points, and will be divided into blocks of approximately 4 000 and 2 000 points.
The results for the short time series have to be compared with the original long series results.

I nput
Thefiles provided have the following structure in ASCII format:
c2_test.Li, c2_test.Si, c2_test. 2, c2_test.S3i, c2_test. i (i=1,2)
where L islong; S1, X, S3 and $4 are the subseries of the original series, and i is the number of the
time series.
Output

The participants will provide the following results:

Case N° I\tli?rnr;egit;e DR DR uncertainty |  Frequency

Fregquency
uncertainty

Case3

APRM data for this case contain more than one natural frequency of the core. The data also
contain peaks of other frequencies due to the actuation of the pressure controller. One case has two
frequencies close to each other. Cases with more than one natural frequency make the analysis much
more difficult.
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This case contains five measurements contaminated with influences from the plant control
systems. In this case, the time series have a bad behaviour, and consequently the standard stability
parameters are not clear.

I nput
Thefiles provided have the following structure in ASCII format:

c3 test.1, c3 test.2, c3 test.3, c3 test.4, c3 test.5

Output

The participants will provide the following results:

Real and imaginary
Name of the DR Freguency .
o]
Coe N timeseries | PR | uncertainty | MY | incertainty foﬁfﬁiﬁﬂ ﬁﬁtfgjee
Case4

This case contains a mixture between a globa oscillation mode and a regional (half core)
oscillation. The case consists of APRM and LPRM (local PRM) signals coming from one test.

The case consists of APRM and LPRM (local PRM) signals coming from one test. The LPRM
positions in the core are the following ones:

The time series have a good behaviour. In this case, it is interesting to study the interrelations
between APRM and LPRM signals.
Input

Thefiles provided have the following structure in ASCII format:

c4 _aprm, c4 _lprm.i,(i=1,22)

Output

The participants will provide the following results:

Name of the : Fregquency
[0}
CaseN time seri DR DR uncertainty |  Frequency uncertainty

Furthermore, it remains at the discretion of the participants to analyse the interaction between the
signas, for example, the coherence and the phase delay among them.
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Caseb5

This case is focused on the analysis of two APRM signals obtained during a small plant transient
that resulted in a bad behaviour of the signals. In this case, it isimportant to analyse the first dominant
poles of the transfer function obtained from the time series. Note that this is a non-stationary case and

the auto-regressive methods have a limited validity.

I nput
Thefiles provided have the following structure in ASCII format:

c5_aprm.1, c5_aprm.2

Output

The participants will provide the following results:

Real and imaginary
Name of the DR Freguency )
o]
CoeN| timeseries | PR | uncertainty | MY | incertainty fogfrézr?:i ;t;ﬁtﬂr:cs): es
Case 6

This test shows local (channel) oscillations. The data contain APRM and LPRM signals from two
tests that were performed close to each other, both in time and in operating conditions.

Test N° Power Coreflow
1 64.4% 4416 kg/s
2 63.3% 4298 kg/s

The LPRM positions in the core for Case 6 are as displayed in the following figures.

CASE 6-1

N Rostion Led

LEVEL 1 17|18 | 19 2| 22

LEVEL 4

BBRRREBEBBRRooEBEERBRB®
NP BRAWNRARAERARDIMRERAERAPR

BRBERERREBOo~oo~»wN PR
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CASE 6-2

Nrbe Retion Led

LEVEL1

LEVEL 4

BEBRRRREREBBRRooRERERRBR
NP AMWNRRRPRARMRERRRARESLNR

BRBGREBRREBoOoo~o 0 »wNr

The data contain APRM and LPRM signals from two tests that were performed close to each
other, both in time and in the operating conditions.

Test 1 (Case 6.1) is the same as Case 1.8, and the measurement is taken from Forsmark 1.
The second test (Case 6.2) clearly shows local oscillations.
I nput

Thefiles provided have the following structure in ASCII format:

c6_aprm., c6_lprm..i,(i=1,2;j1,18)

Output

The participants will provide the following results:

Case N° I\tliar‘rnnees(;:itgse DR DR uncertainty |  Frequency

Frequency
uncertainty

Additional results such as coherence and phase delay will contribute to increase the understanding
of the mechanism of in-phase and out-of-phase oscillations.
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Chapter 3

METHODSFOR THE ESTIMATION OF THE DECAY RATIO AND
THE FUNDAMENTAL FREQUENCY USED BY THE PARTICIPANTS

The methods used to obtain the provided results of the different participants are shown in Table 2.

Table 2. Methods used in the solutions provided

Method Organisation Country
PSI Switzerland
Auto-regressive methods and dominant poles UPV/CSN Spain
SIEMENS Germany/USA
TOSHIBA Japan
i . JAERI Japan
Auto-regressive methods and impul se response IRI/TU-Delft The Netherlands
PSU USA
Auto-correlation TOSHIBA Japan
Recursive auto-correlation SIEMENS Germany/USA
ARMA (plateau method) PSI Switzerland
Power spectrum estimation CSNNS Mexico

LAPUR (frequency domain) PSU USA
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Casel

The results provided for the DR and the fundamenta frequency for this case are shown in

Chapter 4
RESULTS

Tables 2 and 3. Taking the mean values as a reference, the following conclusions can be obtained:

* The UPV-CSN-AR methodology is dependent on the model order. AR methodologies based

on an average among different orders or the plateau methodol ogy are more stable.

*  The UPV-Dynamics reconstruction method generally overestimates the DR.

* For the methods based on a fit for the impulse response it was found that JAERI’s group

method has a stable behaviour and the method used by TU DELFT gives deviating DRs for
some of the cases.

The PSU group and the Tsukuba University group use AR methods that generaly
underestimate the DR.

The Reduced-order Method, based on the LAPUR code, provides results different from the
other contributors. This could be due to the lack of an accurate input model for the Forsmark

reactor.

Asthe main conclusion for this case we determine that Case 1 corresponds to a stable configuration
of the reactor. The results for the fundamental frequency are quite uniform, and there is some dispersion
for the DR values. These values range from 0.4-0.8 and they have a standard deviation of about 0.15.

Table 3. Resultsfor the DR —Case 1

M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

M11

M12

M13

M14

M15

Mean

aprm.1

0.460

0.423

0.576

0.640

0.42

0.580

0.330

0.500

0.420

0.422

0.460

0.420

0.512

0.57

0.566

0.487

0.09

aprm.2

0.656

0.654

0.702

0.824

0.52

0.500

0.420

0.510

0.510

0.523

0.613

0.650

0.577

0.46

0.454

0.572

0.11

aprm.3

0.576

0.582

0.558

0.735

0.30

0.250

0.300

0.500

0.630

0.511

0.537

0.520

0.499

0.60

0.516

0.508

0.13

aprm.4

0.515

0.514

0.525

0.634

0.39

0.260

0.230

0.530

0.420

0.549

0.528

0.510

0.558

0.78

0.516

0.497

0.14

aprm.5

0.581

0.573

0.523

0.702

0.49

0.700

0.200

0.510

0.510

0.534

0.517

0.470

0.532

0.36

0.523

0.515

0.12

aprm.6

0.540

0.549

0.521

0.659

0.44

0.100

0.420

0.550

0.510

0.559

0.526

0.550

0.587

0.53

0.764

0.520

0.14

aprm.7

0.695

0.700

0.694

0.624

0.51

0.370

0.150

0.590

0.680

0.657

0.669

0.660

0.630

0.66

0.572

0.591

0.15

aprm.8

0.533

0.542

0.503

0.577

0.27

0.220

0.370

0.450

0.460

0.495

0.483

0.440

0.445

0.57

0.519

0.458

0.10

aprm.9

0.573

0.547

0.458

0.503

0.55

0.340

0.430

0.500

0.530

0.487

0.530

0.470

0.561

0.50

0.642

0.508

0.07

aprm.10

0.611

0.635

0.631

0.545

0.45

0.520

0.300

0.450

0.490

0.482

0.585

0.470

0.537

0.32

0.764

0.519

0.12

aprm.11

0.599

0.601

0.598

0.644

0.36

0.230

0.180

0.500

0.560

0.440

0.551

0.390

0.469

0.29

0.772

0.479

0.17

aprm.12

0.812

0.809

0.828

0.751

0.68

0.430

0.560

0.780

0.780

0.757

0.792

0.780

0.740

0.66

0.559

0.715

0.12

aprm.13

0.535

0.562

0.556

0.777

0.43

0.260

0.370

0.450

0.460

0.383

0.532

0.590

0.610

0.51

0.445

0.498

0.12

aprm.14

0.722

0.715

0.704

0.782

0.56

0.270

0.380

0.650

0.710

0.658

0.698

0.660

0.662

0.71

0.130

0.600

0.19
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Table 4. Resultsfor the fundamental frequency — Case 1

M1 | M2

M3

M4 | M5

M6 | M7 | M8

M9

M10

M11

M12

M13

M14

M15

Mean

aprm.1l

0.483|0.452

0.487

0.467| 0.45

0.350|0.450 0.460

0.460

0.464

0.459

0.459

0.448

0.47

0.458

0.455

0.03

aprm.2

0.473/0.476

0.470

0.464| 0.45

0.330|0.450 0.460

0.460

0.458

0.470

0.470

0.456

0.48

0.459

0.455

0.04

aprm.3

0.483|0.482

0.481

0.480| 0.46

0.270/0.450|0.480

0.490

0.497

0.483

0.483

0.482

0.51

0.476

0.467

0.06

aprm.4

0.4890.490

0.487

0.481| 0.48

0.280{0.4700.490

0.460

0.480

0.490

0.490

0.518

051

0.490

0.474

0.06

aprm.5

0.509|0.509

0.507

0.492| 0.47

0.370/0.480|0.490

0.490

0.479

0.501

0.501

0.496

0.51

0.494

0.487

0.03

aprm.6

0.48410.483

0471

0.487| 0.51

0.320{0.470{0.490

0.490

0477

0477

0477

0477

0.48

0.486

0472

0.04

aprm.7

0.535|0.535

0.535

0.510{ 0.50

0.290|0.510 0.520

0.530

0.524

0.530

0.530

0.517

0.55

0.521

0.509

0.06

aprm.8

0.525|0.527

0.531

0.506| 0.40

0.270/0.500| 0.520

0.530

0.537

0.526

0.526

0.518

0.53

0.479

0.495

0.07

aprm.9

0.430{0.429

0.385

0.409| 0.43

0.290{0.490 0.400

0.400

0.403

0.422

0.422

0.401

041

0.402

0.408

0.04

aprm.10

0.4600.460

0.462

0.424| 0.43

0.330/0.440|0.440

0.440

0.455

0.454

0.454

0.433

0.45

0.424

0.437

0.03

aprm.11

0.473/0.472

0.476

0.454| 0.43

0.270{0.470 0.460

0.460

0.484

0472

0472

0.443

0.47

0.424

0.449

0.05

aprm.12

0.466 | 0.466

0.467

0.400| 0.45

0.3000.4500.460

0.460

0.467

0.465

0.465

0.459

0.47

0.452

0.446

0.04

aprm.13

0.4050.405

0.404

0.478| 0.40

0.270/0.400 0.400

0.400

0.416

0.403

0.403

0.401

0.42

0.408

0.401

0.04

aprm.14

0.4890.490

0.487

0.489| 0.48

0.280]0.4800.480

0.490

0.492

0.493

0.493

0.496

0.49

0.469

0.473

0.05

Case?2

The results provided for this case are shown in Tables 5 and 6. From these results the following

conclusions can be drawn:

* For Signals L1 and L2 the fundamenta frequency values are approximately constant for the

different segments.

» For Signa L1 the DR values depend on the segment of the signal anadysed. The first part of the

signal (S1) corresponds to a more stable configuration than the other segments (S2, S3, $4).

* For Signal L2 the DR vaues remain approximately constant along all the segments.

e Signa L1 presents a dow transient and the results provided for this signal have larger

dispersion than the ones provided for Signal L2, which is practically stationary.

* ltisclear that at least for Signal L1 the DR istime dependent.

* Also, we observe some dispersion for the DR values and a dight dispersion for the

fundamental frequency values.

Table 5. Resultsfor the DR —Case 2

M1

M2

M3

M4 | M5 | M7

M8 | M9

M10

M11

M12

M13

M14

M15

Mean

test.l1

0.395

0.39%4

0.469

0.432|0.350|0.160

0.350|0.550

0.339

0.360

0.270

0.386

0.23

0.393

0.363

0.10

test.s11 |0.287

0.268

0.312

0.355]0.360 0.100

0.200{0.200

0.113

0.168

0.150

0.416

0.34

0.580

0.275

0.13

test.s21 | 0.431

0.460

0.457

0.649|0.490(0.210

0.450|0.410

0.476

0.479

0.400

0.525

0.40

0.444

0.449

0.09

test.s31 |0.338

0.384

0.475

0.646|0.360|0.190

0.400/0.470

0.323

0.359

0.270

0.416

0.27

0.243

0.367

0.12

test.s41 | 0.457

0.467

0.469

0.368|0.370{0.180

0.400{0.390

0.263

0.416

0.390

0.406

0.14

0.311

0.359

0.10

test.[2

0.640

0.640

0.634

0.620(0.570|0.340

0.6300.600

0.622

0.576

0.570

0.576

0.54

0.534

0.578

0.08

test.s12 | 0.680

0.688

0.654

0.617]0.6100.320

0.6000.640

0.625

0.523

0.640

0.523

0.52

0.493

0.581

0.10

test.s22 | 0.675

0.676

0.690

0.656]0.590 0.330

0.600|0.550

0.656

0.601

0.620

0.601

0.56

0.594

0.600

0.09

test.s32 |0.599

0.598

0.597

0.641]0.540( 0.220

0.530|0.450

0.539

0.523

0.520

0.523

0.44

0.502

0.516

0.10

test.s42 |0.577

0.542

0.516

0.564]0.420{0.330

0.580]0.420

0.500

0.537

0.510

0.537

0.49

0.506

0.502

0.07
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Table 6. Resultsfor the fundamental frequency — Case 2

M1
0.454
0.442
0.467
0.443
0.443
0.533
0.539
0.529
0.532
0.507

M2
0.453
0.440
0.468
0.440
0.461
0.533
0.539
0.533
0.532
0.505

M3
0.453
0.435
0.438
0.437
0.419
0.519
0.537
0.534
0.532
0.515

M4
0.472
0.471
0.439
0.427
0.409
0.534
0.529
0.530
0.523
0.527

M5
0.440
0.410
0.410
0.430
0.430
0.500
0.520
0.490
0.510
0.480

M7
0.430
0.490
0.430
0.410
0.380
0.520
0.530
0.510
0.520
0.480

M8
0.450
0.440
0.460
0.460
0.460
0.530
0.540
0.520
0.530
0.510

M9
0.460
0.420
0.430
0.480
0.410
0.510
0.530
0.510
0.510
0.500

M10
0.457
0.361
0.451
0.482
0.442
0.537
0.529
0.524
0.512
0.502

M11
0.444
0.424
0.449
0.453
0.433
0.516
0.510
0.517
0.510
0.515

M12
0.444
0.424
0.449
0.453
0.433
0.516
0.510
0.517
0.510
0.515

M13
0.441
0.478
0.510
0.478
0.430
0.516
0.510
0.517
0.510
0.515

M14
0.45
0.45
0.45
0.45
0.45
0.54
0.54
0.54
0.55
0.50

M15
0.442
0.444
0.448
0.441
0.428
0.516
0.520
0.516
0.516
0.509

Mean
0.449
0.438
0.450
0.449
0.431
0.523
0.527
0.520
0.521
0.506

0.010
0.03
0.02
0.02
0.02

0.012

0.012

0.013

0.012

0.013

test.l1

test.s11l
test.s21
test.s31
test.s41
test.I2

test.s12
test.s22
test.s32
test.s42

Case3

The results provided for this case are shown in Tables 7 and 8. From these results the following
conclusions can be obtained:

» For this case the UPV-CSN group has found some problems to determine the fundamental
harmonic of the oscillation.

» The other contributors give homogenous results for the frequency of the neutronic signals.

» Thetypica dispersion for the values of the DR appear. For example, the values provided for
the DR in Test 3 range from 0.1-0.6.

* The signal conditions can play an important role to resolve the stability information. Further
discussions about the signal conditioning can be found in Annex 2.

Table 7. Resultsfor the DR —Case 3

23

M1 M2 M3

test.1 0.382 0.291 0.488 0.376 0273 0.506 0370 | 0310 | 0514
test.2 0.236 0.372-0.441 | 0.442-0.584 0.249 0.316-0.422 | 0.446-0.581 | 0.453 0.318 0.453
test.3 | 0414 0587 | 0.320-0613 | 0424 0592 0619 038 | 0363 | 0489
tet.4 | 0514 0614 0.707 0528 0.629 0.720 0516 | 0580 | 0.748

M4 M5 M7 M8 | M10 | M11 | M12 | M13 | M14 | M15

tes.1 | 0.552| 0.27 | 0.17 | 0.400 [ 0.287 [ 0.409 | 0.360 | 0.435 | 0.30 | 0.600

tes.2 | 0.621 | 0.29 | 0.21 [0.310 [ 0.345 [ 0.330 [ 0.370 | 0.495 | 0.39 | 0.882

tes.3 | 0.516 | 0.23 | 0.10 | 0.400 | 0.177 [ 0.395 | 0.330 | 0.373| 0.20 | 0.632

tes.4 | 0.676 | 0.34 | 0.24 | 0.420| 0.744 | 0.517 | 0.550 | 0.520 | 0.36 | 0.551

Table 8. Resultsfor the fundamental frequency — Case 3
M1 M2 M3

test.1 0.397 0.344 0.439 0.400 0.342 0.440 0.385 | 0.331 [ 0434
test.2 0406 | 0.331-0475 | 0.307-0.447 | 0416 0.334-0.471 | 0.307-0.447 | 0.430 | 0.360 | 0.313
test.3 0.461 0477 0.301-0.470 0.461 0.476 0.470 0.474 | 0.304 | 0.467
test4 | 0481 0.483 0475 0.480 0483 0474 0484 | 0.485 | 0.478

M4 M5 M7 M8 | M10 | M11 | M12 | M13 | M14 | M15

tes.1 | 0.420[0.391 [ 0.380 [ 0.420 [ 0.417 [ 0.408 [ 0.408 [ 0.392 | 0.45 | 0.404

tes.2 | 0.431 ] 0.391 | 0.330 | 0.430 | 0.422 [ 0.411 | 0.411 ] 0.397 | 0.40 | 0.312

tes.3 | 0.465 | 0.422 | 0.450 | 0.460 | 0.434 | 0.455 | 0.455 | 0.450 | 0.46 | 0.263

tes.4 | 0.437 | 0.467 | 0.470 | 0.480 | 0.489 | 0.480 | 0.480 | 0.473| 0.48 | 0.260




The results for this case are shown in Tables 9 and 10. From these tables the following
conclusions are obtai ned:

There is not alarge dispersion for the values of the DR in this case because the configuration
of the reactor is more unstable, that isthe DR is high (J0.8).

There is a half of the reactor (locations 23 and 9) where the DR is high and the other half
(locations 31 and 11) where the DR is lower. The upper part of the reactor seems to be more
stable than the lower part.

Spectral analysis of the signals indicates that there is a phase shift between the LPRM at
radial locations 23 and 11, and locations 23 and 31, but the out-of-phase oscillation is not
totally developed.

To establish a more accurate regional analysis more information is needed, e.g. more LPRM
signals, the operating conditions for this case and the nuclear cross-sections. Nevertheless, for
this case the SIEMENS group provides regional decay ratio calculations obtained from
diagonal LPRMs. These results can be found in Annex 7.

Table 9. Resultsfor the DR —Case 4

M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 | M9 | M10 | M11 | M12 | M13 | M14 | M15
aprm 0.797 | 0.788 | 0.699 | 0.806 | 0.813 | 0.900 | 0.850 | 0.850 | 0.850 | 0.768 | 0.763 | 0.710 | 0.450 | 0.78 | 0.459
Iprm.1 0.877] 0.877 | 0.874 | 0.889 | 0.906 | 0.900 | 0.890 | 0.900 | 0.900 | 0.834 | 0.876 | 0.830 | 0.918 0.527
lprm.2 0.899 | 0.901 | 0.901 | 0.918 | 0.907 | 0.900 | 0.900 | 0.900 | 0.900 | 0.829 | 0.898 | 0.860 | 0.919 0.567
Iprm.3 | 0.910 | 0.910 | 0.910 | 0.914 | 0.916 | 0.910 | 0.900 | 0.900 | 0.950 | 0.845 | 0.901 | 0.880 | 0.917 0.514
Iprm.4 | 0.901 | 0.901 | 0.898 | 0.854 | 0.868 | 0.910 | 0.850 | 0.880 | 0.880 | 0.859 | 0.894 | 0.900 | 0.903 0.502
Iprm.5 | 0.814 | 0.818 | 0.814 | 0.830 | 0.852 | 0.910 | 0.820 | 0.860 | 0.850 | 0.774 | 0.811 | 0.750 | 0.860 0.546
lprm.6 | 0.808 | 0.800 | 0.803 | 0.869 | 0.852 | 0.890 | 0.810 | 0.850 | 0.850 | 0.768 | 0.803 | 0.750 | 0.846 0.464
lprm.7 0.782 | 0.786 | 0.786 | 0.826 | 0.782 | 0.860 | 0.770 | 0.800 | 0.760 | 0.765 | 0.787 | 0.740 | 0.805 0.518
Iprm.8 | 0.703 | 0.705 | 0.694 | 0.733 | 0.688 | 0.740 | 0.620 | 0.760 | 0.710 | 0.729 | 0.760 | 0.700 | 0.733 0.403
lprm.9 | 0.744 ) 0.749 | 0.761 | 0.848 | 0.808 | 0.850 | 0.780 | 0.800 | 0.810 | 0.703 | 0.758 | 0.690 | 0.792 0.465
Iprm.10 | 0.703 | 0.707 | 0.711 | 0.757 | 0.712 | 0.500 | 0.670 | 0.750 | 0.730 | 0.749 | 0.751 | 0.710 | 0.756 0.565
Iprm.11 | 0.634 | 0.635 | 0.650 | 0.749 | 0.767 | 0.880 | 0.710 | 0.770 | 0.760 | 0.714 | 0.678 | 0.670 | 0.788 0.486
Iprm.12 | 0.709 | 0.709 | 0.733 | 0.787 | 0.517 | 0.270 | 0.450 | 0.580 | 0.560 | 0.677 | 0.677 | 0.710 | 0.654 0.530
Iprm.13 | 0.767 | 0.771| 0.771 | 0.835 | 0.821 | 0.870 | 0.770 | 0.810 | 0.830 | 0.737 | 0.787 | 0.700 | 0.833 0.422
Ilprm.14 | 0.739| 0.742 | 0.740 | 0.817 | 0.813 | 0.880 | 0.750 | 0.810 | 0.800 | 0.728 | 0.767 | 0.700 | 0.823 0.517
Iprm.15 | 0.646 | 0.657 | 0.657 | 0.691 | 0.788 | 0.870 | 0.760 | 0.800 | 0.800 | 0.790 | 0.740 | 0.690 | 0.783 0.552
Ilprm.16 | 0.675 | 0.668 | 0.670 | 0.699 | 0.801 | 0.880 | 0.800 | 0.800 | 0.810 | 0.796 | 0.690 | 0.680 | 0.771 0.547
Iprm.17 | 0.833 | 0.834 | 0.836 | 0.838 | 0.861 | 0.900 | 0.830 | 0.850 | 0.860 | 0.854 | 0.838 | 0.810 | 0.862 0.478
Iprm.18 | 0.819 | 0.817 | 0.821 | 0.877 | 0.843 | 0.880 | 0.820 | 0.850 | 0.850 | 0.845 | 0.829 | 0.810 | 0.857 0.489
lprm.19 | 0.813 | 0.814 | 0.813 | 0.886 | 0.628 | 0.850 | 0.450 | 0.800 | 0.790 | 0.785 | 0.812 | 0.800 | 0.787 0.495
Iprm.20 | 0.721| 0.720| 0.701 | 0.757 | 0.695 | 0.840 | 0.670 | 0.750 | 0.740 | 0.756 | 0.767 | 0.700 | 0.769 0.500
Iprm.21 | 0.666 | 0.672 | 0.661 | 0.771 | 0.766 | 0.880 | 0.670 | 0.770 | 0.760 | 0.770 | 0.738 | 0.670 | 0.791 0.496
Iprm.22 | 0.583 | 0.569 | 0.569 | 0.702 | 0.360 | 0.860 | 0.380 | 0.390 | 0.360 | 0.422 | 0.517 | 0.490 | 0.447 0.582
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Table 10. Resultsfor the fundamental frequency —Case 4

M1 M2 M3 M4 M5 M6 M7 M8 M9 | M10 | M11 | M12 | M13 | M14 | M15
aprm 0.486 | 0.485 | 0.492 | 0.490 | 0.508 | 0.480 | 0.495 | 0.510 | 0.480 | 0.508 | 0.491 | 0.491 [ 0522 | 051 | 0.512
lorm.1 | 0.482]0.482 0481 0.495| 0.492 | 0.480 [ 0.495 | 0.490 | 0.490 | 0.494 | 0.486 | 0.486 | 0.493 0.503
lorm.2 | 0.482|0.482| 0.481 | 0.491 | 0.492 | 0.480 | 0.495 | 0.490 | 0.490 | 0.495 | 0.486 | 0.486 | 0.491 0.497
lorm.3 | 0.482]0.481| 0482 0.488 | 0.489 | 0.490 | 0.495 | 0.490 | 0.480 | 0.494 | 0.485 | 0.485 | 0.489 0.494
lorm.4 | 0.485|0.485| 0.485 [ 0.485 | 0.492 | 0.490 | 0.495 | 0.490 | 0.490 | 0.489 | 0.488 | 0.488 | 0.490 0.493
lorm5 | 0.486 | 0.486 | 0.485 | 0.515 | 0.500 | 0.490 | 0.495 | 0.500 | 0.500 | 0.498 | 0.493 | 0.493 | 0.500 0512
lorm.6 | 0.488|0.491 0.488 | 0.510 | 0500 | 0.470 | 0.495 | 0.500 | 0.500 | 0.498 | 0.495 | 0.495 | 0.500 0512
lorm.7 | 0.492 | 0.489 | 0.492 | 0.494 | 0.500 | 0.450 | 0.495 | 0.500 | 0.500 | 0.502 | 0.499 | 0.499 | 0.500 0512
lorm.8 | 0509 | 0510 | 0507 | 0.478 | 0.508 | 0.400 | 0.495 | 0.500 | 0.510 | 0.504 | 0.507 | 0.507 | 0.507 0514
lorm.9 [ 0.492]0.4920.490 [ 0.491 | 0508 | 0.450 | 0.495 | 0.510 | 0.500 | 0.504 | 0.499 | 0.499 | 0.506 0.520
lorm.10 | 0527 | 0526 | 0520 | 0.522 | 0530 | 0.360 | 0.495 | 0.530 | 0.530 | 0.527 | 0.526 | 0.526 | 0.529 0.530
lporm.11 | 0524|0523 | 0523] 0518|0521 0.470 | 0520 | 0520 | 0.520 | 0522 | 0.514 | 0514 | 0.519 0.532
lorm.12 | 0541|0540 | 0540 | 0.542 | 0534 | 0.290 | 0.495 | 0.530 | 0.530 | 0.531 | 0.536 | 0.536 | 0.497 0.542
lporm.13 | 0.491 | 0.490 | 0.490 | 0.505 | 0.508 | 0.460 | 0.520 | 0.510 | 0.510 | 0.504 | 0.498 | 0.498 | 0.506 0518
lporm.14 | 0.492 | 0.493 | 0.493 | 0.506 | 0.508 | 0.470 [ 0.495 | 0.510 | 0.510 | 0.505 | 0.501 | 0.501 | 0.508 0.520
lorm.15 | 0.503 | 0.502 | 0.502 | 0.497 | 0.513 | 0.460 | 0.495 | 0.510 | 0.510 | 0.513 | 0.506 | 0.506 | 0.507 0518
lporm.16 | 0.496 | 0.496 | 0501 | 0.522 | 0517 | 0.470 [ 0.495 | 0.520 | 0.520 | 0.520 | 0.504 | 0.504 | 0.516 0.520
lorm.17 | 0.485 | 0.485 | 0.485 | 0.500 | 0.496 | 0.480 | 0.495 | 0.490 | 0.490 | 0.494 | 0.490 | 0.490 | 0.494 0.506
lporm.18 | 0.486 | 0.486 | 0.486 | 0.487 | 0.492 | 0.460 | 0.495 | 0.490 | 0.490 | 0.495 | 0.490 | 0.490 | 0.494 0.505
lorm.19 | 0.492 | 0.492 | 0.492 [ 0.499 | 0.496 | 0.450 | 0.495 | 0.500 | 0.500 | 0.497 | 0.495 | 0.495 | 0.497 0.507
lorm.20 | 0.497 | 0.497 | 0.495 | 0.478 | 0.508 | 0.440 | 0.495 | 0.500 | 0.500 | 0.500 | 0.502 | 0.502 | 0.516 0512
lporm.21 | 0502 | 0.501 | 0500 | 0.518 | 0513 | 0.470 [ 0.495 | 0.510 | 0.510 | 0.511 | 0.507 | 0.507 | 0.510 0533
lorm.22 | 0530|0531 | 0530|0557 | 0540 | 0.450 | 0.495 | 0.530 | 0.550 | 0.512 | 0.526 | 0.526 | 0.523 0548

Caseb5

The results for this case are shown in Tables 11 and 12. For this case the following conclusions
can be obtained:

» For APRM 1 signal considered as awhole, the results are quite uniform, the DR is near 1, and
the results for the frequency are near 0.5 Hz.

» If thesignal isdivided into two or three records, the first part corresponds to alimit cycle, and
the second part is more stable.

* For the APRM 2 the results of al the contributors are quite similar. The signal can adso be
divided in two or three parts, the first part of the signal being more stable than the second.

* We can assume that when the DR is high the methodology seems to work even for small
power transients.

e For cases with a mild plant transient, the transient portion of the signal, which must
correspond to a time-varying decay ratio, was shown to have an averaged decay ratio. This
confirms the validity of the methods used to obtain the stability parameters in mild transient
conditions.
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Table 11. Resultsfor the DR —Case 5

M1 | M2 | M3 | M4 | M5 | M7 | M8 | M9 | M10 | M11 | M12 M13 M14 | M15

aprm.1 | 0.951 | 0.949 | 0.948 | 0.98 | 0.98 | 0.980 1.020 0.918 | 0.955 | 0.961 | 0.85 | 0.143
1.000 | 1.000 | 1.000 1.000 0.998 | 0.990
0.679 ] 0.811 | 0.818 0.940 0.699 | 0.690

aprm.2 || 0.650 | 0.647 | 0.671 | 0.717 | 0.59 | 0.470 0.823 0.589 | 0.881 | 0.933 | 0.80 [ 0.748
0.688 | 0.692 | 0.764 0.670 0.620 | 0.660
0.574 | 0.580 | 0.536 0.470 0.659 | 0.670
0.515 | 0.550

Table 12. Resultsfor the fundamental frequency —Case5

M1 | M2 | M3 [ M4 | M5 | M7 | M8 | M10 | M11 | M12 M13 M14 | M15
aprm.1 | 0.534|0.534|0.534 | 053 | 0.53 | 0.520 0.526 | 0.524 | 0.524 | 0.529 | 0.525 | 0.527 | 0.53 | 0.535
0.569 | 0.426 | 0.441 0.530 0.556 | 0.556
0.536 | 0.553 | 0.552 0.540
aprm.2 | 0.514 | 0.514 | 0.510 | 0.494 | 0.54 | 0.500 0.520 | 0.500 | 0.500 | 0.516 | 0.513 [ 0.509 | 0.52 | 0.505
0.514 ]| 0.514 | 0.514 0.490 0.516 | 0.516
0.513 | 0.513 | 0.509 0.500 0.504 | 0.504

Case6

The preliminary results for this case are shown in Tables 13, 14, 15 and 16. The following
conclusions can be obtained:

Case 6.1

* Thisis a stable case where the typical dispersion for the values provided for the DR are
observed while the results for the frequency are more accurate.

e The LPRM signa at location 11 has a higher DR than the one corresponding to the APRM
signal.
Case 6.2

e The APRM signal corresponds to an amost unstable situation (DR > 0.9) and the results from
the different benchmark contributors are quite smilar.

» Itisobserved that half of the reactor is oscillating while the other half is stable.

* The channels with radial locations 26, 11, 6, 24 are amost unstable. It seems that half of the
reactor is oscillating and the other half is stable.

» Thereisakind of local oscillation but there is no phase shift between the LPRMs signals.
Clearly this caseis not an out-of-phase oscillation

e Case 6.2 corresponds to a “strange” oscillation where some channels oscillate and other

channels are stable. Dr. Hennig has proposed a possible explanation of this case based on the
assumption of unseated channelsin the core.

26



Table 13. Resultsfor the DR —Case 6.1

M1 | M2 | M3 [ M4 | M5 | M6 | M7 | M8 | M10 | M11 | M12 | M13 | M14 | M15
aprm.1 | 0523 [ 0523 | 0490 | 0.589 | 0.290 [ 0.220 | 0.160 | 0.35 | 0.503 [ 0.474 | 0520 | 0.459 | 0.39 [ 0563
lprm.11 | 0377 | 0372 | 0.405 | 0518 | 0.085 | 0.410 | 0.090 [ 0.15 | 0.382 | 0.358 | 0.450 | 0.267 0373
Iprm.12 | 0.276 | 0.297 | 0.297 | 0.295 | 0.080 | 0.200 | 0.100 [ 0.22 | 0552 | 0.170 | 0.240 | 0.261 0.439
lprm.13 | 0547 [ 0549 | 0577 | 0.689 [ 0238 | 0.260 | 0.120 | 0.42 [ 0.296 | 0.473 | 0.640 | 0.373 0556
lprm.14 | 0.395 | 0469 | 0.402 | 0.664 | 0226 | 0.150 | 0.200 | 0.20 [(0.321)] 0.405 | 0.370 | 0.413 0506
Iprm.15 | 0654 | 0583 | 0.663 | 0.639 | 0.270 | 0.270 | 0.130 [ 058 | 0589 | 0.603 | 0.700 [ 0.449 0516
lprm.16 || 0.803 | 0.804 | 0.801 | 0.818 | 0559 | 0.170 | 0.420 | 0.80 [ (.721) | 0.758 | 0.790 | 0.664 0.441
Iprm.17 | 0564 | 0563 | 0.583 | 0.533 | 0.254 | 0.240 | 0.150 [ 050 | 0.477 | 0529 | 0.560 | 0.421 0542
lprm.18 || 0.638 | 0.635 | 0.643 | 0.686 | 0.499 | 0.140 | 0.570 [ 050 0565 | 0490 | 0517 0.287
Iprm.19 | 0.339 | 0.340 | 0.390 | 0.460 [ 0.100 | 0.280 | 0.030 [ 0.32 [ 0.266 | 0.349 | 0.330 [ 0.339 0.808
Iprm.110 || 0.241 | 0.248 | 0.302 | 0.491 | 0.148 | 0.170 | 0.130 [ 0.20 0.204 | 0.160 | 0.290 0.068
Iprm.111 | 0.392 | 0.391 | 0.382 | 0461 | 0.105 | 0.280 | 0.110 | 0.23 | 0.277 | 0.361 | 0.400 | 0.344 0.907
Iprm.112 | 0.413 | 0413 | 0439 [ 0362 | ** | 0150 | 0.230 [ 0.20 [ (545) | 0.333 | 0.320 [ 0.292 0.071
lprm.113 || 0.378 | 0.375 | 0.361 | 0.308 | 0.098 | 0.290 | 0.040 | 0.20 | 0.239 | 0.341 | 0.380 | 0.330 0.784
Iprm.114 | 0.419 | 0423 | 0.441 | 0474 | 0275 | 0.160 | 0.280 | 0.35 0.379 | 0430 | 0.408 0.813
Iprm.115 || 0560 | 0562 | 0.549 | 0.516 | 0.241 | 0.270 | 0.120 [ 0.44 [ 0.296 | 0.478 | 0.660 | 0.402 0553
lprm.116 | 0565 | 0567 | 0.574 | 0.703 | 0.261 | 0.250 | 0.130 | 043 | 0.318 | 0.482 | 0.660 | 0.395 0531
Iprm.117 | 0.296 | 0.289 | 0.319 | 0.661 | 0.092 | 0.330 | 0.080 | 0.19 [ 0.733 | 0.610 | 0.310 | 0.306 0.401
lprm.118 | 0.312 [ 0304 [ 0.296 | 0.222 | ** [ 0.50 [ 0.210 | 0.20 0.267 | 0.160 | 0.411 0.383
Table 14. Resultsfor the fundamental frequency — Case 6.1

M1 | M2 [ M3 [ M4 | M5 | M6 | M7 M8 [ M10 [ M11 [ M12 | M13 | M14 | M15
aprm.1 | 0522 [ 0523 [ 0528 | 0505 | 0.490 [ 0270 | 0520 | 0.49 [ 0532 [ 0523 [ 0523 | 0.510 | 051 | 0.497
lprm.11 | 0502 | 0503 | 0513 | 0.481 [ 0427 [ 0310 | 0500 | 046 | 0526 [ 0.498 | 0.498 | 0.481 0.552
lprm.12 | 0517 [ 0514 | 0491 | 0512 [ 0504 [ 0260 | 0500 | 049 [ 0.464 [ 0472 | 0472 | 0.475 0516
lprm.13 | 0524 | 0524 | 0526 | 0.511 [ 0500 | 0270 | 0510 | 052 [ 0489 [ 0524 | 0.524 | 0.525 0523
lprm.24 | 0519 [ 0523 | 0502 | 0.548 [ 0510 [ 0250 | 0500 | 051 [ (512) [ 0522 | 0.522 | 0.506 0476
lprm.15 | 0529 | 0526 | 0.530 | 0.509 | 0504 | 0280 | 0510 | 052 [ 0525 [ 0525 | 0.525 | 0.519 0526
lprm.16 | 0529 | 0529 | 0529 | 0.536 | 0517 [ 0250 | 0510 | 052 [ (.528) | 0528 | 0.528 | 0.516 0519
lprm.17 | 0522 | 0522 | 0556 | 0.502 | 0492 | 0270 | 0510 [ 051 [ 0522 | 0517 | 0517 | 0514 0513
lprm.18 | 0529 | 0529 | 0.529 | 0.482 | 0528 | 0250 | 0510 | 050 0527 | 0527 | 0517 0510
lprm.19 | 0543 | 0543 | 0.548 | 0.468 | 0463 | 0.280 | 0530 | 052 | 0.669 | 0526 | 0.526 | 0.524 0520
lprm.110 || 0520 | 0518 | 0.467 | 0.502 | 0500 | 0250 | 0520 | 052 0534 | 0534 | 0.556 0476
lprm.111 || 0505 | 0506 | 0.506 | 0.457 | 0.463 | 0280 | 0510 | 053 | 0558 | 0504 | 0.504 | 0.529 0.529
lprm.112 | 0541 [ 0542 | 0.545 | 0.492 0250 | 0520 | 053 [(.520) [ 0535 | 0535 | 0.517 0.488
lprm.113 || 0504 | 0504 | 0.494 | 0.429 | 0463 | 0.280 | 0500 | 051 | 0586 | 0.509 | 0.509 | 0.524 0527
lprm.114 || 0.495 | 0.496 | 0.491 | 0.467 [ 0532 | 0250 | 0.490 | 050 0509 | 0509 | 0.553 0505
lprm.115 || 0522 | 0523 | 0522 | 0.525 [ 0504 | 0280 | 0510 | 052 [ 0494 [ 0525 | 0.525 | 0.522 0530
Iprm.116 || 0523 | 0524 | 0.524 | 0514 | 0504 | 0270 | 0510 | 052 | 0492 | 0525 | 0.525 | 0.524 0525
lprm.117 || 0522 | 0.489 | 0.487 | 0.519 | 0.435 | 0.290 | 0.44-0.53| 047 | 0.394 | 0.496 | 0.49% | 0.502 0523
lprm.118 || 0533 | 0533 | 0.484 | 0.443 0250 | 0480 | 050 0508 | 0.508 | 0.472 0478
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Table 15.

Resultsfor the DR —Case 6.2

M1 [ M2 [ M3 [ M4 | M5 | M6 [ M7 | M8 | M9 [ M10 [ M11 | M12 | M13 | M14 | M15
aprm.2 | 0.929 [ 0.928 | 0.926 | 0.923 | 0.840 | 0.720 | 0.700 | 0.900 (.965) | 0.915 | 0.960 | 0.886 | 0.88 | 0.379
lprm.21 | 0.601 | 0596 | 0.601 | 0.735 | 0.205 | 0.680 | 0.210 0.575 | 0.546 | 0.700 | 0.470 0533
lprm.22 | 0.384 | 0.390 | 0.397 | 0.589 | 0.233 | 0.720 | 0.200 [ 0.250 | 0.250 | 0.332 | 0.293 | 0.400 | 0.357 0.391
lprm.23 | 0.959 | 0.959 | 0.961 | 0.966 | 0.875 | 0.770 | 0.800 | 0.950 | 0.98 | 0.986 | 0.950 | 0.990 | 0.928 0.524
lprm.24 | 0.891 | 0.888 | 0.882 | 0.935 | 0.701 | 0.750 | 0.630 | 0.950 | 0.980 | (.959) | 0.858 | 0.920 | 0.807 0.085
lprm.25 | 0.948 | 0.971 | 0.968 | 0.964 | 0.904 | 0.790 | 0.800 | 0.980 | 0.94 | 0.981 | 0.961 | 0.990 | 0.934 0.515
lprm.26 | 0.985 | 0.986 | 0.986 | 0.963 | 0.956 | 0.920 | 0.920 | 0.980 1.006 | 0.983 | 1.000 | 0.960 0.484
lprm.27 | 0.938 | 0.938 | 0.937 | 0.937 | 0.828 | 0.790 | 0.710 | 0.970 0.986 | 0.923 | 0.980 | 0.890 0.500
lprm.28 | 0.960 | 0.962 | 0.963 | 0.981 | 0.889 | 0.210 | 0.870 | 0.950 | 0.93 | (.981) | 0.951 | 0.970 | 0.919 0.377
lporm.29 | 0.719 [ 0.720 [ 0.726 | 0.752 | 0.366 | 0.670 | 0.300 | 0.650 | 0.50 | 0.300 | 0.674 | 0.830 | 0.560 0517
Iprm.210 || 0.593 | 0.594 | 0.601 | 0.672 | 0.302 | 0.680 | 0.320 | 0.510 | 0.570 | (.709) | 0.513 | 0.160 | 0.535 0.473
lprm.211 | 0.889 | 0.880 | 0.890 | 0.870 | 0.611 | 0.450 | 0.500 | 0.980 | 0.950 | 0.966 | 0.858 | 0.950 | 0.768 0.456
lprm.212 || 0.879 | 0.879 | 0.874 | 0.884 | 0.590 | 0.200 | 0.530 | 0.830 | 0.900 | (.952) | 0.837 | 0.950 | 0.747 0.398
lprm.213 | 0.897 | 0.898 | 0.906 | 0.876 | 0.720 | 0.760 | 0.530 | 0.950 | 0.940 | 0.935 | 0.878 | 0.950 | 0.836 0.501
lprm.214 | 0.894 | 0.896 | 0.895 | 0.919 | 0.766 | 0.870 | 0.680 | 0.820 | 0.930 | (.965) | 0.877 | 0.950 | 0.832 0.425
lprm.215 | 0.963 | 0.973 | 0.964 | 0.966 | 0.877 | 0.870 | 0.780 | 0.950 0.988 | 0.954 | 0.990 | 0.922 0.495
lprm.216 | 0.963 | 0.963 | 0.963 | 0.966 | 0.888 | 0.860 | 0.820 | 0.950 0.983 | 0.955 | 0.660 | 0.928 0.490
lprm.217 | 0.641 | 0.640 | 0.651 | 0.678 | 0.282 | 0.690 | 0.200 | 0.580 | 0.410 | 0.603 | 0.591 | 0.730 | 0.500 0.478
lprm.218 | 0.547 | 0549 | 0.550 | 0.700 | 0.330 | 0.190 | 0.420 | 0,510 (.507) | 0503 | 0.470 | 0.518 0.590
Table 16. Resultsfor the fundamental frequency — Case 6.2

M1 [ M2 [ M3 [ M4 | M5 | M6 [ M7 | M8 | M9 [ M10 [ M11 | M12 | M13 | M14 | M15
aprm.2 | 0521 [ 0522 | 0522 | 0.518 | 0.520 | 0.400 | 0.510 | 0.520 (523) | 0520 | 0520 | 0519 | 052 | 0520
lporm.21 | 0.510 | 0510 [ 0.509 | 0.519 | 0.513 | 0.380 | 0.500 0.499 | 0.509 | 0.509 | 0.506 0.564
lprm.22 | 0519 | 0520 | 0.504 | 0.528 | 0.513 | 0.390 | 0.510 | 0.510 [ 0.530 | 0.471 | 0.517 | 0.517 | 0.513 0.519
lprm.23 | 0.521 | 0521 | 0521 | 0520 | 0.521 | 0.420 | 0.510 | 0520 | 0.520 | 0524 | 0.521 | 0521 | 0.521 0.525
lprm.24 | 0517 | 0.521 | 0.521 | 0.518 | 0517 | 0.410 | 0.510 | 0.520 | 0.520 | (.523) | 0.520 | 0.520 | 0,518 0.516
lprm.25 | 0.521 | 0522 | 0522 | 0521 | 0.521 | 0.430 | 0.510 | 0520 | 0.520 | 0524 | 0.521 | 0521 | 0.521 0.525
lporm.26 | 0.522 | 0522 [ 0522 | 0521 | 0.521 | 0.530 | 0.510 | 0.520 0520 | 0522 | 0522 | 0.521 0.522
lprm.27 | 0521 | 0521 | 0521 | 0519 [ 0.521 | 0.430 | 0.510 | 052 0524 | 0520 | 0.520 | 0.521 0.523
lporm.28 | 0522 | 0522 | 0522 | 0521 | 0.521 | 0.260 | 0.510 | 0520 | 0.520 | (523) | 0.521 | 0.521 | 0.521 0.520
lprm.29 | 0.514 | 0514 | 0514 | 0517 | 0.521 | 0.380 | 0.510 | 0.510 | 0.510 | 0528 | 0.511 | 0.511 | 0.502 0.539
lprm.210 | 0.511 | 0512 | 0.513 | 0.506 | 0.496 | 0.380 | 0.500 | 0.500 | 0.510 | (.516) | 0.501 | 0.501 | 0.485 0.494
lprm.211 | 0.521 | 0521 | 0.521 | 0518 | 0.525 | 0.310 | 0.510 [ 0.520 | 0.520 | 0523 | 0.521 | 0.521 | 0.519 0.535
lprm.212 | 0.521 | 0521 | 0.521 | 0516 | 0.517 | 0.260 | 0.510 | 0.520 [ 0.520 | (.521) | 0.519 | 0.519 | 0.516 0516
lprm.213 | 0.521 | 0522 | 0522 | 0519 | 0.525 | 0.420 | 0.510 | 0520 | 0.520 | 0.524 | 0.521 | 0.521 | 0.520 0.530
lprm.214 || 0522 | 0.522 | 0.521 | 0.522 | 0511 | 0.480 | 0.510 | 0.520 | 0.520 | (.523) | 0.521 | 0.521 | 0,521 0.523
lprm.215 | 0.521 | 0521 | 0.522 | 0520 | 0.521 | 0.480 | 0.510 | 0.520 0524 | 0521 | 0.521 | 0521 0.525
lprm.216 | 0.521 | 0521 [ 0.521 | 0520 | 0.521 | 0.480 | 0.510 | 0.520 0524 | 0521 | 0521 | 0.521 0.525
lprm.217 | 0.510 | 0510 | 0.514 | 0.507 | 0.520 | 0.390 | 0.510 | 0.520 | 0.510 | 0.503 | 0.506 | 0.506 | 0.494 0.542
lprm.218 | 0.513 | 0514 | 0514 | 0511 | 0.510 | 0.250 | 0.500 | 0.510 (.498) | 0507 | 0.507 | 0.454 0.504
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In Tables 2-16 above, we have used the following notation:

M1 UPV standard AR

M2 UPV Full SVD AR

M3 UPV Truncated SVD

M4 UPV Dynamics reconstruction

M5 Pennsylvania State University: AR
M6 Pennsylvania State University: LAPUR code
M7 University of Tsukuba

M8 PSI: ARMA model (Plateau method)
M9 PSl: AR-AIC

M10  JAERI

M11  SIEMENSAR

M12  SIEMENSRAC

M13  TOSHIBA

M14  TUDELFT

M15 CSNNSMexico

Also, we note that the method M6 (LAPUR code) is not a signal analysis method. Furthermore
some participants also provided standard deviation estimates. This is an important aspect of the
benchmark; these results will be presented in afinal report.

Additional results

Partial additional results for the benchmark signas have been provided by Dr. Behringer. He has
used a method based on a multi-parametric fit of the auto-correlation function (ACF) which is
calculated from the filtered power spectral density. These results are shownin Table 16.

Table 17. Additional results (ACF)

Signal DR FR
cl_aprm3 0.582 0.483
cl aprm4 0.555 0.485
cl_aprm12 0.723 0.462
c2_test.L1 0.224 0.458
c2_test.L2 0.583 0.525
c2_test.s42 0.451 0.504
c3 test.1 0.377 0.415
c3_test.2 0.312 0.400
c3 test.3 0.347 0.425
c3_test.4 0.619 0.472
c4 lprm.8 0.717 0.507
c4 lprm.12 0.704 0.536
c4_lprm.22 0.569 0.532
c6_Iprm.22 0.567 0.522
c6_|lprm.210 0.547 0.512
c6_lprm.211 0.976 0.523
c6_lprm.212 0.884 0.521
c6_Iprm.213 0.993 0.524
c6_lprm.214 0.983 0.523
c6_Iprm.215 0.997 0.523
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Chapter 5
SUMMARY AND CONCLUSIONS

L essons learned on the performance of the different approaches and the issue of the determination

of uncertainties were debated in a meeting and they can be summarised in the following questions and
answers.

1

What isthe best definition of decay ratio (DR)?

For noise analysis it is the decay ratio associated with the least stable or dominant pole.
The definition is clear for a second order system.

What arethe best methodsfor calculating the DR?

Several methods were used in this study: AR method, AR method plus Impulse Response,
Auto-correlation, Recursive Auto-correlation methods, ARMA, LAPUR, Power Spectrum
Estimation. At the Forsmark NPP stability monitors have been used for over 10 years and the
uncertainty in the DR range 0.5-0.6 is smaller than 0.1. Obvioudy experience of the operator in
using such a monitor at the plant is required. In other ranges the uncertainty can be higher.
Measurements in a steady state condition, extracting signasfor a given timeinterval and analysing
them, leads to small uncertainties. The methodology for determining the uncertainty has to be
defined and the model order should be known (but this is not always certain). What really matters
is the DR after manoeuvring and the amplitude of the oscillation. Often oscillations are not
stationary, the “decay ratio” for these signals is not well defined but the determination of
frequency (Fourier analysis) is quite accurate. For the determination of decay ratios the asymptotic
part of the transformation function should be used. Thisis a suggested pragmatic approach.

Is it possible to have reliable methods for determining DR automatically, independently of
the analyst?

It is possible. This has been demonstrated at Forsmark where the same method is used and
compared in the monitoring and off-line. The Siemens experience aso affirms this answer.
No filtering is required and once experience has been gained it works well. Signal conditioning has
to be plant dependent. The expertstuneit to the plant, then it can be run automatically.

What istheinfluence of thetime duration in the estimation of DR?

An accurate auto-correlation function is required first based on the AR model. A heuristic type of
algorithm is normally used. The duration depends on the value of DR (about inversely proportional
toit). For power spectral density between 4 000 and 10 000 points are required.

Isit of interest to determinethe DR in atransient? Isthe calculation reliable?

It is of interest — because the method follows the trend and makes the DR derived acceptable.
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6. What happensif the signal contains more than one natural frequency? Which DR isthetrue
one?

The interesting information for the operator is: oscillations driven by a noise source, disturbances
in the system. Oscillations by themselves do not imply instability if driven by an externa source.
The stability characteristics of the reactor need to be known; the amplitudes are easy to extract.

7. lIsit possibleto determine DR of an out-of-phase oscillation?
Thisis possible for DR up to 0.7 £ 0.1 and only if enough LPRM signals per plane are provided.
Because there are many ways of doing it wrong and only a few to do it right, it depends on the
expertise of the analyst, or on the sophistication of the monitoring algorithm.

8. Can we provide an accurate limit to the stable behaviour of thereactor core?
This depends on the uncertainty. The real margin should be determined on power. Frequency

domain codes can determineit; they are efficient but not sufficient. The “decay ratio” is a measure
of linear stability and should therefore not be used as the only indicator of BWR stahility.
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Annex 2
METHODOLOGIESAND RESULTSPRESENTED BY UPV-CSN*

I ntroduction

The methodol ogies used by the group of the Universidad Politécnica de Vaencia and the Consgjo
de Seguridad Nuclear are based on the methods exposed in Ref. [1]. We provide here a summary of
the different methods used and the results obtained for the different signals of the Forsmark benchmark.

In al cases we will use the decay ratio (DR) and the fundamental oscillation frequency as
parameters to compare the performance of the different methods. It should be noted that the DR is a
parameter defined for pure second order systems, being only in this case a stable measurement of the
damping of the system. For higher order systems like nuclear reactors, this concept is not clearly
defined, and many different definitions currently exist [2].

The main idea of the different methods is to start from a neutronic signa, x(t), and calculate the
complex conjugate dominant poles, A and A”, associated with the main oscillation present in the signal.
From these poles we obtain the linear stability parameters:

(D)

oo RENE
DR= exp%n“m()\)@ Freq = |Im()\)|

We have used the following methods based on an auto-regressive model for the signal: a standard
AR method, which has been denoted by M1, afull SVD-AR model (M2) and a truncated SVD-AR
model (M3). The last method we used is based on areconstruction of the dynamics associated with the
neutronic signa (M4).

A singular system analysis methodology [3] has been applied to analyse some signals of the
benchmark. The results aobtained are also presented.
Auto-regressive modd methods

These methods start from the sampled neutronic signal, x(n), and assume that it can be modelled
using an order p AR process, that is:

p 2
x(n) + Z a x(n —k) =bye(n)

* Universidad Politécnica de Valencia
Consegjo de Seguridad Nuclear
SPAIN
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where g(n) is a normalised white-noise process. The auto-correlation function of the processis:

re(m) = lim 13 x(k = m)x(k)* )
NPT +1k:ZM

In practice, as we know, only a finite number of points for the signal are available. Thus the
auto-correlation sequence must be estimated with the finite data. Assuming N data samples, a discrete
time auto-correl ation estimate for the signal x(n) will have the following form:

(@

where rx(-m) = rx(m).

It is easy to achieve the following relationship among the AR(p) auto-correlation elements [4]:

p 2 - %)
rx(n)+;aer(n—k)=§§°' n=0
=1 ,h=21
using the matrix notation:
(00 Or(-1) r(-2) 0O r(-p) ODOLO 20
00 _ =p) 00, O %b°| 0
%X(l)D+|j n(0) rn(-1) O rX(l_ p) l|:|=|]0 0
D000 O 0O 0O O 00 EDE
L 0 o U 0
AP0 th(p-1 n(p-2) O 1n(0) S0 BO L
and eliminating the first row of this system, we find that:
orn(0) n@ Orn(l-pomo OOO (6)
0 0 O U
9@ w0 Or2-pRRn. @)
S O 0 O O g uo EDE
Ul
(P10 n(p-2) O n(O) oD mdpo
or more compactly:
R = -r (7

the solution of whichis:
a=—(R)r

Once the AR(p) model associated with the signal has been obtained, we have a transfer function
of the AR model:

1
z°(a, +a,.z+..+2")

H(z) =
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The next step will be to compute the roots of the equation:

zP +ayzP 1+ +a, =0

choosing the two complex conjugate dominant roots,  and °, and transforming them into the s-plane
by means of the following expressions:

A :%m(s), » =Lin@)

where T is the sampling time of the neutronic signal. With these poles we obtain the DR and the
frequency of the oscillation using Eqg. (1). This method is what we have called the standard AR
method.

On the other hand, to obtain the solution of Eq. (6) we assume that matrix R can be inverted and
we calculate R™. Although this could be the case, matrix R can be ill conditioned and this method of
solving the system would not provide accurate results. Thus, we use a k order pseudo inverse of the
matrix R to solve Eq. (6). That is, we begin sdlecting an order p for the AR modéd which is large
enough to assure that the real AR model order is smaller than the chosen p, and we calculate the
singular value decomposition of the auto-correlation matrix, R [5]:

R=UgZ VI 8
where:

Ug = VR =[V1:V21---1V ] M P

2= diag(Gl,Oz,...,op) m pe

We will assume there are k dominant singular values, and knowing that R is a real symmetric
matrix with Ur = Vg, we construct a k order pseudo-inverse of matrix R in the following way:

K 9)

(RW)* = Y oty

computing the parameters vector a as.
a= —(R(k))#r (10)

Once we have selected the order p of the AR model, we must choose the order k of the
auto-correlation matrix pseudo-inverse. In order to do this, the auto-correlation matrix is decomposed
in singular values such asin Eq. (8), and the ratios between every two consecutive singular values are
calculated in the following way:

ratio, = 2L | =23...,p
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In Figures 1 and 2 we have plotted the singular values and the ratios versus i, respectively, for an
experimental neutronic power signal. It can be observed that the last singular values are much smaller
than the first ones. Therefore if a consistent solution to Eqg. (7) is to found, the largest singular values
should be chosen as the dominant ones. But, where must we stop? In Figure 2, we observe that starting
at i = p and going to decreasing values of i the ratios remain aimost constant, producing values of the
ratio near 1, and when we arrive to the smallest values of i we observe that these ratios grow above 2.
The established truncation criterion is to select the first value of i where ratioi is higher than 2. In this
way, the truncated SVD-AR method is quite independent of the initial order p selected for the
auto-regressive model.

Figure 1. Spectrum of the auto-correlation matrix, R, singular values
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Figure 2. Ratios between every two consecutive singular values of the R
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Dynamics reconstruction method

This method is based on the reconstruction of the phase space of the dynamical system associated
with the neutronic signal x(n), n = 1,...,N. This reconstructed space is known as the embedding space
of thesignal.

The first step consists on the construction of an information matrix A, whose rows are built with
the application of an nw-window to the time series, x(n), of N data, resulting in amatrix of the form [6]:



O x(2) x(2 0o x(n,) O (11)
3 X2 x(3 00xn,+17
a0 O 0o oo 0O
0 [l H oo U g
H(N(ny-1)) x(N-n,) OO x(N) H

where the length of the window, nw, is a parameter to be chosen. The embedding space is achieved by
a projection of the information matrix onto a subspace, whose basis and dimension aso must be
sel ected.

In order to select the basis for the projection, we will use the singular value decomposition as
main tool. The information matrix, A, admits a decomposition of the form:

A=UEZEIVT (12
where:

U =[u1,u2,...,uq] o e
V=[v1,v2,...,unw] 0 M

T= diag(ol,cz,...,cnw) m oo

where g is N - nwt+ 1, 0i is the singular values of A, ui and vi are the i-th left and i-th right singular
vectors associated with the singular value ai.

Here, we select the number of significant singular values as the dimension of the projection
subspace, the basis of this subspace being the corresponding singular vectors. In absence of noise the
dimension of the subspace containing the embedded manifold would be the rank of the covariance
matrix, defined as = = A" A [6]. However, due to the noise present in the measurements, = is a full
rank matrix. We must note that the singular values of the information matrix, A, are the positive square
roots of the covariance matrix singular values. Thus, the noise causes all the singular values of the
information matrix to be non-zero, and we need a method to distinguish the fundamenta information
subspace from the noise subspace.

In the simple case of white noise, the existence of a non-zero constant background or noise floor
is a notable characteristic which can be used to determine the fundamental component of the signal.
But in experimental observations we will find more difficulties. Therefore in practice we have to face
the selection of the fundamental subspace dimension in order to avoid the subspace associated with the
noise and to obtain a good embedding space. Moreover, the above-mentioned problem of choosing the
window length, nw, of the information matrix A still remains.

Choosing the window length (nw)
The criterion used in this paper to choose the window length of the information matrix A is based

on the analysis of the singular value ratio (SVR) spectrum. Thus, we define a new matrix from the
time series data, x(n), in the following form:
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O x() x(2) 00 x(n,) O
E x(n, +1) x(n,+2) OO x(2nw)g
Y=U O U gd o 0
2o 0 00 O g
B((k-Dn, +1) x((k-Dn, +2) 0O x(N) H

k being the integer part of the ratio N/nw.

We dso define the parameter r, caled SVR, as the ratio between the two largest singular values
of the data matrix, Y, oi/02. This parameter has been used for detecting the periodic components of
periodic or almost periodic signals, occurring high values of r at the actual period length as well asits
higher multiples[7].

We will use a similar methodology, taking advantage of the SVR spectrum. In this way, we will
construct the data matrix Y with window lengths of nw = 2,3,..., drawing the SVR spectrum (SVR vs.
nw), and choosing the window length of the information matrix, nw, as the nw where r takes the first
significant maximum, discarding the initia range where the SVR decreases monotonically (see
Figure 3). Multiplied by 1s, nw can be defined as the effective period length of the signal. In Figure 3,
the window length taken was 26. It should be noted that in some signals we have found difficultiesin
selecting this maximum because of the irregular shape of the spectrum produced by this type of signal,
but in genera the election of the appropriate window length it is quite clear.

Figure 3. SVR spectrum
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Choosing the projection subspace dimension

We deal with experimenta neutronic power signals with a great amount of noise, and low signal
to noise ratios (SNR). In this way, the noise masks the signa component useful for the stability
analysis. Thusin choosing the appropriate dimension we mainly achieve the extraction of the subspace
associated with the fundamental information of the signal.

There is not a clear criterion for the selection of that dimension. There are some criteria which

suppose that the smallest singular value could be identified as noise dominated, even when the noiseis
not white.
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The criterion proposed here is based on the selection of the dominant or significant singular
values of the information matrix constructed with the appropriate window length. The smallest
singular values are non-significant versus the first ones, so in order to select the dominant singular
values associated to the fundamenta information, we propose a criterion based on the ratio between
every two consecutive singular values, oi/oi+1, taking as dimension d the value of i where this ratio
produces a value higher than 2, starting at the end of the spectrum (see Figure 4).

Figure 4. Spectrum of ratios of every two consecutive singular values
of A from APRM 3 signal (taking the appr opriate window length)
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Once we have chosen the values of the two parameters nw and d, we achieve the singular system
approach using the following projection:

Ad S &, OV (13
= ) U W0y ¥y

selecting as embedding space the first d columns of the matrix A” obtained.

Glaobal fit by means of orthonormal polynomials — Lyapunov exponents

We assume that the dynamics of a given system can be approximated by a discrete map:
%(n+1) = F(x(n)) (14)

We want to find the global complex Lyapunov exponents of the system [8] in order to obtain the
fundamental oscillation frequency and the DR parameter as:

oR= expgz || @

where A is the dominant complex Lyapunov exponent of the system.

We will suppose that the map for Eq. (14) is unknown but, nevertheless, the function F can be
approximately reconstructed as an expansion in terms of orthogonal polynomials on the attractor of the
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system [9,10,11]. Denoting the orthonormal polynomials by 1, we approximate each component of
the map function, as:

NP1,-...MPg ( 15)

where np; isthe maximum degreein x; considered for the polynomials.

Thus, knowing the reconstruction of the phase space of the dynamical system and the
orthonormal polynomials on the attractor, it is possible to obtain an approximation for the discrete
dynamical system (14). So, from the approximation of each component of the discrete map, Fj, on
each point of the attractor we obtain the Jacobian matrix of the function at point X(n).

In order to obtain the global complex Lyapunov exponents, we recover an effective linear system
associated with the signal and calculate the complex Lyapunov exponents of the system as the
Neperian logarithms of the dominant el genvalues of the Jacobian matrix.

Numerical results

The results obtained for the different cases are presented in the following tables. For methods M1,
M2 and M2 we show the results obtained selecting an AR model order of 40, 50 and 60, respectively.

Table 1. DR resultsfor Case 1

M1 M2 M3 M4

cl aprm.1 | 0.456| 0.405 | 0.517 | 0.454 | 0.314 | 0.500 | 0.629 | 0.481 | 0.619 | 0.640
cl aprm.2 |0.639| 0.623 | 0.707 | 0.633 | 0.621 | 0.707 | 0.700 | 0.670 | 0.735 | 0.824
cl aprm.3 |0.531| 0.577 | 0.620 | 0.538 | 0.583 | 0.625 | 0.446 | 0.592 | 0.636 | 0.735
cl aprm.4 |0.515| 0.503 | 0.527 | 0.511 | 0.500 | 0.530 | 0.483 | 0.528 | 0.565 | 0.634
cl aprm.5 |0.531| 0.591 | 0.621 | 0.521 | 0.584 | 0.614 | 0.403 | 0.555 | 0.612 | 0.702
cl aprm.6 |0.544| 0.482 | 0.594 | 0.560 | 0.492 | 0.594 | 0.503 | 0.424 | 0.636 | 0.659
cl aprm.7 |0.680| 0.704 | 0.702 | 0.684 | 0.708 | 0.707 | 0.684 | 0.671 | 0.726 | 0.624
cl aprm.8 |0.501| 0.532 | 0.567 | 0.506 | 0.545 | 0.576 | 0.479 | 0.479 | 0.552 | 0.577
cl aprm.9 |0.542| 0.599 | 0.578 | 0.497 | 0.581 | 0.562 | 0.312 | 0.638 | 0.425 | 0.503
cl aprm.10 |0.548| 0.616 | 0.670 | 0.581 | 0.644 | 0.681 | 0.673 | 0.506 | 0.713 | 0.545
cl aprm.11 |0.535| 0.645 | 0.618 | 0.538 | 0.644 | 0.622 | 0.542 | 0.625 | 0.626 | 0.644
cl aprm.12 |0.807| 0.810 | 0.819 | 0.802 | 0.808 | 0.818 | 0.804 | 0.847 | 0.832 | 0.751
cl aprm.13 |0.523| 0.491 | 0.591 | 0.515 | 0.582 | 0.588 | 0.514 | 0.609 | 0.546 | 0.777
cl aprm.14 |0.725| 0.739 | 0.702 | 0.715 | 0.733 | 0.698 | 0.717 | 0.748 | 0.646 | 0.782




Table 2. Fundamental frequency resultsfor Case 1

M1 M2 M3 M4

cl aprm.1 | 0.459 |0.503| 0.487 | 0.457 | 0.412 | 0.486 | 0.472 | 0.493 | 0.495 | 0.467
cl aprm.2 | 0.472 |0.480| 0.468 | 0.471 | 0.470 | 0.487 | 0.472 | 0.476 | 0.463 | 0.464
cl aprm.3 | 0.485|0.475| 0.489 | 0.484 | 0.475 | 0.487 | 0.475 | 0.478 | 0.489 | 0.480
cl aprm.4 | 0.482 |0.499| 0.487 | 0.483 | 0.500 | 0.488 | 0.479 | 0.500 | 0.481 | 0.481
cl aprm.5 | 0.504 |0.509| 0.513 | 0.505 | 0.510 | 0.514 | 0.504 | 0.507 | 0.511 | 0.492
cl aprm.6 | 0.480 |0.489| 0.482 | 0.480 | 0.488 | 0.481 | 0.473 | 0.467 | 0.474 | 0.487
cl aprm.7 | 0.534 |0.531| 0.540 | 0.534 | 0.532 | 0.540 | 0.534 | 0.532 | 0.539 | 0.510
cl aprm.8 | 0.523 |0.533| 0.518 | 0.526 | 0.535 | 0.520 | 0.536 | 0.553 | 0.503 | 0.506
cl aprm.9 | 0.428 |0.432| 0.431 | 0.426 | 0.430 | 0.431 | 0.370 | 0.434 | 0.352 | 0.409
cl aprm.10 | 0.460 | 0.464 | 0.457 | 0.459 | 0.464 | 0.458 | 0.452 | 0.471 | 0.462 | 0.424
cl aprm.11 | 0.474 | 0.480| 0.466 | 0.473 | 0.479 | 0.465 | 0.481 | 0.483 | 0.464 | 0.454
cl aprm.12 | 0.466 | 0.467| 0.465 | 0.466 | 0.467 | 0.465 | 0.465 | 0.468 | 0.467 | 0.400
cl _aprm.13 | 0.402 | 0.404| 0.407 | 0.403 | 0.405 | 0.408 | 0.402 | 0.403 | 0.407 | 0.478
cl aprm.14 | 0.492 |0.492| 0.484 | 0.492 | 0.493 | 0.485 | 0.490 | 0.491 | 0.480 | 0.489

Table 3. DR resultsfor Case 2
M1 M2 M3 M4
c2 test.ll 0.322 | 0.478 | 0.387 | 0.318 | 0.476 | 0.390 | 0.497 | 0.484 | 0.427 | 0.432
c2_test.s11 | 0.171 | 0.350 | 0.339 | 0.169 | 0.329 | 0.307 | 0.181 | 0.352 | 0.405 | 0.355
c2_test.s21 | 0.429 | 0.483 | 0.382 | 0.444 | 0.512 | 0.424 | 0.464 | 0.504 | 0.401 | 0.649
c2_test.s31 | 0.306 | 0.350 | 0.359 | 0.300 | 0.494 | 0.360 | 0.537 | 0.511 | 0.377 | 0.646
c2_test.s41 | 0.462 | 0.455 | 0.455 | 0.466 | 0.497 | 0.439 | 0.479 | 0.491 | 0.438 | 0.368
c2 test.I2 0.621 | 0.648 | 0.650 | 0.620 | 0.648 | 0.650 | 0.653 | 0.644 | 0.605 | 0.620
c2_test.s12 | 0.672 | 0.672 | 0.695 | 0.674 | 0.685 | 0.705 | 0.696 | 0.645 | 0.621 | 0.617
c2_test.s22 | 0.661 | 0.676 | 0.689 | 0.665 | 0.678 | 0.685 | 0.680 | 0.669 | 0.720 | 0.656
c2_test.s32 | 0.524 | 0.634 | 0.638 | 0.527 | 0.629 | 0.640 | 0.478 | 0.657 | 0.655 | 0.641
c2_test.s42 | 0.530 | 0.572 | 0.629 | 0.469 | 0.554 | 0.603 | 0.494 | 0.426 | 0.630 | 0.564
Table 4. Fundamental frequency resultsfor Case 2

M1 M2 M3 M4
c2 test.ll 0.483 | 0.455 | 0.423 | 0.481 | 0.455 | 0.423 | 0.476 | 0.457 | 0.427 | 0.472
c2_test.s11 | 0.424 | 0.451 | 0.452 | 0.427 | 0.448 | 0.446 | 0.427 | 0.436 | 0.442 | 0.471
c2_test.s21 | 0.450 | 0.471 | 0.481 | 0.452 | 0.472 | 0.480 | 0.457 | 0.472 | 0.384 | 0.439
c2_test.s31 | 0.460 | 0.451 | 0.418 | 0.461 | 0.441 | 0.419 | 0.474 | 0.437 | 0.400 | 0.427
c2_test.s41 | 0.462 | 0.434 | 0.434 | 0.464 | 0.484 | 0.435 | 0.465 | 0.412 | 0.380 | 0.409
c2_test.l2 0.532 | 0.530 | 0.538 | 0.531 | 0.530 | 0.538 | 0.529 | 0.530 | 0.498 | 0.534
c2_test.s12 | 0.538 | 0.536 | 0.544 | 0.537 | 0.535 | 0.545 | 0.534 | 0.538 | 0.539 | 0.529
c2_test.s22 | 0.524 | 0.532 | 0.530 | 0.535 | 0.534 | 0.530 | 0.525 | 0.535 | 0.543 | 0.530
c2_test.s32 | 0.523 | 0.539 | 0.533 | 0.524 | 0.539 | 0.533 | 0.529 | 0.537 | 0.529 | 0.523
c2_test.s42 | 0.497 | 0.515 | 0.509 | 0.491 | 0.518 | 0.506 | 0.496 | 0.515 | 0.533 | 0.527




Table5. DR resultsfor Case 3

M1

M2

M3

M4

c3 test.1

0.382

0.291

0.488

0.376

0.273

0.506

0.370

0.310

0.514

0.552

c3 test.2

0.236

0.372-
0.441

0.442-
0.584

0.249

0.316-
0.422

0.446-
0.581

0.453

0.318

0.453

0.621

c3 test.3

0.414

0.587

0.320-
0.613

0.424

0.592

0.619

0.388

0.363

0.489

0.516

c3 test.4

0.514

0.614

0.707

0.528

0.629

0.720

0.516

0.580

0.748

0.676

Table6.

Fundamental frequency resultsfor Case 3

M1

M2

M3

M4

c3 test.1

0.397

0.344

0.439

0.400

0.342

0.440

0.385

0.331

0.434

0.420

c3 test.2

0.406

0.331-
0.475

0.307-
0.447

0.416

0.334-
0471

0.307-
0.447

0.430

0.360

0.313

0.431

c3 test.3

0.461

0.477

0.301-
0.470

0.461

0.476

0.470

0.474

0.304

0.467

0.465

c3 test.4

0.481

0.483

0.475

0.480

0.483

0.474

0.484

0.485

0.478

0.437

Table7. DR

resultsfor Case 4

M1

M2

M3

M4

c4_aprm

0.784

0.770

0.838 | 0.784

0.761

0.820

0.777

0.495

0.825

0.806

c4 lprm.1

0.834

0.893

0.905 | 0.835

0.893

0.902

0.827

0.892

0.903

0.889

c4 lprm.2

0.867

0.908

0.923 | 0.872

0.909

0.922

0.869

0.909

0.926

0.918

c4 lprm.3

0.882

0.914

0.934 | 0.884

0.914

0.933

0.884

0.914

0.933

0.914

c4 lprm.4

0.897

0.900

0.906 | 0.897

0.900

0.905

0.896

0.897

0.902

0.854

c4 lprm.5

0.770

0.820

0.851 | 0.777

0.823

0.853

0.753

0.825

0.863

0.830

c4 lprm.6

0.785

0.794

0.847 | 0.786

0.768

0.845

0.770

0.796

0.843

0.869

c4 lprm.7

0.790

0.774

0.783 | 0.788

0.795

0.776

0.789

0.787

0.782

0.826

c4 lprm.8

0.757

0.740

0.612 | 0.761

0.737

0.618

0.772

0.737

0.574

0.733

c4 lprm.9

0.724

0.734

0.773 | 0.740

0.734

0.771

0.751

0.740

0.791

0.848

c4 Iprm.10

0.751

0.733

0.625 | 0.750

0.738

0.634

0.753

0.735

0.644

0.757

c4 Iprm.11

0.666

0.586

0.650 | 0.664

0.587

0.653

0.667

0.651

0.633

0.749

c4 Iprm.12

0.695

0.720

0.713 | 0.691

0.720

0.716

0.700

0.764

0.735

0.787

c4 lprm.13

0.744

0.762

0.796 | 0.752

0.766

0.796

0.756

0.765

0.793

0.835

c4 lprm.14

0.743

0.705

0.769 | 0.747

0.710

0.770

0.744

0.706

0.769

0.817

c4 lprm.15

0.730

0571

0.638 | 0.739

0.596

0.637

0.741

0.566

0.665

0.691

c4 Iprm.16

0.663

0.652

0.709 | 0.672

0.636

0.697

0.652

0.639

0.718

0.699

c4 lprm.17

0.821

0.830

0.849 | 0.823

0.830

0.849

0.834

0.828

0.847

0.838

c4 Iprm.18

0.819

0.807

0.832 | 0.820

0.804

0.829

0.827

0.807

0.830

0.877

c4 lprm.19

0.819

0.807

0.811 | 0.824

0.808

0.809

0.826

0.808

0.806

0.886

c4 lprm.20

0.764

0.750

0.650 | 0.766

0.751

0.643

0.756

0.750

0.598

0.757

c4 Iprm.21

0.707

0.631

0.659 | 0.716

0.635

0.665

0.707

0.603

0.674

0.771

c4 lprm.22

0.557

0.613

0.579 | 0.537

0.604

0.568

0.562

0.603

0.541

0.702
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Table8.

Fundamental frequency resultsfor Case 4

M1

M2

M3

M4

c4_aprm

0.491

0.486

0.480

0.491

0.485

0.480

0.493

0.503

0.481

0.490

c4 lprm.1

0.485

0.482

0.480

0.484

0.482

0.479

0.484

0.481

0.479

0.495

c4 lprm.2

0.484

0.482

0.480

0.484

0.482

0.480

0.484

0.481

0.479

0.491

c4 lprm.3

0.486

0.482

0.480

0.485

0.482

0.475

0.485

0.481

0.480

0.488

c4 lprm.4

0.488

0.485

0.482

0.488

0.485

0.482

0.487

0.485

0.482

0.485

c4 lprm.5

0.494

0.484

0.481

0.494

0.484

0.481

0.494

0.482

0.480

0.515

c4 lprm.6

0.496

0.487

0.483

0.496

0.496

0.482

0.497

0.486

0.482

0.510

c4 lprm.7

0.499

0.493

0.483

0.499

0.486

0.483

0.498

0.493

0.485

0.494

c4 lprm.8

0.506

0.505

0.516

0.506

0.505

0.519

0.507

0.505

0.510

0.478

c4 lprm.9

0.501

0.492

0.483

0.500

0.492

0.483

0.499

0.492

0.480

0.491

c4 lprm.10

0.527

0.524

0.530

0.527

0.523

0.528

0.527

0.523

0511

0.522

c4 Iprm.11

0.522

0.505

0.544

0.521

0.506

0.542

0.522

0.507

0.540

0.518

c4 lprm.12

0.540

0.542

0.541

0.538

0.541

0.541

0.538

0.541

0.542

0.542

c4 Iprm.13

0.501

0.488

0.483

0.500

0.488

0.483

0.500

0.487

0.483

0.505

c4 lprm.14

0.504

0.490

0.483

0.505

0.491

0.483

0.506

0.490

0.483

0.506

c4 lprm.15

0.508

0.517

0.483

0.508

0.516

0.482

0.508

0.509

0.488

0.497

c4 Iprm.16

0.506

0.493

0.490

0.504

0.495

0.490

0.498

0.516

0.490

0.522

c4 lprm.17

0.490

0.485

0.482

0.490

0.485

0.482

0.489

0.484

0.482

0.500

c4 Iprm.18

0.491

0.484

0.482

0.491

0.484

0.482

0.490

0.484

0.483

0.487

c4 lprm.19

0.495

0.492

0.489

0.495

0.492

0.490

0.495

0.492

0.489

0.499

c4 lprm.20

0.503

0.502

0.487

0.503

0.501

0.487

0.502

0.500

0.483

0.478

c4 lprm.21

0.510

0.503

0.492

0.510

0.503

0.491

0.510

0.501

0.489

0.518

c4 lprm.22

0.529

0.525

0.537

0.529

0.525

0.539

0.530

0.525

0.536

0.557

Table 9. DR resultsfor Case5

M1

M2

M3

M4

c5 aprm.1

0.954

0.946

0.953

0.951

0.941

0.954

0.950

0.942

0.953

0.98

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

0.818

0.835

0.384

0.798

0.777

0.859

0.800

0.797

0.856

c5_aprm.2

0.612

0.653

0.686

0.609

0.647

0.684

0.743

0.630

0.641

0.717

0.645

0.689

0.730

0.657

0.697

0.724

0.790

0.699

0.804

0.525

0.542

0.654

0.542

0.542

0.655

0.446

0.495

0.666

Table 10.

Fundamental frequency resultsfor Case 5

M1

M2

M3

M4

c5 aprm.1

0.533

0.535

0.535

0.533

0.534

0.535

0.533

0.534

0.534

0.53

0.542

0.577

0.587

0.422

0.435

0.422

0.421

0.439

0.463

0.548

0.559

0.501

0.551

0.554

0.556

0.551

0.548

0.557

c5 aprm.2

0.520

0.507

0.516

0.519

0.507

0.516

0.514

0.506

0.509

0.494

0.519

0.508

0.516

0.520

0.506

0.516

0.513

0.509

0.520

0.512

0.513

0.515

0.512

0.512

0.515

0.509

0.502

0.516
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Table11. DR resultsfor Case 6.1

M1

M2

M3

M4

c6_aprm.1

0.489

0.531

0.550

0.489

0.535

0.545

0.454

0.461

0.555

0.589

c6 lprm.11

0.383

0.275

0.473

0.379

0.268

0.468

0.388

0.376

0.452

0.518

c6_lprm.12

0.225

0.286

0.317

0.221

0.312

0.356

0.147

0.383

0.360

0.295

c6_lprm.13

0.436

0.536

0.668

0.438

0.542

0.667

0.457

0.577

0.699

0.689

c6_lprm.14

0.388

0.473

0.323

0.593

0.469

0.345

0.402

0.484

0.320

0.664

c6 lprm.15

0.595

0.660

0.706

0.387

0.658

0.704

0.590

0.665

0.735

0.639

c6 lprm.16

0.784

0.810

0.814

0.788

0.809

0.814

0.780

0.809

0.816

0.818

c6 lprm.17

0.504

0.573

0.614

0.506

0.572

0.613

0.499

0.607

0.643

0.533

c6_lprm.18

0.595

0.649

0.669

0.592

0.645

0.669

0.585

0.640

0.705

0.686

c6_lprm.19

0.335

0.326

0.355

0.335

0.336

0.349

0.262

0.286

0.621

0.460

c6_lprm.110

0.205

0.150

0.368

0.203

0.174

0.368

0.301

0.257

0.347

0.491

c6 lprm.111

0.340

0.359

0.479

0.337

0.359

0.478

0.290

0.380

0.475

0.461

c6 lprm.112

0.321

0.416

0.500

0.325

0.417

0.498

0.348

0.422

0.548

0.362

c6 lprm.113

0.341

0.342

0.450

0.340

0.334

0.452

0.266

0.365

0.451

0.308

c6_lprm.114

0.372

0.414

0.469

0.369

0.427

0.474

0.414

0.406

0.504

0.474

c6_lprm.115

0.438

0.562

0.68

0.442

0.565

0.679

0.388

0.558

0.702

0.516

c6 _lprm.116

0.444

0.569

0.681

0.448

0.572

0.680

0.450

0.557

0.714

0.703

c6 lprm.117

0.330

0.238

0.320

0.321

0.227

0.319

0.327

0.236

0.396

0.661

c6 lprm.118

0.276

0.297

0.364

0.270

0.287

0.357

0.303

0.3783

0.207

0.222

Table 12

. Fundamental frequency resultsfor Case 6.1

M1

M2

M3

M4

c6 aprm.l

0.520

0.531

0.515

0.522

0.531

0.516

0.532

0.552

0.501

0.505

c6 _lprm.11

0.491

0511

0.503

0.492

0.514

0.503

0.497

0.535

0.509

0.481

c6 lprm.12

0.505

0.533

0.514

0.503

0.533

0.507

0.427

0.533

0.512

0.512

c6 lprm.13

0.517

0.527

0.527

0.518

0.527

0.528

0.519

0.529

0.530

0.511

c6 lprm.14

0.514

0.522

0.522

0.524

0.523

0.522

0.510

0.521

0.474

0.548

c6_lprm.15

0.524

0.532

0.531

0.514

0.532

0.531

0.525

0.532

0.533

0.509

c6_lprm.16

0.527

0.530

0.530

0.527

0.530

0.530

0.528

0.530

0.530

0.536

c6_lprm.17

0.512

0.524

0.531

0512

0.525

0.530

0.512

0.526

0.631

0.502

c6 lprm.18

0.523

0.533

0.533

0.522

0.533

0.532

0.524

0.534

0.531

0.482

c6 lprm.19

0.520

0.546

0.562

0.522

0.548

0.560

0.522

0.564

0.558

0.468

c6 |lprm.110

0.528

0.461

0.571

0.531

0.455

0.567

0.515

0.438

0.448

0.502

c6_lprm.111

0.501

0.498

0.515

0.502

0.501

0.515

0.489

0.506

0.522

0.457

c6_lprm.112

0.534

0.553

0.537

0.535

0.554

0.537

0.544

0.552

0.538

0.492

c6 lprm.113

0.501

0.492

0.519

0.502

0.496

0.514

0.479

0.496

0.508

0.429

c6 lprm.114

0.500

0.487

0.500

0.499

0.488

0.500

0.502

0.483

0.489

0.467

c6 _lprm.115

0.518

0.524

0.524

0.518

0.525

0.525

0.515

0.523

0.528

0.525

c6_lprm.116

0.519

0.525

0.526

0.520

0.525

0.526

0.520

0.523

0.529

0.514

c6_lprm.117

0.581

0.486

0.501

0.482

0.485

0.501

0.490

0.487

0.485

0.519

c6_lprm.118

0.501

0.540

0.556

0.502

0.541

0.556

05

0.525

0.4258

0.443




Table 13. DR resultsfor Case 6.2

M1

M2

M3

M4

C6_aprm.2

0.915 | 0.923

0.950

0.914

0.920

0.950

0.910

0.917

0.952

0.923

C6 |lprm.21

0.544 | 0.570

0.688

0.542

0.560

0.685

0.552

0.560

0.692

0.735

C6_lprm.22

0.305 | 0.348

0.498

0.313

0.358

0.500

0.3%4

0.333

0.504

0.589

C6_lprm.23

0.947 | 0.957

0.973

0.947

0.957

0.973

0.948

0.959

0.975

0.966

C6_lprm.24

0.866 | 0.891

0.915

0.863

0.888

0.912

0.858

0.882

0.906

0.935

C6_lprm.25

0.958 | 0.908

0.979

0.958

0.978

0.978

0.958

0.968

0.979

0.964

C6 _lprm.26

0.981 | 0.986

0.988

0.982

0.987

0.989

0.981

0.987

0.988

0.963

C6_lprm.27

0.921 | 0.935

0.958

0.922

0.935

0.958

0.918

0.935

0.959

0.937

C6_lprm.28

0.949 | 0.963

0.968

0.951

0.964

0.970

0.953

0.967

0.968

0.981

C6_lprm.29

0.659 | 0.701

0.795

0.656

0.680

0.795

0.663

0.713

0.801

0.752

C6_lprm.210

0.522 | 0.579

0.678

0.526

0.579

0.678

0.519

0.559

0.725

0.672

C6 Iprm.211

0.856 | 0.883

0.928

0.857

0.884

0.927

0.857

0.884

0.931

0.870

C6 lprm.212

0.845 | 0.877

0.914

0.847

0.876

0.915

0.840

0.870

0.913

0.884

C6 Iprm.213

0.873 | 0.889

0.930

0.874

0.889

0.931

0.898

0.888

0.931

0.876

C6_lprm.214

0.875 | 0.881

0.927

0.877

0.882

0.928

0.882

0.879

0.924

0.919

C6_lprm.215

0.952 | 0.960

0.976

0.982

0.960

0.976

0.953

0.961

0.979

0.966

C6_|prm.216

0.953 | 0.961

0.976

0.952

0.961

0.976

0.952

0.961

0.977

0.966

C6 lprm.217

0.585 | 0.611

0.727

0.584

0.609

0.727

0.595

0.629

0.729

0.678

C6 Iprm.218

0.546 | 0.517

0.579

0.545

0.526

0.578

0.577

0.475

0.598

0.700

Table 14.

Fundamental frequency resultsfor Case 6.2

M1

M2

M3

M4

c6_aprm.2

0.521 | 0.522

0.522

0.521

0.522

0.522

0.521

0.522

0.522

0.518

c6 _lprm.21

0.506 | 0.507

0.517

0.506

0.507

0.517

0.510

0.502

0.516

0.519

c6 _lprm.22

0.522 | 0.518

0.516

0.524

0.520

0.516

0.522

0.473

0.517

0.528

c6 lprm.23

0.521 | 0.522

0.522

0.521

0.522

0.522

0.52

0.522

0.5219

0.520

c6 lprm.24

0.519 | 0.521

0.511

0.520

0.521

0.521

0.520

0.522

0.521

0.518

c6_lprm.25

0.521 | 0.522

0.522

0.521

0.522

0.522

0.521

0.522

0.522

0.521

c6_lprm.26

0.522 | 0.522

0.522

0.522

0.522

0.522

0.522

0.522

0.522

0.521

c6_lprm.27

0.521 | 0.522

0.521

0.521

0.522

0.521

0.520

0.522

0.521

0.519

c6 lprm.28

0.521 | 0.522

0.522

0.521

0.522

0.522

0.521

0.522

0.522

0.521

c6 lprm.29

0.508 | 0.514

0.518

0.509

0.515

0.518

0.510

0.516

0.517

0.517

c6 _lprm.210

0.503 | 0.518

0.513

0.503

0.518

0.514

0.503

0.519

0.518

0.506

c6_lprm.211

0.520 | 0.520

0.522

0.520

0.521

0.522

0.520

0.521

0.522

0.518

c6_lprm.212

0.520 | 0.522

0.521

0.520

0.522

0.521

0.520

0.522

0.521

0.516

c6 _lprm.213

0.520 | 0.522

0.522

0.521

0.522

0.522

0.522

0.522

0.522

0.519

c6 lprm.214

0.521 | 0.521

0.522

0.522

0.522

0.522

0.522

0.522

0.521

0.522

c6 _lprm.215

0.521 | 0.522

0.522

0.521

0.522

0.522

0.521

0.522

0.522

0.520

c6_lprm.216

0.521 | 0.522

0.522

0.521

0.522

0.522

0.521

0.522

0.522

0.520

c6_lprm.217

0.503 | 0.510

0.517

0.503

0.511

0.517

0.505

0.517

0.519

0.507

c6_lprm.218

0.508 | 0.520

0.513

0.507

0.519

0.516

0.508

0.518

0.517

0511
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Singular system analysis

A singular system analysis to analyse neutronic power signals has been presented in Ref. [3].
In order to show the capabilities of this methodology, it has been applied to analyse three signals from
the Forsmark 1 & 2 stability benchmark. The first signal is c1_aprm.1, which is a stationary one with
low decay ratio, the second signal is c3_test.2, and presents more than one natura frequency, and the
third signal isc5_aprm.2, which corresponds to a signal obtained during a small plant transient.

Signal 1: c1 aprm.1

To andyse this signal we used awindow length nw = 36 and we considered ten singular values for
the analysis. These singular values are shown in Table 15.

Table 15. First ten singular valuesfor signal c1_aprm.1

Number | Singular value | Number | Singular value
1 21914.16 6 12.93
2 62.71 7 9.16
3 59.60 8 6.65
4 37.72 9 5.28
5 21.74 10 3.96

We abserve the large magnitude of the first singular value and two couples of singular values of
similar magnitude.

In Figure 5, we compare the auto-correlation function (ACF) caculated from the origina signal
with the ACF calculated with the partially reconstructed signal using the first ten singular values.

Figure 5. Auto-correlation functions of the original and the partially reconstructed signals
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We observe that the main information of this signal is explained by a small number of singular
values and their corresponding singular vectors.

In Figure 6, we show the power spectral densities of the original signal and in Figure 7 we show
the power spectral density (PSD) of the partially reconstructed signal using the second and third
singular values.

50



Figure 6. Power spectral density (PSD) of the original signal
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Figure 7. Power spectral density of the partially reconstructed signal (2,3)
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We observe that the power spectral density of the partially reconstructed signal does not show
harmonicsin the low part of the spectrum, remaining only the contribution of the natural frequency.

The stability analysis can be performed using the ACF [2] and also using the impulse response
(IR) obtained from a high order (50) AR model for the signal. Essentially two methods have been
proposed, one of which calculates the DR as the ratio of two consecutive maxima. We have called this
method the Ratio Method. The other method uses an interpolator polynomia and we have denoted this
the Interpolated Method. For more details see Refs. [2,12].

In Table 16 we present the reference results for the DR obtained from the Forsmak 1 & 2
benchmark, and the DR obtained from the ACF using the ratio and interpolated methods.

Table 16. DR values obtained from the ACF and thereference results

ACF Reference
Ratio I nter polated DR St. dev.
0.75 0.30 0.49 0.08
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We remark that the results obtained from the ACF are very different if we use either the Ratio or
the Interpolated Methods. This clearly indicates that this signal presents a bad behaviour for the study
of stability characteristics.

In Table 17, we present the DR values obtained from the ACF of the partialy reconstructed signa
using singular values 2 and 3 and the impul se response of this partially reconstructed signal calculated
with an AR(10) model.

Table 17. DR values obtained from the ACF of the partially
reconstructed signal (2,3) and the IR [AR(10)] for thissignal

ACF Reference
Ratio I nter polated Ratio I nter polated
0.47 0.32 0.50 0.42

We observe that the partially reconstructed signal has a better behaviour than the original signa
for the determination of its stability characteristics.
Signal 2: c3_test.2

For analysis of the appropriate window length for this signal, 15 singular values were used and a
value of nw = 99 was obtained.

In Figure 8, we show the PSD for the original signal. We observe that this signal presents several
harmonics close to the natural frequency.

Figure 8. Power spectral density of the original signal
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In Figure 9, we show the PSD of the partially reconstructed signal considering the singular values
6,7,8,9,10,11,12,13,14,15 and their corresponding singular vectors.

In this way we have been able to isolate the natural frequency oscillation from the low frequency
contributions.
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Figure 9. Power spectral density of the partially reconstructed signal
(6,7,8,9,10,11,12,13,14,15)
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In Table 18, we show the DR values calculated from the ACF for this signal and the reference
results.

Table 18. DR values obtained from the ACF and thereference results

ACF Reference
Ratio I nter polated DR St. Dev.
- 0.61 0.36 0.15

We observe that this signal has a very bad behaviour for the determination of its stability
characteristics, since the ratio method does not provide meaningful results.

In Table 19, we show the DR results for the partially reconstructed signal.

Table 19. DR values obtained from the ACF of the partially reconstructed signal

(6,7,8,9,10,11,12,13,14,15)
Ratio I nter polated
0.64 0.66

We observe that for the reconstructed signal both methods, the Ratio Method and the Interpolated
Method provide similar results. Nevertheless these results differ from the reference ones, because the
reference results take into account the low frequency oscillations which are damped oscillations.

Signal 3: ¢5_aprm.2

For this signa we used a window length nw =58 and 10 singular values were considered for the
analysis.
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To show that the first singular value is mainly associated with the signal trend, we present in
Figure 10 the origina signal and the partialy reconstructed signa considering only the first singular
value and its corresponding singular vector.

Figure 10. Original signal and partially reconstructed signal (1)
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In Figure 11 we show the PSD of the original signal and in Figure 12 we have plotted the PSD for
the partially reconstructed signal using singular values 2 and 3.

Figure 11. Power spectral density of the original signal
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We observe that in the PSD calculated from the original signal we can not distinguish any
predominant frequency, but in the PSD calculated from the partialy reconstructed signal, the natural
frequency peak can be distinguished clearly, indicating the main oscillatory contribution.

In Table 20, we show the DR values calculated from the ACF for this signal and the reference
results.



Figure 12. Power spectral density of the partially reconstructed signal (2,3)
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Table 20. DR values obtained from the ACF and the referenceresults

ACF Reference
Ratio I nter polated DR St. Dev.
0.98 0.71 0.68 0.11

As it was the case for the signals studied above, we obtain different results with the ratio and the
interpolated method. In Table 21, we show the results obtained from the partially reconstructed signal.

Table 21. DR values obtained from the ACF of the partially reconstructed signal (2,3)

Ratio I nter polated
0.74 0.71

These results confirm the good behaviour observed in the PSD of the partialy reconstructed
signal.
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Annex 3
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I ntroduction

The Organisation for Economic Co-operation and Development (OECD), through the Nuclear
Energy Agency (NEA), has organised a database containing extensive power plant process
measurements to investigate boiling water reactor stability. Computer codes evaluating stability can be
tested and validated using this valuable data. The first collection of plant data was used to specify the
Ringhals 1 Stability Benchmark [1,2].

The Forsmark 1 and 2 stability benchmark is a follow-up activity, organised to focus in time
series analysis of power signals to determine the stability parameters of the system. The stability
parameters considered are decay ratio (DR) and natural frequency.

The Forsmark benchmark is divided into six cases, each case being composed by stahility tests
performed at Forsmark units 1 and 2 during the period 1989-1997. The data is stored as time series
sampled at a frequency of 25 HZ, decimated to 12.5 Hz.

M ethodology

The time series analysis is performed using the auto-regressive method (AR) for stationary cases
and auto-regressive moving average method (ARMA) for non-stationary series.

For stationary power measurements, the following procedure was applied:

» The series is normalised by its mean value and then the new unitary mean is subtracted to
obtain a normalised zero-mean signal .

» The auto-correlation of the seriesis computed.

* The Pennsylvania State University
Nuclear Engineering Department
USA
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* The Yule-Walker equations are solved for the auto-regressive parameters.
* Animpulse response of the auto-regressive model is computed.

e If the impulse response is smooth, the decay ratio is computed ignoring the first peak and
averaging the decay ratios obtained with subsequent peaks and valleys.

» If the impulse response contains frequencies other than the natural frequency of the system, a
low pass filter is applied to remove the extra peaks and valleys contributed by the high
frequency noise.

For non-stationary measurements, a similar procedure was used, but omitting the first step and
fitting an ARIMA model [3] instead of the AR.

In addition to the Yule-Waker equations needed for the auto-regressive part, the non-linear
algebraic equations for the moving average parameters were iteratively solved. A modd of the form
(p,1,9) was used, where p and g are the order of the AR and MA parts, respectively.

For each case, the order of the auto-regressive and moving average parts was determined by
minimising the Schwarz BIC information criteria, and the uncertainty was estimated by varying the
model order around the optimal value.

Timeseriesanalysis
Casel

This case consists of 14 APRM readings corresponding to 14 different power and flow operating
conditions. Each time series contains 5.4 minutes of power measurements. The data for this case is
stationary and the method of auto-regression was applied to determine decay ratios and resonant

frequencies. Table 1 shows the results obtained for this case.

Table 1. Decay ratio and frequency resultsfor Case 1

DR Frequen
Data name DR uncertainty Frequency unfgrtairft{/

f1 boc 13 3 0.42 0.0345 0.45 0.0099
f1 boc 13-4 0.52 0.0113 0.45 0.0033
f1 boc 14-1 0.30 0.1401 0.46 0.0041
f1 boc 14-3 0.39 0.1245 0.48 0.0045
f1 boc 14-4 0.49 0.0245 0.48 0.0077
f1 moc 14 2 0.44 0.1565 0.47 0.0089
f1 boc 15 0.51 0.1234 0.51 0.0083
f1 moc 16 0.27 0.0905 0.50 0.0192
f2 moc 13 0.55 0.0310 0.40 0.0032
f2 uppst 14 0.45 0.0250 0.43 0.0169
f2 boc 14 0.36 0.0903 0.43 0.0295
f2 moc_14 0.68 0.0284 0.45 0.0132
f2 uppst_15 0.43 0.0773 0.40 0.0097
f2_moc 15 0.56 0.0769 0.48 0.0107
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For al 14 series, the AR method was used. Series 4 and 8 have a high frequency signal mounted
in the data, of 5.8 and 2.6 Hz respectively. This added contribution to the system noise can be handled
if the impulse response is processed by a low-pass filter before the search for the maximums and
minimums required by the DR calculations.

Further work in Series 4 and 8 includes an ARIMA model of order (20,1,0). The results for these
two series are shown Table 2.

Table 2. Resultsfor Series4 and 8 using an ARIMA (20,1,0)

DR Frequency

LELEENIE LIR uncertainty A IENE) uncertainty
f1 boc 14-3 0.52 0.13 0.49 0.04
f1 moc_16 0.41 0.08 0.50 0.04

These new decay ratios are higher than the previous DRs computed with the AR model.

Case?2

This case consists of two non-stationary series of 18.7 minutes. An ARIMA modd (p,1,q) was
used to be developed to fit the experimental data and obtain decay ratios and frequencies. The AR and
MA orders p and g were chosen to minimise the BIC information criteria. The order q was aways
between 19 and 21, while g was between 0 and 2.

The long series ¢2_test.I1 contains 13 963 points, and it was divided into four sub-series with
three segments of 4 000 points and a last segment with 2 000 points. The different segments of
Series 1 yielded similar decay ratios, except for the second segment, which gave a higher decay ratio.
The last segment produced a similar decay ratio to the whole series, even when it only contains
160 seconds of measurements. The results for this case are shown in Table 3.

Table 3. Decay ratio and frequency resultsfor Case 2.1

DR Fregquen
Data name DR uncertainty Frequency unfgrtairft{/
c2 testll 0.35 0.12 0.44 0.03
c2 test.sl1 0.36 0.13 041 0.03
c2 test.s21 0.49 0.06 041 0.03
c2 test.s31 0.36 0.19 0.43 0.05
c2 test.sA41 0.37 0.11 0.43 0.03

The structure of Series 2 is analogue to that of Series 1. It contains higher decay ratios, and the
last segment has a lower decay ratio. This result was expected, given the short length of the last
segment. The results obtained for these series are shown in Table 4.

Case 3
Case 3 consists of five power measurements of 5.4 minutes each. The specification states that

these five series are contaminated with plant control system effects.
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Table 4. Decay ratio and frequency resultsfor Case 2.2

DR Frequen
Data name DR uncertainty Frequency unfgrtairft{/
c2 test.I2 0.57 0.12 0.50 0.01
c2 test.s12 0.61 0.08 0.52 0.02
c2_test.s22 0.59 0.08 0.49 0.02
c2 test.s32 0.54 0.12 0.51 0.03
c2 _test.s42 042 0.11 0.48 0.04

The impulse responses obtained from the AR modéels for these series do not show frequencies
other than the natural frequency of the system. Table 5 shows the results obtained for this case.

Table5. Decay ratio, frequency and dominant polesfor Case 3

Data name DR bR Frequency Frequency Dominant
uncer tainty uncer tainty poles
0.51 + -2.45i

C3 test.1 0.27 0.01 0.39 0.01 -1.01 + 0.00i
-2.08 +-23.07i
-0.48 + -2.45i
C3 test.2 0.29 0.07 0.39 0.01 -1.03 + 0.00i
-1.95 + -5.46i
-0.63 + -2.64i
C3 test.3 0.23 0.09 0.42 0.03 -1.64 + 0.00i
-1.81 +-24.59i
-0.50 +-2.92i
C3 test4 0.34 0.02 0.47 0.01 -1.01 + 0.00i
-1.89 + -36.93i
-0.50 +-2.92i
C3 test.5 0.34 0.02 0.47 0.01 -1.01 + 0.00i
-1.89 + -36.93i

To find the dominant poles, the discrete poles in the z-domain were computed from the
auto-regressive coefficients. The poles closer to the unity circle were chosen and then transformed to
the s-plane using the sampling period of 0.08 sec.

Series 4 and 5 seem to have the same stability properties. Further analysis showed that both series
areidentical.
Case 4

Case 4 contains one APRM and 22 LPRM measurements. A mixture of a global oscillation and a
regiona oscillation is specified.

The LPRMs at positions 23 and 34 show higher decay ratios, followed by positions 20, 9 and 7.
This represents the right-half section of the core.
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Table 6. Decay ratio and frequency resultsfor Case 4

DR Frequen
Data name DR uncertainty Frequency unfgrtairft{/
c4 Iprm.1 0.91 0.01 0.49 0.01
c4 lprm.2 0.91 0.01 0.49 0.01
c4 Iprm.3 0.92 0.01 0.49 0.01
c4 Iprm.4 0.87 0.08 0.49 0.01
c4 lprm.5 0.85 0.01 0.50 0.01
c4 lprm.6 0.85 0.02 0.50 0.01
c4 lprm.7 0.78 0.02 0.50 0.01
c4 Iprm.8 0.69 0.16 0.51 0.01
c4 Iprm.9 0.81 0.04 0.51 0.01
c4 lprm.10 0.71 0.12 0.53 0.01
c4 lprm.11 0.77 0.01 0.52 0.01
c4 Iprm.12 0.52 0.16 0.53 0.01
c4 Iprm.13 0.82 0.01 0.51 0.01
c4 Iprm.14 0.81 0.01 0.51 0.01
c4 lprm.15 0.79 0.06 0.51 0.01
c4 lprm.16 0.80 0.02 0.52 0.01
c4 Iprm.17 0.86 0.01 0.50 0.01
c4 Iprm.18 0.84 0.01 0.49 0.01
c4 lprm.19 0.63 0.11 0.50 0.01
c4 lprm.20 0.70 0.12 0.51 0.01
c4 lprm.21 0.77 0.01 0.51 0.01
c4 Iprm.22 0.36 0.15 0.54 0.04
¢4 aprm 0.81 0.04 051 0.01

Case5

Case 5 contains two non-stationary APRM measurements taken during a small plant transient.
For this case an ARMA model was fitted.

Both power series correspond to APRM readings, the first series containing 5.6 minutes of data,
and the second series 18.6 minutes. The results obtained for this case are shown in Table 7.

Table 7. Decay ratio, frequency and dominant polesfor Case 5

Data name DR DR. Frequency Frequepcy DB
uncertainty uncertainty poles

-0.01 +-3.33i

C5 _aprm.1 0.98 0.03 0.53 0.01 -0.05 + 0.00i
-0.30 + -6.68i
-0.31 +-3.09i

C5_aprm.2 0.54 0.05 0.49 0.02 -0.89 + -10.00i
-0.90 + -37.42i
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The firgt series exhibits a limit cycle, and the decay ratio is close to the unity. For the second
seriesthe AR model gave adecay ratio of 0.54, which agrees with the value shown in the table.
Case 6

Case 6 contains APRM and LPRM signals for two different operating conditions. The obtained
results for the decay ratio and the fundamental frequency for Case 6.1 are presented in Table 8.

Table 8. Decay ratio and frequency resultsfor Case 6.1

DR Frequency
REIENIEN D uncertainty AEIENS) uncertainty

c6 Iprm.11 0.08 0.06 0.43 0.03
c6 Iprm.21 0.08 0.04 0.50 0.06
c6 Iprm.31 0.24 0.13 0.50 0.02
c6_Iprm.41 0.23 0.01 0.51 0.01
c6 Iprm.51 0.27 0.14 0.50 0.03
c6 Iprm.61 0.56 0.11 0.52 0.01
c6 Iprm.71 0.25 0.14 0.49 0.03
c6 Iprm.81 0.50 0.04 0.53 0.02
c6 Iprm.91 *0.10 0.03 0.46 0.08
c6 _Iprm.101 *0.15 0.03 0.50 0.06
c6 Iprm.111 *0.10 0.07 0.46 0.04
c6 Iprm.121 **

c6 Iprm.131 *0.10 0.07 0.46 0.06
c6 Iprm.141 *0.27 0.09 0.53 0.06
c6 Iprm.151 0.24 0.13 0.50 0.04
c6 Iprm.161 0.26 0.14 0.50 0.02
c6 Iprm.171 0.09 0.11 0.43 0.03
c6_lprm.181 *x

c6_aprm.1 *(0.29 0.10 0.49 0.02

*  Contains extra high frequency noise; a low pass filter had to be used to obtain the

decay ratios.

** Very low decay rations, difficult to obtain from a non-oscillatory impul se response.

The results obtained for the decay ratio and the fundamental frequency for Case 6.1 are presented
in Table 9.

For Test 2, series pairs 5-6, 7-8, 13-14 and 15-16 show higher decay ratios, and every pair is
located in a common string. It is interesting to observe that the locations of those four strings are
symmetrical (strings 11, 6, 31 and 24), and that al those strings with high decay ratios are located in
the left-half side of the core.

The series for the test number 2 (63.3% power and 4 298 kg/s core flow) have in general wider
amplitudes than those of test number 1 (64.4% power and 4 416 kg/s core flow), and the decay ratios
for the test number 2 are also higher. This can suggest a relationship between the amplitude of the
fluctuations around the mean value and the stability of the system. It is known that as an instability
develops, the oscillation will reach a noticeable amplitude and frequency, easy to be visually observed
from atime plot.
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Table 9. Decay ratio and frequency resultsfor Case 6.2

DR Fregquen
Data name DR uncertainty Frequency unfgrtairft{/
c6_Iprm.12 0.20 0.15 0.51 0.03
c6_Iprm.22 0.23 0.08 0.51 0.04
c6_Iprm.32 0.88 0.10 0.52 0.01
c6_lprm.42 0.70 0.04 0.52 0.01
c6_lprm.52 0.90 0.07 0.52 0.01
c6_lprm.62 0.96 0.03 0.52 0.01
c6_lprm.72 0.83 0.15 0.52 0.01
c6_lprm.82 0.89 0.02 0.52 0.01
c6_lprm.92 0.37 0.17 0.52 0.03
c6 lprm.102 [0.30 0.16 0.50 0.03
c6 lprm.112 |0.61 0.18 0.53 0.02
c6 lprm.122  (0.59 0.13 0.52 0.01
c6 lprm.132 (0.72 0.18 0.53 0.01
c6 lprm.142  (0.77 0.09 0.52 0.01
c6_Iprm.152 |0.88 0.09 0.52 0.01
c6_Iprm.162 |0.89 0.09 0.52 0.01
c6_Iprm.172 |0.28 0.14 0.50 0.04
c6_Iprm.182 0.33 0.07 0.51 0.06
c6_aprm.2 0.84 0.07 0.52 0.01

Reduced-order model analysis

Using a reduced-order model and optimal estimation techniques, the decay ratio for the system
can be estimated. It can be shown that the gain of the thermal-hydraulic feedback reactivity is
basically the void reactivity coefficient, and the stability properties of the system strongly depend on
this value. A non-linear estimator is used to estimate the feedback gain based on point kinetics for the
forward loop and linear transfer functions for the feedback |oop.

The transfer functions are obtained from a frequency-domain code, such as LAPUR. This method
considers the operating conditions of the plant and can produce a decay ratio as a function of time.
The method can be applied to both stationary and non-stationary power measurements.

The benchmark is intended to study the different time series analysis methods, and plant data
other than power measurements is not supplied. The specification provides the power and flow for
Cases 1 and 6 only. To prepare LAPUR runs, both power and flow conditions must be known, as well
as extrainformation regarding core geometry and power distributions.

To evaluate the method, a gross LAPUR input deck was prepared with one thermal-hydraulic
channel and assumed a bottom-peaked axial power distribution.

The results show that the method has a tendency to underestimate the natura frequency of the
system at small decay ratios. As the decay ratios increases, the estimates for the frequency improve.
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Casel

This case consists of 14 APRM readings corresponding to 14 different power and flow operating
conditions. Each time series contains 5.4 minutes of power measurements. Table 10 shows the results
obtained for this case.

Table 10. Decay ratio and frequency resultsfor Case 1 with the reduced-order model

Data name DR Frequency
f1 boc 13 3 0.58 0.35
f1 boc 13-4 0.50 0.33
f1 boc 14-1 0.25 0.27
f1 boc 14-3 0.26 0.28
f1 boc 14-4 0.70 0.37
f1 moc 14 2 0.51 0.32
f1 boc 15 0.37 0.29
f1 _moc 16 0.22 0.27
f2 moc 13 0.34 0.29
f2_uppst_14 0.52 0.33
f2 boc 14 0.23 0.27
f2_ moc 14 0.43 0.30
f2_uppst_15 0.26 0.27
f2_moc_15 0.27 0.28

Case4

Even when the power and flow conditions are not specified for this case, the method was applied
asan exercise. Thiscaseis of particular interest because of the local oscillations present in the core.

The LPRMs at positions 23 and 34 show higher decay ratios, followed by positions 20, 9, and 7.
This represents the right-half section of the core. The obtained results for this case are shown in
Table 11.

Case 6

Case 6 contains APRM and LPRM signals for two different operating conditions. The results
obtained for Case 6.1 are shown in Table 12.

The results obtained for Case 6.1 are shown in Table 13.



Table 11. Decay ratio and frequency resultsfor Case 4 with the reduced-order model

Data name DR Frequency
c4 lprm.1 0.90 0.48
c4 lprm.2 0.90 0.48
c4 Iprm.3 0.91 0.49
c4_Iprm.4 0.91 0.49
c4 lprm.5 0.91 0.49
c4 lprm.6 0.89 0.47
c4 lprm.7 0.86 0.45
c4 lprm.8 0.74 0.40
c4_Iprm.9 0.85 0.45
c4_Iprm.10 0.50 0.36
c4 lprm.11 0.88 0.47
c4 Iprm.12 0.27 0.29
c4 lprm.13 0.87 0.46
c4 Iprm.14 0.88 0.47
c4_Iprm.15 0.87 0.46
c4 Iprm.16 0.88 0.47
c4 lprm.17 0.90 0.48
c4 lprm.18 0.88 0.46
c4 lprm.19 0.85 0.45
c4 lprm.20 0.84 0.44
c4 Iprm.21 0.88 0.47
c4_Iprm.22 0.86 0.45
c4 _aprm 0.90 0.48

Table 12. Decay ratio and frequency resultsfor Case 6.1 with the reduced-order model

Data name DR Frequency
c6 lprm.11 0.41 0.31
c6 lprm.21 0.20 0.26
c6 lprm.31 0.26 0.27
c6 lprm.41 0.15 0.25
c6 lprm.51 0.27 0.28
c6_Ilprm.61 0.17 0.25
c6 lprm.71 0.24 0.27
c6 lprm.81 0.14 0.25
c6 lprm.91 0.28 0.28
c6 |lprm.101 0.17 0.25
c6 lprm.111 0.28 0.28
c6 lprm.121 0.15 0.25
c6 lprm.131 0.29 0.28
c6 lprm.141 0.16 0.25
c6 |lprm.151 0.27 0.28
c6 lprm.161 0.25 0.27
c6 lprm.171 0.33 0.29
c6 lprm.181 0.15 0.25
c6_aprm.1 0.22 0.27
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Table 13. Decay ratio and frequency resultsfor Case 6.1 with the reduced-order model

Data name DR Fregquency
c6 lprm.12 0.68 0.38
c6_lprm.22 0.71 0.39
c6 lprm.32 0.77 0.42
c6_lprm.42 0.75 041
c6_lprm.52 0.79 0.43
c6_lprm.62 0.92 0.53
c6 lprm.72 0.79 0.43
c6 lprm.82 0.21 0.26
c6_lprm.92 0.67 0.38
c6_|prm.102 0.68 0.38
c6 lprm.112 0.45 0.31
c6 _lprm.122 0.20 0.26
c6 lprm.132 0.76 0.42
c6_lprm.142 0.87 0.48
c6_lprm.152 0.87 0.48
c6_lprm.162 0.86 0.48
c6 lprm.172 0.69 0.39
c6_lprm.182 0.19 0.25
c6_aprm.2 0.72 0.40
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Annex 4
METHODOLOGIESAND RESULTSPRESENTED BY TSUKUBA*

M ethodology
Decay ratio DR is calculated based on the normalised correlation function R(t):
DR= R(T_p)
where T_p = period of oscillation.

A statistical method for averaging sequences of peak amplitudesin R(t) is not adopted because of
the existence of long-time coherence and entrainment by the noise sources. Frequency is calculated
based on the AR PSD with the use of the least square (LSQ) fitting algorithm. In this case, the
ARPAD that gives the minimum AIC is selected. Among the various a gorithms (Y ule-Walker, Burg
and others) for the AR mode fitting, the LSQ algorithm was chosen because of its ability to separate
peaks of resonant frequenciesin many cases.

Results
Casel
Table 1. DR and frequency resultsfor Case 1
DR Frequency
LELEIENIE DI uncertainty AEIEN) uncertainty
cl aprm.1 0.33 0.1 0.45 +0.04
cl aprm.2 0.42 +.10 0.45 +0.04
cl aprm.3 0.30 + 0.07 0.45 +0.04
cl aprm.4 0.23 +0.10 0.47 +0.04
cl aprm.5 0.20 +0.10 0.48 +0.04
cl aprm.6 0.42 +0.15 0.47 +0.04
cl aprm.7 0.15 + 0.05 0.51 +0.03
cl aprm.8 0.37 +0.12 0.50 +0.04
cl aprm.9 0.43 +0.15 0.49 +0.03
* H. Konno

Ingtitute of Information Sciences and Electronics
University of Tsukuba, Tsukuba, Ibaraki 305-8573
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Case?2

Case 3

Table 1. DR and frequency resultsfor Case 1 (cont.)

DR Frequen

Data name DR uncertainty Frequency unfgrtairft{/
cl_aprm.10 0.30 +0.10 0.44 +0.03
cl aprm.11 0.18 +0.10 0.47 +0.03
cl aprm.12 0.56 +0.12 0.45 + 0.03
cl aprm.13 0.37 +0.15 0.40 +0.04
cl aprm.14 0.38 +0.10 0.48 +0.03

Table 2. DR and freguency resultsfor Case 2

DR Frequen
Data name DR uncertainty Frequency uncegrtainct};/

c2_test.l1 0.16 +0.10 0.43 +0.02
c2_test.I2 0.34 +0.10 0.52 +0.02
c2_test.sl1 0.10 +0.10 0.49 +0.04
c2_test.s12 0.32 +0.12 0.53 +0.02
c2_test.s21 0.21 +0.07 0.43 +0.04
C2_test.s22 0.33 +0.10 0.51 +0.02
c2_test.s31 0.19 +0.07 0.41 +0.10
C2_test.s32 0.22 +0.07 0.52 +0.02
C2_test.s41 0.18 +0.07 0.38 +0.12
c2_test.s42 0.33 +0.10 0.48 +0.02

Table 3. DR and frequency resultsfor Case 3

DR Frequen

Data name DR uncertainty Frequency unfgrtairft{/
c3 test.1 0.17 +0.10 0.38 +0.04
c3_test.2 0.21 +0.10 0.33 +0.12
c3_test.3 0.10 +0.10 0.45 +0.04
c3_test.4 0.24 +0.12 0.47 +0.04
c3_test.5 0.24 +0.12 0.47 +0.04
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Case 4

Case5

Table 4. DR and frequency resultsfor Case 4

DR Frequen
PECIE DR uncertainty Frequency unsgrtair%

c4_aprm 0.85 +0.05 0.47-0.52 +0.02
c4_lprm.1 0.89 +0.05 0.47-0.52 +0.02
c4_lprm.2 0.90 + 0.05 0.47-0.52 +0.02
c4 lprm.3 0.90 + 0.05 0.47-0.52 +0.02
c4_lprm.4 0.85 +0.05 0.47-0.52 +0.02
c4_lprm.5 0.82 +0.05 0.47-0.52 +0.02
c4_lprm.6 0.81 + 0.05 0.47-0.52 +0.02
c4 lprm.7 0.77 + 0.05 0.47-0.52 +0.02
c4_lprm.8 0.62 +0.05 0.47-0.52 +0.02
c4_lprm.9 0.78 + 0.05 0.47+0.52 +0.02
¢4 _lprm.10 0.67 +0.15 0.52 +0.04
c4 lprm.11 0.71 +0.15 0.47-0.52 +0.02
c4_Iprm.12 0.45 +0.05 0.52 +0.03
c4 lprm.13 0.77 + 0.05 0.47-0.52 +0.02
c4 lprm.14 0.75 + 0.05 0.47-0.52 +0.02
c4_Iprm.15 0.76 +0.05 0.47-0.52 +0.04
c4_Iprm.16 0.80 +0.05 0.47-0.52 +0.02
c4 lprm.17 0.83 + 0.05 0.47-0.52 +0.02
c4 lprm.18 0.82 + 0.05 0.47-0.52 +0.02
c4_Iprm.19 0.45 +0.15 0.47-0.52 +0.02
c4_lprm.20 0.67 +0.2 0.47-0.52 +0.02
c4 lprm.21 0.67 +0.2 0.47-0.52 +0.04
c4_lprm.22 0.38 0.1 0.47-0.52 +0.04

Table5. DR and frequency resultsfor Case 5

DR Frequency

LELEIENIE DI uncertainty AEIEN) uncertainty
c5_test.1 0.98 +0.05 0.52 +0.02
c5_test.2 0.47 +0.1 0.50 +0.02
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Caseb

Table 6. Firgt four dominant polesfor Case 5

Dataname | Frequency (Hz) | Real part | Imaginary part
ch test.1 0.52 -0.937 0.120
1.08 -0.819 0.447
1.49 -0.676 0.712
1.27 -0.138 0.046
ch_test.2 0.50 0.975 0.000
0.41 -0.819 0.525
0.27 0.676 0.712
0.13 -0.130 0.977

Table 7. DR and frequency resultsfor Case 6

DR Frequen
PECIE DR uncertainty Frequency unsgrtair%

c6_aprm.1 0.16 + 0.05 0.52 +0.04
c6_aprm.2 0.70 +0.1 0.51 +0.02
c6 Iprm.11 0.09 +0.05 0.50 +0.04
c6_lprm.12 0.21 +0.12 0.50 +0.03
c6_lprm.21 0.10 + 0.07 0.50 +0.04
c6_Iprm.22 0.20 +0.12 0.51 +0.04
c6_Iprm.31 0.12 +0.07 0.51 +0.04
c6_lprm.32 0.80 +01 0.51 +0.02
c6_Iprm.41 0.20 +0.05 0.50 +0.04
c6_lprm.42 0.63 +0.1 0.51 +0.02
c6_lprm.51 0.13 0.1 0.51 +0.03
c6_lprm.52 0.80 + 0.05 0.51 +0.02
c6_Iprm.61 0.42 +0.1 0.51 +0.03
c6_Iprm.62 0.92 +0.05 051 +0.02
c6_lprm.71 0.15 + 0.05 0.51 +0.03
c6_lprm.72 0.71 + 0.05 0.51 +0.02
c6_Iprm.81 0.57 +0.1 0.51 +0.02
c6_lprm.82 0.87 +0.1 0.51 +0.02
c6_lprm.91 0.03 + 0.05 0.53 + 0.06
c6_lprm.92 0.30 +0.1 0.51 +0.02
c6_Iprm.101 0.13 +0.05 0.52 +0.04
c6_lprm.102 0.32 +0.1 0.50 +0.03
c6_lprm.111 011 + 0.05 0.51 +0.03
c6_Iprm.112 0.50 +0.05 0.51 +0.02
c6_Iprm.121 0.23 +0.1 0.52 +0.03
c6_Ilprm.122 0.53 + 0.05 0.51 +0.02
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Table 7. DR and frequency resultsfor Case 6 (cont.)

DR Frequen
Data name DR uncertainty Frequency unfgrtairft{/

c6_lprm.131 0.04 +0.05 0.50 +0.04
c6_lprm.132 0.53 +0.1 0.51 + 0.02
c6_lprm.141 0.28 +0.05 0.49 +0.04
c6_Ilprm.142 0.68 +0.1 0.51 +0.02
c6_Iprm.151 0.12 +0.05 0.51 +0.03
c6_lprm.152 0.78 +0.1 0.51 + 0.02
c6_lprm.161 0.13 + 0.05 0.51 +0.03
c6_Ilprm162 0.82 +0.05 0.51 +0.02
c6_lprml171 0.08 + 0.05 0.44-0.53 +0.12
c6_lprm172 0.20 0.1 0.51 +0.03
c6_Iprm181 0.21 +0.1 0.48 + 0.06
c6_Iprm182 0.42 0.1 0.50 +0.04
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Annex 5
METHODOLOGIESAND RESULTSPRESENTED BY PSI*

I ntroduction

Time series analysis is an essential part of BWR stability analysis. From the measured or
calculated time series the stability properties such as the decay ratio (as a linear stability criterion) can
be extracted. Hence, the uncertainties of the time series analysis should be known. These uncertainties
should be the basis for the assessment of the accuracy of the calculated results of system codes. To this
end, this time series analysis benchmark was defined as a follow-up benchmark to the first NEA
stability benchmark 1996 (Ringhals 1). In this summary the PSI results from 1999 are discussed.
In PSI, we use parametric and non-parametric time series analysis approaches but the current
(year 2000) methodology is developed in some detail (see Askari and Hennig, [1]). The results from
1999, documented here, will be verified using new methods and the results will be published | ater.

M ethodology
Non-parametric methods

Roughly speaking, the non-parametric approaches are based on the multi-parametric fit of the
auto-correlation function of the filtered power spectral density of the discrete time signals (Behringer,
Hennig [2]). First, the signal is filtered at the power spectrum peak in order to avoid background
problems. The (modified) auto-correlation (ACF) function is estimated by an inverse fast Fourier
transform [2] (all codes written by K. Behringer). The parameters to be determined by the (in general
3- or 5-parametric) fit are the amplitude and the oscillation frequency of the ideal ACF, the decay time
constant, the background amplitude and, optionally, a decay constant of the background in the frequency
domain (this method has recently been modified [2]).

Parametric methods

In the framework of the parametric time series analysis constructed a linear dynamical system
characterised by a difference equation (or a system of difference equations) on the basis of a measured
or calculated discontinuous parameter time series [3,4]. The unknown coefficients of the difference
equation(s) are to be determined by a fit procedure based on a maximum likelihood technique.
In practice, the coefficients are obtained by minimising the sum of the squared residuals (called system
identification problem). Depending of the number of coefficients on the |eft and right-hand side of the
model equation (see e.g. [3]) used for the identification procedure we generate an auto-regressive (AR)

* D. Hennig
Paul Scherrer Institute
Switzerland
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or an auto-regressive moving average (ARMA) model. In addition to the estimation of the model
parameter, the determination of the model order is essential. In 1999 we used a so-called plateau
method for the ARMA best model order estimation and an Akaike information criterion for the AR
model order optimisation (since then, both methods have been revised and extended, e.g. for ARMA
model order optimisation we use the Akaike and the Ressanen [1] criterion and the plateau method
was improved by Askari, see [1]). The decay ratio (DR) of the oscillation with the so-called natural
frequency (NF) of the reactor is determined from the poles of the transfer function of the estimated
linear dynamical system [4]. In our experience, the parametric methods provide more reliable results
than the non-parametric ones (particularly for small and large DRs). The parametric time series analysis
at PSl isbased on the MATLAB toolboxes “system identification” and “signal analysis’ [5,6].

Results
Parametric methods
Casel

Table 1. NEA benchmark: Time seriesanalysis. Task 1: c1 aprm.i,i=1...14.

DR DR DR Frequency
Case Data name ARMA model| AR model | uncertainty NF (H2) uncertainty
no. (plateau (optimised (ARMA) ARMA/AR (ARMA)
method) by AlIC) (%) (%)

1 |f1 boc 13 3 0.50 0.42 0.07 0.46/0.46 0.01
2 |f1 boc 13 4 0.51 0.51 0.09 0.46/0.46 0.01
3 |f1 boc 14 1 0.5 0.63 0.10 0.48/0.49 0.02
4 |f1 boc 14 3 0.53 0.42 0.09 0.49/0.46 0.03
5 |f1 boc 14 4 0.51 0.51 0.03 0.49/0.49 0.01
6 |f1 moc 14 2 0.55 0.51 0.05 0.49/0.49 0.02
7 |f1 boc 15 0.59 0.68 0.08 0.52/0.53 0.02
8 |f1_moc 16 0.45 0.46 0.03 0.52/0.53 0.02
9 |f2 moc 13 0.50 0.53 0.05 0.40/0.40 0.01
10 |f2_uppst 14 0.45 0.49 0.05 0.44/0.44 0.01
11 |f2 boc 14 0.50 0.56 0.03 0.46/0.46 0.02
12 |f2 moc 14 0.78 0.78 0.03 0.46/0.46 0.01
13 |f2_uppst_15 0.45 0.46 0.05 0.40/0.40 0.01
14 |f2_moc 15 0.65 0.71 0.05 0.48/0.49 0.02

The given ARMA model uncertainties base on the standard deviation of the (old) plateau method.
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Case?2

Table2. NEA benchmark: Time seriesanalysis. Task 2.

DR DR DR Frequency
Case Data name ARMA model| AR model | uncertainty NF (H2) uncertainty
no. (plateau (optimised (ARMA) ARMA/AR (ARMA)
method) by AIC) (%) (%)
1 |c2 test.L1 0.35 0.55 0.07 0.45/0.46 0.03
2 |c2 test.S11 0.20 0.20 0.10 0.44/0.42 0.03
3 |c2 test.S21 0.45 0.41 0.08 0.46/0.43 0.03
4 |c2 test.S31 0.40 0.47 0.05 0.46/0.48 0.03
5 |c2 test.HAl 0.40 0.39 0.05 0.46/0.41 0.03
6 |c2 test.L2 0.63 0.60 0.05 0.53/0.51 0.03
7 |c2 test.S12 0.60 0.64 0.05 0.54/0.53 0.02
8 |c2 test.S22 0.60 0.55 0.05 0.52/0.51 0.03
9 |c2 test.S32 0.53 0.45 0.05 0.53/0.51 0.03
10 |c2 _test.A2 0.58 0.42 0.08 0.51/0.50 0.03
Case 3
Table 3. NEA benchmark: Time seriesanalysis. Task 3.
Real and DR/N_F for the
DR imaginary sametlr_nesgrles
Case| Data ARMA DR_ Frequepcy parts of the after filtering
no. | name mode | uncertainty | NF/ Hz | uncertainty dominant (5th order
(plateau (€3) (x) Hz butterworth
poles (at the .
method) z-plane) highpass, cut
frequency 0.25 Hz)
1 | c3 testl 04 0.09 0.42 0.02 0.95+i*0.20| 0.60+0.05
0.93%i*0.07| 0.36+0.03 Hz
2 | c3 test2 0.31 0.1 0.43 0.03 0.94+i*0.22| 0.61+0.04
0.89%i*0.06| 0.33+0.04 Hz
3 | c3 test3 04 0.1 0.46 0.03 0.94+i*0.22| 0.70+0.09
0.94+i*0.09| 0.31+0.04 Hz
0.55+0.05*
0.47+0.03 Hz
4(5)| c3 test4 0.42 0.15 0.48 0.03 0.94+i*0.23| 0.74+0.03
0.92+i*0.06| 0.31+0.03
(0.65;0.45 Hz)*

* Second peak at the ASD (cal culated from the poles of the transfer function).
T By using a 5th order highpass filter with a cut frequency at 0.35 Hz — DR = 0.80+0.05, NF = 0.48+0.03 Hz.
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Case 4

Table 4. NEA benchmark: Time seriesanalysis. Task 4: ¢4 _aprm; ¢4 lprm_i,i =1...22.

DR DR DR Frequency

Case Data name ARMA model| AR model | uncertainty NF (H2) uncertainty

no. (plateau (optimised (ARMA) ARMA/AR (ARMA)
method) by AIC) (%) (%)
1 |c4 aprm 0.85 0.85 0.04 0.51/0.48 0.01
2 |c4 lprm.23:1 0.90 0.90 0.04 0.49/0.49 0.01
3 |c4 Iprm.23:2 0.90 0.90 0.04 0.49/0.49 0.01
4 |c4 lprm.23:3 0.90 0.95 0.04 0.49/0.48 0.01
5 |c4 Ilprm.23:4 0.88 0.88 0.04 0.49/0.49 0.01
6 [c4 Iprm.34:1 0.86 0.85 0.04 0.50/0.50 0.02
7 |c4 lprm.34:2 0.85 0.85 0.04 0.50/0.50 0.02
8 |c4 Iprm.34:3 0.80 0.76 0.05 0.50/0.50 0.02
9 |c4 lprm.34:4 0.76 0.71 0.09 (1) 0.50/0.51 0.02
10 |c4 lprm.7:1 0.80 0.81 0.04 0.51/0.50 0.01
11 |c4 lprm.7:4 0.75 0.73 0.04 0.53/0.53 0.02
12 |c4 lprm.11:1 0.77 0.76 0.05 0.52/0.52 0.01
13 |c4 lprm.11:4 0.58 0.56 >0.10 (1) 0.53/0.53 0.03
14 |c4 lprm.20:1 0.81 0.83 0.04 0.51/0.51 0.01
15 |c4 lprm.20:2 0.81 0.8 0.03 0.51/0.51 0.01
16 |c4 lprm.20:3 0.80 0.80 0.04 0.51/0.51 0.01
17 |c4 lprm.20:4 0.80 0.81 0.04 0.52/0.52 0.02
18 |c4 lprm.9:1 0.85 0.86 0.04 0.49/0.49 0.01
19 |c4 lprm.9:2 0.85 0.85 0.02 0.49/0.49 0.01
20 |c4 lprm.9:3 0.80 0.79 0.04 0.50/0.50 0.02
21 |c4 lprm.9:4 0.75 0.74 0.05 0.50/0.50 0.01
22 |c4 lprm.31:1 0.77 0.76 0.04 0.51/0.51 0.01
23 |c4 lprm.31:4 0.39 0.36 >0.10(Y) 0.53/0.55 0.03
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Caseb

Table5. NEA benchmark: Time seriesanalysis. Task 5.

Case DRmAC‘EgIAA DR Frequency | Real and imaginary
no Data name (plateau uncertainty | NF/ Hz | uncertainty |partsof the dominant
' rr?ethod) (€3] () Hz poles (at the z-plane)
1 |c5_aprm.1 Limit cycle/ 0.01 0.53 0.01 0.97 +i*0.26
t = 1-14459) unstable 0.86+i*0.51
(
DR=1.00
c5 aprm.1 0.94 0.02 0.54 0.01 0.96 +i*0.27
(t=145-336 9) 0.81 +i*0.49
2" |c5_aprm.2 0.67" 0.05 0.49" 0.02 0.95+i*0.24
t=1-2509) 0.94 +i*0.07
(
c5_aprm.2 047" 0.05 0.5 0.02 0.94+i*0.24
(t=640-11709) 0.93 +i*0.06

" Time series non-stationary, hence divided into two parts.
" AR model (model order AIC optimised): DR = 0.75, NF = 0.51 Hz.
" AR model (model order AIC optimised): DR = 0.58, NF = 0.51 Hz.

Case 6.1

Table 6. NEA Benchmark: Timeseriesanalysis. Task 6: OP 1. ¢c6_aprm.1; c6_lprm.j1;j = 1:9.

DR DR Frequency
(;%Se Data name ARMA modéel AR?nRodel uncertainty AEII?/I(AH/,ZA?R uncertainty
' (plateau method) (ARMA) () (ARMA) ()

1 |c6 lprm23:4 0.22 — 0.08 0.49 0.02

2 |c6 Iprm26:4 0.20 — 0.06 0.51 0.01

3 |[c6 Iprmll:4 0.80 — 0.08 0.53 0.01

4 |c6_lprm6:4 0.50 — 0.05 0.52 0.01

5 |[c6 Iprm34:4 0.20 — 0.06 0.52 0.02

6 |[c6 Iprm20:4 0.20 — 0.05 0.53 0.02

7 |c6 Iprm31:4 0.35 — 0.04 0.50 0.02

8 |c6 Iprm24:4 0.43 — 0.06 0.52 0.01

9 |[c6 Iprm29:4 0.20 — 0.05 0.50 0.02
10 |c6 aprm2 0.35 — 0.05 0.49 0.02
11 |c6 Iprm23:1 0.15 — — 0.46 —
12 |c6 lprm26:1 0.42 — 0.04 0.52 0.01
13 |c6 Iprmll:l 0.58 — 0.05 0.52 0.01
14 |c6 lprm6:1 0.50 0.05 0.51 0.02
15 |c6 lprm34:1 0.32 — 0.08 0.52 0.02
16 |c6 lprm20:1 0.23 — 0.05 0.53 0.02
17 |c6 lprm31:1 0.20 — 0.08 0.51 0.02
18 |c6 lprm24:1 0.44 — 0.05 0.52 0.01
19 |c6 lprm29:1 0.19 — 0.05 0.47 0.02

" “_ means; not checked.

77




Case 6.2

Table 7. NEA Benchmark: Timeseriesanalysis. Task 6: OP 2" ¢6_aprm.2; ¢6_|lprm.j2; j = 1:9.

c PIX AR e 2 NF (Hz) | Frequency
n%se Data hame ARMA modél (optiTnci)sed uncertainty ARMSA/?R uncertainty
' (plateau method) by AIC) (ARMA) () (ARMA) ()
1 |[c6 Iprm23:4 0.25 0.25 0.04 0.51/0.53 0.02
2 |c6 lprm26:4 0.95 0.98 0.03 0.52/0.52 0.01
3 [c6 Iprmll:4 0.98 — 0.01 0.52
4 |c6 lprm6:4 0.95 0.93 0.02 0.52/0.52 0.01
5 |c6 lprm34:4 0.51 0.67 0.02 0.50/0.51 0.02
6 [c6 lprm20:4 0.83 0.9 0.05 0.52/0.52 0.02
7 |c6 lprm31:4 0.82 0.93 0.05 0.52/0.52 0.02
8 |c6 Iprm24.4 0.95 - 0.04 0.52
9 |c6 Iprm29:4 0.51 - 0.03 0.51 0.02
10 [c6 _aprm2 0.90 — 0.03 0.52 0.01
11 [c6 lprm23:1 0.54 - — 0.51/- —
12 |c6 lprm26:1 0.95 0.98 0.04 0.52/0.52 0.01
13 |c6 lprmill:1l 0.98 0.94 0.03 0.52/0.52 0.01
14 |c6 lprm6:1 0.97 0.52
15 [c6 lprm34:1 0.65 0.5 0.05 0.51/0.51 0.02
16 [c6 lprm20:1 0.98 0.95 0.10 (1) 0.52/0.52 0.02
17 |c6 lprm31:1 0.95 0.94 0.10 (1) 0.52/0.52 0.02
18 |[c6 lprm24:1 0.95 - 0.04 0.52 0.02
19 [c6 lprm29:1 0.58 0.41 0.10 () 0.52/0.51 0.02

“~" means. not checked.
™ See: G. Analytis, D. Hennig, J. Karlsson, “The Physical Mechanism of Core-wide and Local Instabilities at the Forsmark-1
BWR”, PSI-Report No. 98-13.
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Non-parametric methods (see[2])

Case ACF results ARMA results

DR NF/Hz DR NF/Hz
cl aprm3 0.582 0.483 0.500 0.480
cl aprm4 0.555 0.485 0.530 0.490
cl aprml2 0.723 0.462 0.780 0.460
c2 test.L1 0.224 0.458 0.350 0.450
c2 test.L2 0.583 0.525 0.630 0.530
c2 test.s42 0.451 0.504 0.580 0.510
c3 test.1 0.377 0.415 0.400 0.420
c3 test.2 0.312 0.400 0.310 0.430
c3 test.3 0.347 0.425 0.400 0.460
c3 test.4 0.619 0.472 0.420 0.480
c4 lprm.8 0.717 0.507 0.760 0.500
c4 lprml12 0.704 0.536 0.580 0.530
c4 lprm22 0.569 0.532 0.390 0.530
c6_Iprm22 0.567 0.522 0.250 0.510
c6_Iprm210 0.547 0.512 0.510 0.500
c6 lprm211 0.976 0.523 0.980 0.520
c6 lprm212 0.884 0.521 0.830 0.520
c6 lprm213 0.993 0.524 0.950 0.520
c6 lprm214 0.983 0.523 0.820 0.520
c6_Ilprm215 0.997 0.523 0.950 0.520

Conclusions (preliminary)

The DR ratio (and NF) estimation on the basis of system identification approaches
(parametric methods) is a very efficient and reliable method. For system identification and
signal analysis powerful MATLAB [5] toolboxes are available.

The plateau method should be improved (more quantitative plateau estimation; this has been
changed in the new version).

The model order optimisation on the basis of optimisation criteria (Akaike and others) should
be used for AR and ARMA methods (included in the new version).

The strong space dependence of the DR for Case 6.2 is until now not explainable from the
physical point of view (see[7]).
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Annex 6
METHODOLOGIESAND RESULTSPRESENTED BY JAERI*

M ethodology

The methodology adopted for the evaluation of decay ratio (DR) and oscillation frequency is.

e The direct current (DC) component from the time series was removed. (The best fit linear
trend was removed.) For Case 5, the time series was divided into small parts (~2 000 points),
and from each time series the best fit linear trend was removed.

» Thetime series data was fitted using an auto-regressive (AR) model. The order of the model
was determined by the Akaike Information Criteria (AIC). For the fitting, the Y ule-Walker
method was adopted.

» Theimpulse response of the identified AR model was cal cul ated.

» Theimpulse response was fitted by the function:
y(t) = A 2tcos(A 5t +A,)

where y(t) is an impulse response at time t; A1-A4 are fitting parameters. The Gauss-Newton
method of the non-linear optimisation technique was used. The fitting region of impulse
response was ~10 sec. from the beginning, but the first 1 second of time series was discarded.
In Case 6 somefittings failed, and in these cases the next 10 seconds were used for the second
fitting.

* DR andthe oscillation frequency f are evaluated by:

DR=e (%), £ =21
As

In the Appendix, source codes of the calculation program are given.

* Tomoaki Suzudo
Control and Al Laboratory
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken, 319-1195 Japan
suzudo@clsu3a0.tokai.jaeri.go.jp
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Results

Casel
Table 1. Results of the DR and the frequency for Case 1
Name of the DR Frequency
time series (H2)
cl aprm.1 0.422 0.464
cl_aprm.2 0.523 0.458
cl aprm.3 0.511 0.497
cl _aprm.4 0.549 0.480
cl_aprm.5 0.534 0.497
cl_aprm.6 0.559 0.477
cl_aprm.7 0.657 0.524
cl_aprm.8 0.495 0.537
cl aprm.9 0.487 0.403
cl aprm.10 0.482 0.455
cl aprm.11 0.440 0.484
cl aprm.12 0.757 0.467
cl aprm.13 0.383 0.416
cl aprm.14 0.658 0.492
Case 2

Table 2. Results of the DR and the frequency for Case 2

Name of the DR Frequency

time series (H2)
c2_test.LI 0.339 0.457
c2 test.S11 0.113 0.361
c2 test.S21 0.476 0.451
c2_test.S31 0.323 0.482
c2_test. AL 0.263 0.442
c2 test.L2 0.622 0.537
c2_test.S12 0.625 0.529
c2_test.S22 0.656 0.524
c2_test.S32 0.539 0.512
c2_test. A2 0.50 0.502
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Case 3

Table 3. Results of the DR and the frequency for Case 3

Name of the Frequency
; . DR
time series (H2)
c3 test.1 0.287 0.417
c3 test.2 0.345 0.422
c3 test.3 0.177 0.434
c3 test.4 0.744 0.489
c3 test.4 0.744 0.489

Case 4

Table 4. Results of the DR and the frequency for Case 4

Name of the Frequency
. . DR
time series (H2)
c4 aprm 0.768 0.508
c4 lprm.1 0.834 0.494
c4 lprm.2 0.829 0.495
c4 lprm.3 0.845 0.494
c4 lprm.4 0.859 0.489
c4 lprm.5 0.774 0.498
c4_Iprm.6 0.768 0.498
c4 lprm.7 0.765 0.502
c4 lprm.8 0.729 0.504
c4 Iprm.9 0.703 0.504
c4 Iprm.10 0.749 0.527
c4 lprm.11 0.714 0.522
c4 lprm.12 0.677 0.531
c4 lprm.13 0.737 0.504
c4 lprm.14 0.728 0.505
c4 lprm.15 0.790 0.513
c4 lprm.16 0.796 0.520
c4 lprm.17 0.854 0.494
c4 lprm.18 0.845 0.495
c4 Iprm.19 0.785 0.497
c4 lprm.20 0.756 0.500
c4 lprm.21 0.770 0.511
c4 _lprm.22 0.422 0.512
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Caseb

Table5. Results of the DR and the frequency for Case 5

Name of the Frequency
. . DR
time series (H2)
¢S5 aprm.1 1.020 0.526
c5_aprm.2 0.823 0.520

Case 6

Table 6. Results of the DR and the frequency for Case 6.1

Name of the DR Frequency
time series (H2)

c6_aprm.1 0.503 0.532
c6 lprm.11 0.382 0.526
c6_lprm.21 0.552 0.464
c6 lprm.31 0.296 0.489
c6_1prm.41 (0.321) (0.512)
c6_lprm.51 0.589 0.525
c6 1prm.61 (0.781) (0.528)
c6_lprm.71 0.477 0.522
c6_lprm.81

c6 lprm.91 0.266 0.669
c6 1prm.101

c6 1prm.111 0.277 0.558
c6_1prm.121 (0.545) (0.520)
c6_1prm.131 0.239 0.586
c6 _lprm.161

c6_lprm.151 0.296 0.494
c6_1prm.161 0.318 0.492
c6_1lprm.171 0.733 0.3%4
c6_lprm.181

The values in parentheses are evaluated by fitting the impulse response during 10-20 [s] from the
beginning, as the fitting of 1-10 [s] failed because of some low frequency noise. The empty space
means that both fittings failed.



Table 7. Results of the DR and the frequency for Case 6.2

Name of the DR Frequency
time series (H2)
c6_aprm.2 (0.965) (0.523)
c6_lprm.12 0.575 0.499
c6_lprm.22 0.332 0.471
c6_lprm.32 0.986 0.524
c6_lprm.42 (0.959) (0.523)
c6_lprm.52 0.981 0.524
c6_1prm.62 1.006 0.520
c6_lprm.72 0.986 0.524
c6_lprm.82 (0.9 (0.523)
c6 _1prm.92 0.923 0.528
c6_lprm.102 (0.709) (0.516)
c6_lprm.112 0.966 0.523
c6_lprm.122 (0.952) (0.521)
c6_lprm.132 0.935 0.524
c6_lprm.142 (0.965) (0.523)
c6_lprm.152 0.988 0.524
c6_lprm.162 0.983 0.524
c6_lprm.172 0.603 0.503
c6_1prm.182 (0.507) (0.498)

The values in parentheses are evaluated by fitting the impulse response during 10-20 [s] from the
beginning, asthefitting of 1-10 [s] failed because of some low frequency noise.

An alter native stability indicator based on non-linear dynamical theory
Characteristic quantities of non-linear dynamics

The dynamics reconstruction method proposed by Takens [1], enabled any random and non-linear
phenomenato be investigated from their time-series data. Let ui be a scalar time-series data of interest
sampled from signal u(t) with the frequency of fs[Hz], and let xi be d-dimensional time series data
obtained from u; by the embedding method as:

X ={Ui:Ui+1:---:Ui+(d—)} 1)

where d is called an embedding dimension. The trajectory drawn by X, in the d-dimensional state
space can be the reconstruction of the dynamics if the embedding dimension d and the sampling
frequency, fs, are selected properly. Let an f be a characteristic frequency of the dynamics, then the
two-dimensional trajectory drawn by {u(t),u(t + 1/4f)} is the best reconstruction; consequently the
reconstruction by Eq. (1) at least covers the frequency of:

<fste @
4(d-1) 4
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Normally fs is large enough compared to f, therefore one must only make sure that d is not too
small to reconstruct the dynamics properly.

The reconstructed dynamics have the characteristic quantities of the original dynamics; for
instance the information dimension, Lyapunov exponents and the entropy are principal quantities
characterising the dynamics. It is not practical, however, to estimate the Lyapunov exponent in the
presence of stochastic noise. Estimating the entropy is not practical either because it is calculated from
the estimated Lyapunov exponents.

The information dimension, based on the probability measure, is one way of defining the fractal
dimension; it is the same as the number of unstable oscillation modes (or excited modes), unless these
modes are correlated with one another. For instance, the information dimension is zero when the
system is asymptotically stable; the quantity becomes one when an oscillation mode is excited and
causes a limit-cycle; the quantity becomes n when n oscillation modes are excited and any pair of
these are not correlated, a regime which is called quasi-periodic motion. If some modes from the n
excited mode are correlated, the information dimension for that dynamics may be less than n, and may
sometimes be non-integer, which means the system has chagtic motion. The information dimension is
therefore an important quantity of the non-linear dynamics. See Ref. [2] for more details of the
embedding method and the information dimension.

The slope of the correlation integral (SOCI) is a generalisation of the information dimension, and
isdefined asin Ref. [3]:

_ d(logc(r)) ©)
W)= diog(r)

where C(r) isacorrelation integral, and is defined as:

c(r) = (number of pairs (i, j) whose distance [x; = x;] is less than r) “)

Z|+-

where N is the number of x and x; combinations and r is the measuring resolution or the amplitude of
the fluctuation to be examined. Eq. (4) is recognised as measuring the spatial correlation of
reconstructed dynamics. See Ref. [4] for the basic concept of the corrdation integral. SOCI provides
“the information dimension” for a certain value of the resolution, which as a whole forms a continuous
spectrum, and we can investigate the dynamics accordingly as the resolution changes. If the calculated
SOCI does not vary within a certain range of r, the reconstructed dynamics has a self-similarity and its
value indicates the information dimension.

Stability indicator

When the time series data is caused by dumping oscillation with stochastic noise, its trgjectory
given by the dynamics-reconstruction moves around the equilibrium.

On the other hand, sustained or limit-cycle oscillation causes the trajectory to be a closed orbit
and the trgjectory can then be characterised by the diameter of the orbit, say ro. The SOCI given by
such time series data has a peak at its right edge because the correlation integral soars at r = ro.
In other words, SOCI shows the spatial correlation of the trajectory. One can easily deduce the
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position of the peak ro corresponding to the peak-to-peak amplitude of the oscillation. In this way
SOCI can discriminate dumping oscillations from persistent oscillations in a noisy environment and
consequently can present the signals in another way.

In actual cases, we see three kinds of SOCI shapes, al of which are depicted in the above figure.
The solid line is smply a decreasing curve and the corresponding oscillation is presumed to be stable.
The dashed and dotted lines have a small bump and a peak, respectively. The bump is recognised by
checking that the second-order derivative of the curve has positive value. The peak is recognised by
checking that the first-order derivative of the curve has positive vaue. From the numerical study it is
found that the peak appears only when the oscillation becomes limit-cycle, i.e. unstable (see Ref. [3]).
The existence of the small bump is accordingly understood as a sign of quasi-unstable state.

In summary it is possible to classify the time-series data into the above three states, stable,
quasi-unstable and unstable.

Results

Because this method is meaningful at the border between stability and instability, Case 6.2 was
selected as a test case. Because the characteristic frequency f is ~0.5 Hz and the sampling frequency f
is 12 Hz, the embedding dimension d was set to be 20 asiit satisfies Eq. (2).

The obtained results, shown in Table 8 with the corresponding decay ratios, indicate that the
SOCI can be an dternative stability indicator and can complement the decay ratio, especialy when we
determine the accurate limit to the stable behaviour of reactor core. The data processing of SOCI is
simpler than that of DR, and neither fitting nor model estimation are used, therefore the results from
different persons do not vary as much as DR, which is another advantage of SOCI.
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Table 8. Resultsfor Case 6.2

Data name DR SOCI indicator

c6_Ilprm.62 1.006 Unstable

c6_lprm.152 0.988 Quasi-unstable

c6 |lprm.32 0.986 Quasi-ungtable

c6_lprm.72 0.986 Quasi-ungtable

c6_lprm.162 0.983 Quasi-ungtable

c6_Ilprm.52 0.981 Quasi-ungtable

c6 |lprm.82 0.981 Quasi-ungtable

c6 lprm.112 0.966 Stable

c6_aprm.2 0.965 Quasi-unstable

c6_lprm.142 0.965 Quasi-ungtable

c6 lprm.42 0.959 Quasi-unstable

c6 lprm.122 0.952 Stable
c6 lprm.132 0.935 Stable
c6 Iprm.92 0.923 Stable
c6_Iprm.102 0.709 Stable
c6 lprm.172 0.603 Stable
c6 lprm.12 0.575 Stable
c6_Iprm.182 0.507 Stable
c6_lprm.22 0.332 Stable
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Appendix
SOURCE CODES OF CALCULATION PROGRAM

MATLAB version 5 was used to calculate the DR. Source codes of three newly developed
functions for this purpose, “decay_ratio”, “impul”, “impulerr” are given in the following pages.
The main function is “decay_ratio” and the remaining two functions are called by “decay ratio”.
The Optimization TOOLBOX and Identification TOOLBOX are necessary. The usage of the function
is smple. Type “[DR,FREQ,NA]=decay_ratio(Y,T);” at the MATLAB command interpreter, where
DR, FREQ, NA are the obtained decay ratio, the fundamental frequency and the AR order determined
by Akaike Information Criteria (AIC). Y is the time series vector examined such as Y (1)=63.2,
Y(2)=64.5, ... and T isasampling period of Y.

function [yi,na] = inmpul (y, T, maxn)

% function[yi, na] = I MPUL(yj, maxn)

%

% Cal cul ate inmpul se response of the tinme-series data
%

% y: Ti me-series data

% T: Sanmpl i ng Peri od

% maxn: Maxi num AR- or der for searching Al C order
% Vi i npul se

% na: AR- or der

%

% Not e Yul e- Waker Method is used.

% AICis used to, determ ne the AR

% I dentification TOOLBOX i s necessary.
%

% OCT-27-1998 T. Suzudo

%

% Det erm ne the AR-order

%

nn=l : maxn;

nn=nn';

V=ar xstruc(y,y, nn);
na=sel struc(V,' AIC);

if maxn == na

war ni ng(' Maxi num AR- order is not enough');
end
% AR | dentification

th=ar(y,na,'yw,-1, T);
%

% | mpul se response
%

e=y*0;
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e(1)=1;
yi =i dsi m(e, th)

function [dr,freq,na] = dacay_ratio(y,T)

% [dr,freq, na] =DECAY_RATIOy, T)

%

% Cal cul ate decay ratio of the oscillatory tine-series data
% fromthe inpul se response.

% To execute this function Optinization TOOLBOX and Identification
% TOOLBOX are necessary.

%

% dr . Decay Ratio

% freg: Frequency of oscillation

% yi . inpul se response

% na : AR-order

%

% y Ti me-series data

% T Sanpl i ng Peri od

%

% Fi rst Coded OCT- 23-1998
% Last Modified OCT- 28- 1988
%

% T. Suzudo

% Japan Atom c Energy Research Institute

% Control and Al Lab.

% suzudo@l su3a0. tokai .jaeri.go.jp

% Default resolution of tine-series
%
eps = 107-10;

y_size = size(y);
y length =y size(l); %.ength of data set
n_max = 100; % Maxi mum AR- or der

% Del ete Trend (delete Iinear val ue)
%
y=dtrend(y, 1);

% Cal cul ate i nmpul se response

%

[yi, na] =i mpul (y, T, n_max);

if (na==n_max) warning(’ AR fitting is difficult.’); end
yi _length = min([y_l ength 4096]);

% Make x-axis data for fitting the inpulse response
%
x(1l:yi length, 1) = (T:T: T*yi _length)’;

%Wnitial values of the fitting paraneters
%
lam = [0.02,0.2,3.,0];

% Gauss- Newt on nethod is sel ected
%
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met hod = O;

OPTI ONS = 0;

OPTI ONS( 5) =1;

% M xed pol ynominal interpolation is used
%

bof 13; % start point of fitting

eof 130; % end point of fitting

OPTIONS(7) = 0;

OPTI ONS(2) = 1le-6;

[lam OPTIONS] = leastsq(’inpulerr,lamOPTIONS, [], [ x(bof: eof)
yi (bof:eof)]);

dr = exp(-lam(2)*2*pi/lanm(3));
freq = lam(3)I (2*pi);

function J = inpul err(l am Dat a)

% J = | MPULERR(| am Dat a)

%

% | MPULERR returns the error

% bet ween the Data and the val ues conputed by

%

% y = lan(l) * exp(-lam2)*x) * cos(lam(3)*x + lam(4))
%

% Wth four paraneters of given by 'lam.

%

% Fi rst Coded OCT- 28- 1998

% Last Modified OCT- 28- 1998

%

% T. Suzudo

% suzudo@l su3a0. t okai .jaeri.go.jp

x = Data(:1); vy = Data(:, 2);
y fit = zeros(length(x),1);
for jj = 1:1ength(x)

cos(lam(3)*x(jj,1) + lam(4));

end

J=y fit - vy;

plot (x(1: 125),y(1l: 125),x(2:2:124),y _fit(2:2:124),’ 0")
dr awnow

y_fit(jj,1) = lam(1l) * exp(-lam(2)*x(jj,1)) *
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Annex 7
METHODOLOGIES AND RESULTSPRESENTED BY SIEMENS*

I ntroduction

Two methods were used to calculate decay ratio and natura frequency for the given time series
sets. These are auto-regression analysis (AR) and recursive auto-correlation (RAC).

The error for the AR case was obtained by varying the model order in the range of 30-50 and
calculating the statistical average and standard deviation from the results that pass certain acceptability
criteria. This was found to be more robust than a single optimised solution, as the latter is predicted in
the range of model order used, and the error variation is dow. Additional calculations not reported
here (will be reported if the organisers request it), use sequential subsets of the noise data and estimate
the error as the variation of the calculated DR and FRQ. The latter is a better definition of the error,
but is limited by the fact that the number of data subsets must be small to keep each subset long
enough for a meaningful calculation. This could be done more accurately for the long time series
representing steady operation (no transients). The magnitude of the error was found close to the model
order variation method.

There is no equivalent error calculation in the RAC method. The error was estimated by running
data subsets and found equivalent to the AR error. The difference between the decay ratio from the
two methods was reported as an additiona measure of uncertainty. Frequency calculated from the
RAC method is similar to that obtained from AR, and thus not reported separately.

Results
Casel
Table 1. Case 1 - Resultsusing AR and RAC
Auto-regression RAC
DR Freqg. DR
PEC: IR uncert. SEg) uncert. IR difference
f1 boc 13 3 0.460 0.041 0.459 0.006 0.42 0.04
f1 boc 13 4 0.613 0.015 0.470 0.002 0.65 -0.04
fl boc 14 1 0.537 0.031 0.483 0.004 0.52 0.02
* Yousef M. Farawilaand Douglas W. Pruitt Soma Mojumder, Roger Velten, Franz Wehle
Siemens Power Corporation — Nuclear Division Siemens Power Generation Group (KWU)
Richland, Washington, USA Erlangen, Germany

E-mail: yousef_farawila@nfuel.com
Tel: +1 (509) 375-8720
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Table 1. Case 1 - Resultsusing AR and RAC (cont.)

Auto-regression RAC
DR Freqg. DR
DEIEEIE DIRS uncert. S uncert. DIRS difference
f1 boc 14 3 0.528 0.024 0.490 0.005 0.51 0.02
f1 boc 14 4 0.517 0.022 0.501 0.004 0.47 0.05
f1 moc 14 2 0.526 0.044 0.477 0.004 0.55 -0.02
f1 boc 15 0.669 0.024 0.530 0.004 0.66 0.01
f1 moc 16 0.483 0.033 0.526 0.005 0.44 0.04
f2 moc 13 0.530 0.021 0.422 0.006 0.47 0.06
f2_uppst 14 0.585 0.033 0.454 0.008 0.47 0.06
f2 boc 14 0.551 0.044 0.472 0.007 0.39 0.12
f2 moc 14 0.792 0.013 0.465 0.002 0.78 0.01
f2 uppst 15 0.532 0.022 0.403 0.002 0.59 -0.06
f2 moc 15 0.698 0.024 0.493 0.003 0.66 0.04

Case?2
Table 2. Case 2 —Resultsusing AR and RAC
Auto-regression RAC
DR Freq. DR
RN D uncert. AE] uncert. D difference
c2 test.L1 0.360 0.018 0.444 0.003 0.27 0.09
c2 test.S11 0.168 0.024 0.424 0.008 0.15 0.02
c2 test.S21 0.479 0.028 0.449 0.005 0.40 0.08
c2 test.S31 0.359 0.024 0.453 0.005 0.27 0.09
c2 test. A1 0.416 0.033 0.433 0.010 0.39 0.03
c2 test.L2 0.597 0.022 0.526 0.006 0.57 0.03
c2 test.S12 0.646 0.024 0.535 0.004 0.64 0.01
c2 _test.S22 0.633 0.020 0.524 0.007 0.62 0.01
c2 test.S32 0.522 0.027 0.522 0.008 0.52 0.00
c2 test. 42 0.538 0.048 0.504 0.008 0.51 0.03

Notice that there is a low power transient in the first set, while the second set is remarkably
steady. Applying AR to the c2_test.L2 a 2 000 data point intervals (160 seconds), we get seven data
points with an average decay ratio of 0.611 and a standard deviation of 0.053 which is very similar to
the result obtained from using the entire time series. The dlightly higher error comes from using
shorter time series. Using a data window of 4 000 points diding by 2 000 points, we can make six data
sets for which the average decay ratio is 0.600 + 0.05 which is similar to the previous result.

It can be concluded that 2 000-4 000 data points are adequate for practical decay ratio estimation.



Case 3

Table 3. Case 3—Resultsusing AR and RAC

Auto-regression RAC
DR Freg. DR
DEIEEIE DIRS uncert. S unc(::t. DIRS difference
c3 test.1 0.409 0.011 0.408 0.010 0.36 0.05
c3 test.2 0.330 0.020 0.411 0.009 0.37 -0.04
c3 test.3 0.395 0.020 0.455 0.006 0.33 0.07
c3 test.4 0.517 0.032 0.480 0.004 0.55 -0.03

Notice that the time series c3_test.5 was found identical to c3 test.4 and will not be calculated or
reported separately. The power spectral density shows peaks (presumably due to the control system) at
nearly 0.1 and 0.3 Hz in addition to the natural frequency. The default internal filtering in the AR
algorithm was used. For the RAC algorithm, the filter cut-off wasincreased from 0.1 to 0.3 Hz.

Case 4
Table4(a). Case4 —Timeseriesusing AR and RAC
Auto-regression RAC
DR Freq. DR
REIENIEN D uncert. AAE] uncert. D difference

c4 aprm 0.763 0.032 0.491 0.005 0.71 0.05
c4 lprm.1 0.876 0.020 0.486 0.004 0.83 0.05
c4 lprm.2 0.898 0.017 0.486 0.003 0.86 0.04
c4 Iprm.3 0.901 0.018 0.485 0.003 0.88 0.02
c4 lprm.4 0.894 0.005 0.488 0.002 0.90 -0.01
c4 lprm.5 0.811 0.024 0.493 0.005 0.75 0.06
c4 lprm.6 0.803 0.016 0.495 0.005 0.75 0.05
c4 lprm.7 0.787 0.018 0.499 0.004 0.74 0.05
c4 lprm.8 0.760 0.011 0.507 0.001 0.70 0.06
c4 lprm.9 0.758 0.017 0.499 0.005 0.69 0.07
c4 lprm.10 0.751 0.007 0.526 0.002 0.71 0.04
c4 lprm.11 0.678 0.046 0.514 0.008 0.67 0.01
c4 lprm.12 0.677 0.022 0.536 0.003 0.71 -0.03
c4 lprm.13 0.787 0.019 0.498 0.005 0.70 0.09
c4 lprm.14 0.767 0.019 0.501 0.005 0.70 0.07
c4 lprm.15 0.740 0.039 0.506 0.003 0.69 0.05
c4 lprm.16 0.690 0.050 0.504 0.009 0.68 0.01
c4 lprm.17 0.838 0.009 0.490 0.003 0.81 0.03
c4 Iprm.18 0.829 0.009 0.490 0.003 0.81 0.02
c4 lprm.19 0.812 0.020 0.495 0.002 0.80 0.01
c4 lprm.20 0.767 0.008 0.502 0.001 0.70 0.07
c4 lprm.21 0.738 0.030 0.507 0.003 0.67 0.07
c4 lprm.22 0.517 0.036 0.526 0.004 0.49 0.03
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The decay ratio and frequency for each time seriesis listed in Table 4(a) using the two methods.
The APRM signa analysis is primarily indicative of the global mode, where a decay ratio of 0.76 is
obtained. The other signals have mixed information of global, regional (out of phase), as well as local
characteristics. Further analysis was performed to discern further information.

In Table 4(b), four time series were created by subtracting (after the proper normalisation) two
diagona LPRM signals at the same axial level. The results are indicative of the regional mode
stability. Other possibilities for creating time series with information content biased towards the
regional mode are possible.

Table 4(b). Case 4 — Regional mode using AR and RAC

Auto-regression RAC

Axial Radial Phase | Decay | SDV | Freq. | SDV | Decay | Decay ratio
level | locations | shift | ratio + (H2) + ratio difference

1 11-23 135 | 0.933 | 0.005 | 0.483 | 0.001 | 0.93 0.00

4 11-23 52 | 0.877 | 0.015 | 0.486 | 0.001 | 0.92 -0.04

1 07-34 7 0.686 | 0.022 | 0.507 | 0.004 | 0.65 0.04

4 07-34 4 0.649 | 0.022 | 0.518 | 0.001 | 0.66 -0.01

1 11-34 23 | 0.808 | 0.013 | 0.489 | 0.003 | 0.78 0.03

4 11-34 4 0.624 | 0.029 | 0.504 | 0.002 | 0.65 -0.03

1 09-31 62 | 0.849 | 0.003 | 0.489 | 0.001 | 0.85 0.00

4 09-31 59 | 0.602 | 0.045 | 0.503 | 0.003 | 0.61 -0.01

It can be remarked from Table 4(b) that a high decay ratio of 0.93 was obtained for the one case
where two nearly out-of-phase signals are used. For the other cases, the global mode still dominates
the difference signal, a hypothesis supported by the small phase shift, and the decay ratio is closer
to the APRM result. It is also noted that for the difference signals where noticeable (but not quite
out-of-phase) phase shift is calculated, result in decay ratios that are perhaps somewhere between the
global and regional values. It can be also noticed that the upper level LPRM, where the core is highly
voided and the reactivity sensitive to global pressure perturbation, could not filter out the global noise
component by the difference method. The bottom level LPRMs are more promising.

A phase shift map at axial level 1 istabulated in Table 4(c) relative to the LPRM at the radia
location 07.

Table 4(c). Case 4 — Radial phase shiftsrelativeto LPRM at position 07

Radial location | Phase shift
23 60
34 7
11 -33
20 -6
09 29
31 -24

It appears from Table 4(c) that the half core (containing radial locations 09 and 23) and the other
half (containing radial locations 11 and 31) have noise component that is out of phase superimposed
on the generally dominant in-phase component. The neutral line where regional oscillations vanish is
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perhaps the line close to the radial locations 07,20,34. The picture would have been clearer if other
LPRM signals were made available. It is not surprising to find the difference signals 09-31 and 11-23
with the largest phase difference give higher decay ratios different from that of the globa mode, and
we suggest that this higher decay ratio is the best estimate of the regional decay ratio given the limited
data.

In the regional mode attempt, we used LPRMSs at the same axial level to avoid the axial phase
shift effects. It was interesting to study the axial phase shifts and examine whether an axial flux mode
is excited due to travelling density waves. Table 4(d) summarises these results, where it was
confirmed that the upper core response lags the lower core. The magnitude of the axial phase shift was
found smaller near the core periphery compared with the high power and flow locations.

Table 4(d). Case 4 — Axial phase shifts

Radial location | Axial levels | Phase shift
23 1-2 10
23 1-3 27
23 1-4 40
34 1-2 16
34 1-3 42
34 1-4 63
20 1-2 15
20 1-3 34
20 1-4 45
09 1-2 14
09 1-3 16
09 1-4 63
07 1-4 68
11 1-4 78
31 1-4 75

Caseb

There are two time series that include mild transients. In the first case, the intervals (0.0,140.0 sec)
and (200.0-336.0 sec) represent steady state. For the second time series, the interval (260.0,650.0 sec)
does not represent steady operation, and the results are therefore divided accordingly. Analysis which
includes transient portions was performed as well, and the results of the mixing are well-behaved in
the sense that the mixing produced decay ratios which lie somewhere between the two steady state
limits and closer to the one represented by a longer interval. In that manner, a running monitor in real
time can tolerate mild transients fairly well. The results are shown in Table 5 for the two series at
different timeintervals.

Case 6

The analysis performed for this case is similar to that of Case 4. For the first set, it was found
necessary to use a low-pass filter with the RAC method for the same reasons of external signal
(control system) removal. The AR method default settings were used. Given the relatively small decay
ratios and the control system interference, regional mode studies were dropped for the first set.
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Tableb. Case5-Timeseriesusing AR and RAC

Auto-regression RAC
Data name Interval Dec_ay SDV | Freq. | SDV Decgy Dgcay ratio
(sec) ratio + (H2) + ratio | difference
c5_aprm.1 0-140 0.998 | 0.005 | 0.524 | 0.013 | 0.99 0.01
200-336 | 0.699 | 0.050 | 0.556 | 0.010 | 0.69 0.01
c5_aprm.2 0-260 0.620 | 0.049 | 0.500 | 0.005 | 0.66 -0.04
260-650 | 0.659 | 0.039 | 0.516 | 0.002 | 0.67 -0.01
650-1040 | 0.515 | 0.026 | 0.504 | 0.004 | 0.55 -0.03

Table6(a). Case 6 set 1timeseriesusing AR and RAC

Auto-regression RAC.

(0.35 HZz filter)

DR Freg. DR
DELEENIE DR uncert. iEe] unc(::t. DIR difference
c6 aprm.1 0.474 0.033 0.523 0.005 0.52 -0.05
c6 Iprm.11 0.358 0.048 0.498 0.009 0.45 -0.09
c6 lprm.21 0.170 0.021 0.472 0.012 0.24 -0.07
c6 lprm.31 0.473 0.053 0.524 0.004 0.64 -0.17
c6_Iprm.41 0.405 0.043 0.522 0.007 0.37 0.03
c6_Iprm.51 0.603 0.038 0.525 0.005 0.70 -0.10
c6_Iprm.61 0.758 0.045 0.528 0.002 0.79 -0.03
c6 lprm.71 0.529 0.037 0.517 0.005 0.56 -0.03
c6 lprm.81 0.565 0.061 0.527 0.005 0.49 0.08
c6_Iprm.91 0.349 0.037 0.526 0.012 0.33 0.02
c6 Iprm.101 0.204 0.024 0.534 0.011 0.16 0.04
c6 lprm.111 0.361 0.027 0.504 0.004 0.40 -0.04
c6 lprm.121 0.333 0.025 0.535 0.009 0.32 0.01
c6 lprm.131 0.341 0.047 0.509 0.012 0.38 -0.04
c6 Iprm.141 0.379 0.064 0.509 0.007 0.43 -0.05
c6 Iprm.151 0.478 0.058 0.525 0.003 0.66 -0.08
c6 lprm.161 0.482 0.060 0.525 0.002 0.66 -0.08
c6 lprm.171 0.310 0.020 0.496 0.012 0.34 0.03
c6_lprm.181 0.267 0.018 0.508 0.008 0.16 0.11
Table 6(b). Case 6 set 2time seriesusing AR and RAC
. RAC

Auto-regression (0.35 Hz filter)

DR Freg. DR
PECIE IR uncert. SET) unc?t. 2 difference

c6_aprm.2 0.915 0.008 0.520 0.001 0.96 -0.04
c6 lprm.12 0.546 0.034 0.509 0.004 0.70 -0.05
c6 lprm.22 0.293 0.048 0.517 0.010 0.40 -0.11
c6_Iprm.32 0.950 0.009 0.521 0.000 0.99 -0.05
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Table 6(b). Case 6 set 2 time seriesusing AR and RAC (cont.)

. RAC
AUEAET IEEIET (0.35 Hz filter)
DR Freg. DR
DEEIENE DI uncert. AL unc?t. DIR difference

c6 lprm.42 0.858 0.019 0.520 0.001 0.92 -0.06
c6 lprm.52 0.961 0.008 0.521 0.000 0.99 -0.03
c6 lprm.62 0.983 0.003 0.522 0.000 1.00 -0.02
c6 lprm.72 0.923 0.011 0.520 0.000 0.98 -0.06
c6 lprm.82 0.951 0.009 0.521 0.000 0.97 -0.02
c6 Iprm.92 0.674 0.037 0.511 0.002 0.83 -0.16
c6 _lprm.102 0.513 0.033 0.501 0.009 0.58 -0.07
c6 lprm.112 0.858 0.031 0.521 0.001 0.95 -0.09
c6 lprm.122 0.837 0.031 0.519 0.001 0.94 -0.10
c6 lprm.132 0.878 0.016 0.521 0.000 0.95 -0.07
c6 lprm.142 0.877 0.015 0.521 0.001 0.95 -0.07
c6 lprm.152 0.954 0.008 0.521 0.000 0.99 -0.04
c6 lprm.162 0.955 0.008 0.521 0.000 0.99 -0.03
c6 lprm.172 0.591 0.035 0.506 0.004 0.73 -0.14
c6_lprm.182 0.503 0.027 0.507 0.007 0.47 0.03

The regional mode studies using the diagonal LPRM subtraction method resulted in decay ratios
close to unity (similar to the high decay ratios from individual signa analysis). The phase relations did
not indicate dominance of the regional mode as the radial phase shifts were found small. The variation
of decay ratios can only indicate local variations instead of a uniform core response. It was observed
that the low decay ratio signals were obtained from LPRMs located on the periphery and the
associated frequency is dightly (but noticeably) smaller. A preliminary hypothesis would be that the
peripheral region could be decoupled from the rest of the core if the conditions (void fraction and
flow) become significantly different from the core average conditions. The aternative hypothesis of
individual channel local instabilities can not be supported at this time until more (preferably all)
LPRM signals are provided for adetailed study.
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Annex 8
METHODOLOGIESAND RESULTSPRESENTED BY TOSHIBA*

M ethodology

There are two main methods for core stability estimation from nuclear instrumental signals, one
being time domain analysis and the other frequency domain analysis. The former is based on impulse
response and the latter is based on power spectrum density. The former method was used for the decay
ratio estimation, and the latter was applied to check the accuracy of the former method. Therefore, the
results presented in this report were calculated using time domain analysis. Non-linear methods, the
correlation dimension and Lyapunov exponents were aso applied; however the results are preliminary.

For the impulse response calculation, the maximum entropy method was applied [1]. In the
maximum entropy method, the prediction error filter ax is estimated as an auto-regression process for
the time series data x: as follows:

m

X + Z U Xi-k =€
=1

where e is the estimated error. The prediction error filter is calculated by Burg's agorithm based on
the maximum information entropy. The filter order m is estimated using Akaike's information
criterion (AIC). The impulse response of the time series data x: is calculated with the prediction error
filter ak asfollows:

hj =:LO - Z akhj_k
=1
where hj isthe impulse response. The decay ratio y is cal culated using the impulse response as follows:

v =E]((Ps ~R)/(P: ~P)’]

where E[] is the expected value and Pn+1, Pn, Pn1 are successive peak values of the impulse response,
as shown in Figure 1. The resonant frequency f is also calculated as follows:

* Y utaka Takeuchi and Shigeru Kanemoto H. Miyamoto
Nuclear Engineering Laboratory Computer on Silicon Development Centre
Power & Industrial Systems Technology R&D Centre TOSHIBA Corporation
TOSHIBA Corporation 580-1 Horikawa-cho Saiwai-ku
4-1 Ukishima-cho Kawasaki-ku Kawasaki 210-8520, Japan

Kawasaki 210-0862, Japan
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£ = BTy ~Toa)]

where Tn+1 means the time when the peak Pn+1 appears. The peak of the impulse response is selected
from the asymptotic response and number of averaging is 10.

The spectrum density function S(f) is calculated using the prediction error filter ax asfollows:

o2t

gf)= : >

m

1+ Z aexp(—j 2rfkAt)
=1

where 032 is the variance of the filter error and At is the sampling time. The resonant frequency is

estimated by the location of the spectrum peak and the decay ratio is estimated by the buckling of the
spectrum peak [1].

We originally developed the computational programs used for the time series analysis. We also
used the IMSL statistical library package, the TIMSAC time series analysis package developed by the
Institute of Statistical Mathematics of Japan and the signal processing toolbox of MATLAB version 5.

We define the accuracy of estimated decay ratio and resonant frequency in the following way.
The decay ratio is not constant among the whole test data interval. Especidly in the transient state
such as in the Case 5, the decay ratio changes according to the change of the state. Therefore, we
estimated the decay ratios with the partial interval data (60 seconds, 750 points) by shifting the time
origin (6 seconds, 75 points) among the whole test data interval. Examples of the estimated results are
shown in Figure 2(a) and Figure 2(b). Figure 2(b) shows the decay ratio change during the transient.
The decay ratio decreases along with the time. Figure 2(a) shows the estimated decay ratio during
normal operation. It can be seen that the decay ratio fluctuates even in conditions without any transient.
Therefore, we define the accuracy of the estimated decay ratio as the standard deviation of the decay
ratios calculated with the above-mentioned partial interval data. Namely, define the decay ratio
calculated with the n-th partial interval data as DR(n), the average decay ratio, DRand the standard
deviation of DR(n), DDR are calculated as follows:

N

DR= %z DR(n)

DDR=\/

where N is the number of estimated decay ratios with the partial interval data. The definition for the
resonant frequency is same.

N

Z(DR(n )

n=1

Z|+-

All the parameters listed hereafter are calculated by the impul se response.
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Results
Casel
The summary of results is as follows: DR is the average decay ratio, DDR is the standard

deviation of decay ratios, FR is the average resonant frequency and DFR is the standard deviation of
resonant frequencies, respectively. The results are plotted in Figure 3.

Case no. DR DDR FR (H2) DFR (H2)
1 5.12E-01 6.78E-02 4.48E-01 2.07E-02
2 5.77E-01 1.21E-01 4.56E-01 2.24E-02
3 4.99E-01 1.19E-01 4.82E-01 2.62E-02
4 5.58E-01 7.07E-02 5.18E-01 3.74E-02
5 5.32E-01 8.92E-02 4.96E-01 2.60E-02
6 5.87E-01 6.68E-02 4.77E-01 1.13E-02
7 6.30E-01 1.07E-01 5.17E-01 1.57E-02
8 4.45E-01 5.02E-02 5.18E-01 2.49E-02
9 5.61E-01 8.39E-02 4.01E-01 2.09E-02
10 5.37E-01 9.25E-02 4.33E-01 2.22E-02
11 4,69E-01 1.66E-01 4.43E-01 4.49E-02
12 7.40E-01 8.48E-02 4,59E-01 9.57E-03
13 6.10E-01 7.48E-02 4.01E-01 1.89E-02
14 6.62E-01 7.88E-02 4.96E-01 1.47E-02

We aso applied non-linear parameters, such as the correlation dimension [3] and the Lyapunov
exponents [4]. However, because of the relatively noisy data and short data length, the convergence of
the calculated parameters is uncertain. In Figure 4, the correlation integral versus norm (distance
between two correlated data) and the correlation dimension versus the embedding dimension are
shown. From these figures, the convergence is not certain, but we selected the embedding dimension
as 10 for the present. Comparison between decay ratios and correlation dimensions is shown in
Figure 5. There appears to be a dlight trend between them, as they are inversely proportional to each
other, but this is not clear. They are divided into two groups, high order dimension (7~8) group
(Group 1) and low order dimension (3~4) group (Group 2). By the comparison of PSDs of two groups
which is shown in Figure 6, the PSD of the high dimension group (Test no. 3-8) has large contribution
from high frequency noise or contaminated by the large background noise. The question is whether all
provided data are APRM data or the data of Group 2 are not APRM but LPRM data. For the Lyapunov
exponents, the reliable results have not been realised. The study for the non-linear parameters is still
underway.
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Case?2

The summary of resultsis asfollows and is plotted in Figure 7.

Caseno. DR DDR FR (H2) DFR (H2)

long-1 3.86E-01 1.27E-01 4.41E-01 4,06E-02
short-11 4,16E-01 7.85E-02 4.78E-01 4.27E-02
short-21 5.25E-01 1.04E-01 5.10E-01 1.30E-02
short-31 4,16E-01 7.85E-02 4.78E-01 4.27E-02
short-41 4,06E-01 7.45E-02 4.30E-01 1.67E-02

long-2 5.76E-01 1.04E-01 5.16E-01 1.53E-02
short-12 5.23E-01 1.04E-01 5.10E-01 1.37E-02
short-22 6.01E-01 9.16E-02 5.17E-01 1.32E-02
short-32 5.23E-01 1.04E-01 5.10E-01 1.37E-02
short-42 5.37E-01 6.75E-02 5.15E-01 1.57E-02

Case 3

The summary of resultsis asfollows and is plotted in Figure 8.

Case no. DR DDR FR (H2) DFR (H2)
1 4.35E-01 1.84E-01 3.92E-01 3.41E-02
2 4.95E-01 9.79E-02 3.97E-01 3.91E-02
3 3.73E-01 1.02E-01 4.50E-01 2.46E-02
4 5.20E-01 9.40E-02 4.73E-01 2 59E-02
5 5.20E-01 9.40E-02 4.73E-01 2.59E-02

As the data of this case contain many peaks in PSD except for the core stability related peak, we
should use high order auto-regression number. However, we assumed that the most dominant peak is
related to the core stability, then we used a relatively small regression number for the core stability
estimation. With a higher order, the decay ratio tends to increase. However, as we were not convinced
of the reliability of the higher order, we listed the results of arelatively low order AR mode!.

In order to evaluate a set of the dominant poles of the transfer function, we used the function
“residuez” of the MATALB signal processing toolbox. It decomposes the transfer function in the
Z-plain into the expansion of the partial fractions. The importance of each pole can be evaluated by the
residue of each partid fraction. The poles of the transfer function can also be evauated by the PSD.
Specifically, the imaginary part of the polein the S-plain is related to the peak of the PSD, and the red
part of the pole is related to the buckling of the PSD peak. We thus verified the dominant poles
evaluated by MATLAB with those by the PSD analysed with FFT, as shown in Figure 9. Also, we
checked the validity by comparing the composed PSD, which includes only the set of evauated
dominant poles, with the original PSD, which includes the all poles, as shown in Figure 10. The results
are summarised in below. The results from Case 5 are the same as those for Case 4. We compare the
decay ratio and resonant frequency with the impulse response method, which are listed in the previous
page and those estimated by the pole location in Figure 11. The resonant frequency results agrees well
with each other, however the decay ratio estimated by the pole location is much higher than that by
impulse response. As a next step, the methodology of decay ratio estimation for such disturbed data
should be studied in detail.
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Pole
Casel Z-plain S-plain
Real Imaginary Real Imaginary
1 0.9816 +0.0422 -0.2205 +0.5368
2 0.9731 +0.1487 -0.1960 +1.8952
3 0.9655 +0.1925 -0.1951 +2.4604
4 0.9697 +0.0828 -0.3398 +1.0645
5 0.9605 +0.2299 -0.1561 +2.9366
6 0.9422 +0.2824 -0.2062 +3.6400
Pole
Case?2 Z-plain S-plain
Real Imaginary Real Imaginary
1 0.9851 +0.0466 -0.1735 +0.5901
2 0.9807 +0.1436 -0.1107 +1.8174
3 0.9655 +0.2180 -0.1279 +2.7756
4 0.9696 +0.1809 -0.1727 +2.3053
5 0.9774 +0.0956 -0.2261 +1.2192
6 0.9724 +0.0303 -0.3441 +0.3893
Pole
Case3 Z-plain S-plain
Real I maginary Real Imaginary
1 0.9603 +0.2327 -0.1496 +2.9715
2 0.9887 +0.0568 -0.1218 +0.7175
3 0.9827 +0.1332 -0.1046 +1.6840
4 0.9698 +0.2010 -0.1200 +2.5539
5 0.9771 +0.1604 -0.1239 +2.0343
6 0.9858 +0.0916 -0.1245 +1.1578
Pole
Case4 Z-plain S-plain
Real I maginary Real Imaginary
1 0.9643 +0.2324 -0.1018 +2.9565
2 0.9884 +0.0405 -0.1356 +0.5119
3 0.9842 +0.1359 -0.0811 +1.7154
4 0.9774 +0.1606 -0.1195 +2.0362
5 0.9864 +0.0176 -0.1690 +0.2234
6 0.9877 +0.0696 -0.1234 +0.8794

Case 4

For the purpose of investigating the oscillation mode of this case, we only used the same level
signals axialy, which are located at the level-4 (GE's notation is level-A). This was selected because
the level-4 signal is most sensitive to stability among the four axial levels. Using seven level-4 signals,
we estimated the centreline of the regiona oscillation mode. We introduced the new signal, designated

asthe regionally averaged power range monitor (RPRM), which is calculated as follows:
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N
RPRM (1) = Wi LPRM, (1)
n=1

where LPRMnx(t) is the n-th LPRM signal and Wi is the weight factor of m-th mode related to the
signd location. Normally, the weight factor is calculated by the neutron harmonic analysis, but for this
case the analysis can not be performed because of the absence of the nuclear constants. Therefore, we
used the Bessel function, which represents the neutron flux distribution of a uniform bare reactor.
We show the amplitude response of RPRM in Figure 12, with the change in azimuthal direction (angle)
of the zero line in the weight factor distribution. In the figure, mode0 means the fundamental mode
and mode'm’ means the m-th azimuthal mode. We can see that the fundamental mode amplitude is
largest and the first azimuthal mode is the second. The responses of other modes are not visible
because of there are too few signals. The zero-line angle, which realises the largest amplitude for the
first azimutha mode, is about 95°. Therefore, we can estimate that the centreline of the regiona
oscillation mode of this case divides the core region into the right half region and the left half region.
Thus, we adapted the signal that realises the largest amplitude of the first azimuthal mode as the
regiona stability monitoring signal and designated it as RPRM-1. The summary of results is listed
below and plotted in Figure 13.

DR DDR FR (Hz) DFR (H2)
APRM 4.50E-01 8.67E-02 5.22E-01 2.41E-02
RPRM-1 8.51E-01 2.00E-02 4.89E-01 3.60E-03
LPRM-23A 9.03E-01 1.54E-02 4.90E-01 3.35E-03
LPRM-34A 7.33E-01 7.93E-02 5.07E-01 7.64E-03
LPRM-07A 7.56E-01 4.63E-02 5.29E-01 8.07E-03
LPRM-11A 6.54E-01 4.97E-02 5.34E-01 8.47E-03
LPRM-20A 7.71E-01 3.52E-02 5.16E-01 1.13E-02
LPRM-09A 7.69E-01 5.27E-02 5.02E-01 8.06E-03
LPRM-31A 4.47E-01 8.71E-02 5.23E-01 2.36E-02

We compare the PSD of APRM and RPRM-1 in Figure 14. The peak of PSD is much sharper for
RPRM-1, which means that the core condition of this case was potentially regionally unstable.
However, there is no clear peak at the double natural frequency (about 1 Hz) in the PSD of APRM,
which is a remarkable characteristic of regional oscillation, so we can conclude that there was till
some margin for aregionally unstable boundary in this case. In Figure 15, we compare the amplitude
change between mode0 (fundamental) and model (first azimutha) every five seconds. There is a
dlight trend that the amplitude of modeO decreases and that of model increases according to the time
advance. This trend is also shown in the change of decay ratio. In Figure 16, the phase delay of each
LPRM signal from the signal LPRM-23A, whose amplitude is largest, is shown. The trend of phase
delay is not clear, however between 150 to 250 seconds; the phase delay increases for the LPRM
which is located at the opposite half core region (LPRM-07/11/31) from LPRM-23. The amplitude of
mode0 decreases in this time interval. We show the coherence between LPRM-23 and other LPRM
signasin Figure 17. The characteristic shown in this figure is that there are two peaks in coherence,
namely at about 0.49 Hz and 0.52 Hz. From Figure 13, the former frequency represents the resonant
frequency of RPRM-1 and the LPRM which is located at the right half core region and the latter one
represents the resonant frequency of APRM and the LPRM located at the left half core region.
In Figure 18, we compare the change of decay ratio and resonant frequency between APRM and
RPRM. In this figure, the resonant frequency of RPRM takes almost the same value the whole time.
On the contrary, the resonant frequency of APRM changes, and between 110 to 240 seconds (as stability
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parameters are calculated with data length of 60 seconds, the time interval may shift to forward about
50 secondsin redity), it is entrained to that of RPRM. The decay ratio of APRM also decreases in that
timeinterval. The regional stability mode (first azimuthal mode) is most dominant in that interval.

Caseb

The data of this case contains trend components that are caused by some plant transient. First, we
estimated the trend components using a polynomia trend model. The estimated trend is shown in
Figure 19. We then extracted the estimated trend components from the origina time series data.
Next, we calculated the PSD with FFT as shown in Figure 20. Many peaks are shown in both cases.
The stability related peak is remarkable in the Case 1, though in Case 2 it is hot so remarkable and is
contaminated by other peaks. Decay ratio estimation is therefore more difficult in Case 2.

To see the estimated decay ratio dependency on the sharpness of estimated PSD peak, we
calculated decay ratio while varying the AR order; M. Results are summarised below and plotted in
Figure 21.

DR DDR FR (H2) DFR (H2)
Casel
M =25 9.18E-01 6.99E-02 5.29E-01 6.71E-03
M =99 9.55E-01 1.11E-02 5.25E-01 2.62E-02
M =200 9.61E-01 6.50E-03 5.27E-01 2.39E-02
Case?2
M=30 5.89E-01 1.39E-01 5.16E-01 2.67E-02
M =99 8.81E-01 7.76E-02 5.13E-01 2.16E-02
M =200 9.33E-01 4.48E-02 5.09E-01 2.93E-02

The dependency of the estimated decay ratio on the AR order is remarkable in Case 2, but is
relatively small in Case 1, which is the imaginable result from the shapes of PSD as shown in
Figure 20.

In order to estimate poles, we estimated with partial data because of the possibility of changing
the dominant poles as shown in Figure 22. For Case 1, we used total data, front half data and end half
data. For Case 2, we used tota data, front one-third data, middle one-third data and end one-third data.
The results are listed below.

Case 1 Pole
(total) Z-plain S-plain
Real Imaginary Real I maginary

1 0.9636 +0.2628 -0.0154 +3.3286
2 0.9585 +0.2708 -0.0497 +3.4420
3 0.9699 +0.2368 -0.0204 +2.9931
4 0.9433 +0.3045 -0.1102 +3.9027
5 0.8588 +0.5074 -0.0313 +6.6701
6 0.9716 +0.1990 -0.1028 +2.5250
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Pole

(Cf:?gﬁt% Z-plain S-plain
Real Imaginary Real Imaginary
1 0.9640 +0.2629 -0.0100 +3.3276
2 0.9571 +0.2711 -0.0654 +3.4502
3 0.9648 +0.0053 -0.0649 +0.0664
4 0.9702 +0.2352 -0.0213 129734
5 0.9413 +0.2977 -0.1604 +3.8289
6 0.8598 +0.5077 -0.0285 +6.6729
Pole
C(gfg)l Z-plain Splain
Real Imaginary Real Imaginary
1 0.9590 +0.2709 -0.0433 +3.4416
2 0.9510 +0.2777 -0.1168 +3.5510
3 0.9690 +0.2399 -0.0223 +3.0336
4 0.9694 +0.2091 -0.1047 +2.6563
5 0.9388 +0.3077 -0.1515 +3.9586
6 0.9292 +0.3393 -0.1357 +4.3763
Pole
((iﬁtszl)z Z-plain Splan
Real Imaginary Real Imaginary
1 0.9628 +0.2563 -0.0458 +3.2522
2 0.9840 +0.0584 -0.1803 +0.7404
3 0.9621 +0.2239 -0.1532 +2.8585
4 0.9677 +0.1966 -0.1571 +2.5048
5 0.9796 +0.1344 -0.1410 +1.7045
6 0.9829 +0.0961 -0.1560 +1.2188
Pole
g?gﬁs Z-plain S-plain
Real Imaginary Real Imaginary
1 0.9636 +0.2557 -0.0388 +3.2424
2 0.9876 +0.0523 -0.1390 +0.6616
3 0.9640 +0.2240 -0.1300 +2.8539
4 0.9671 +0.1928 -0.1751 +2.4597
5 0.9743 +0.1658 -0.1465 +2.1067
6 0.9855 +0.0087 -0.1332 +1.1089
Pole
(rcr:w?c?glze) Z-plain S-plain
Real Imaginary Real Imaginary
1 0.9602 +0.2599 -0.0655 +3.3038
2 0.9810 +0.0673 -0.2102 +0.8564
3 0.9772 +0.1368 -0.1669 +1.7392
4 0.9644 +0.1978 -0.1951 +2.5290
5 0.9787 +0.03%4 -0.2594 +0.5030
6 0.9537 +0.2261 -0.2507 +2.9095
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Pole
(Eg?g)z Z-plain S-plain
Real Imaginary Real Imaginary
1 0.9632 +0.2548 -0.0460 +3.2332
2 0.9916 +0.0588 -0.0837 +0.7408
3 0.9718 +0.2003 -0.0976 +2.5414
4 0.9923 +0.0217 -0.0935 +0.2738
5 0.9621 +0.2265 -0.1452 +2.8906
6 0.9867 +0.1017 -0.1008 +1.2833

We show the change of dominant poles in Figure 23. In both of cases, the more dominant pole
which is closest to the ordinate (real = 0), represents core stability. Change of real part of the dominant
pole represents the change of decay ratio. It is consistent with the result of decay ratio estimation
[Figure 2(b)].

Case 6

Theresults of Test 1 are summarised below and plotted in Figure 24.

Test 1 DR DDR FR (H2) DRF (H2)

APRM 4.59E-01 4.39E-02 5.10E-01 1.39E-02
LPRM-06A 5.17E-01 7.18E-02 5.17E-01 2.72E-02
LPRM-06D 4.21E-01 8.02E-02 5.14E-01 1.36E-02
LPRM-11A 6.64E-01 1.06E-01 5.16E-01 2.07E-02
LPRM-11D 4.49E-01 7.20E-02 5.19E-01 1.71E-02
LPRM-20A 2.92E-01 1.35E-01 5.17E-01 3.77E-02
LPRM-20D 3.44E-01 1.24E-01 5.29E-01 2.21E-02
LPRM-23A 2.61E-01 9.34E-02 4.75E-01 4.48E-02
LPRM-23D 2.67E-01 8.29E-02 4.81E-01 3.68E-02
LPRM-24A 3.95E-01 1.13E-01 5.24E-01 2.90E-02
LPRM-24D 4.02E-01 1.03E-01 5.22E-01 2.37E-02
LPRM-26A 4.13E-01 9.64E-02 5.06E-01 2.66E-02
LPRM-26D 3.73E-01 1.17E-01 5.25E-01 2.40E-02
LPRM-29A 4.11E-01 5.27E-02 4.72E-01 4.80E-02
LPRM-29D 3.06E-01 9.82E-02 5.02E-01 3.52E-02
LPRM-31A 4.08E-01 1.03E-01 5.53E-01 3.07E-02
LPRM-31D 3.30E-01 1.30E-01 5.24E-01 4.56E-02
LPRM-34A 2.90E-01 9.59E-02 5.56E-01 2.69E-02
LPRM-34D 3.39E-01 5.31E-02 5.24E-01 2.44E-02

Theresults of Test 2 are summarised in the table on the following page and plotted in Figure 25.

In Test 2, the amplitude of LPRM-11A was largest, so we inferred that it is the signal closest to
the disturbance source. We first calculated the phase delay of each LPRM signal from LPRM-11A.
Results are shown in Figure 26. In Test 2, signals of LPRM located at the left half core region where
LPRM-11 is aso located have no phase delay, therefore they fluctuate in-phase with LPRM-11.
However, LPRM-24 is an exception whose phase is also delayed in Test 1. The phase delay of the
right half core region fluctuates between about 20° to 120°, so it is hot so large as out-of-phase.
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Test 2 DR DDR FR (Hz) DFR (H2)

APRM 8.86E-01 2.23E-02 5.19E-01 2.94E-03
LPRM-06A 9.19E-01 1.94E-02 5.21E-01 2.94E-03
LPRM-06D 8.90E-01 2.23E-02 5.20E-01 2.48E-03
LPRM-11A 9.60E-01 1.24E-02 5.21E-01 2.33E-03
LPRM-11D 9.34E-01 1.39E-02 5.21E-01 2.44E-03
LPRM-20A 7.47E-01 4.71E-02 5.16E-01 1.09E-02
LPRM-20D 7.68E-01 6.05E-02 5.19E-01 3.87E-03
LPRM-23A 3.57E-01 7.31E-02 5.13E-01 1.64E-02
LPRM-23D 4.70E-01 7.33E-02 5.06E-01 1.44E-02
LPRM-24A 9.28E-01 2.17E-02 5.21E-01 2.90E-03
LPRM-24D 9.22E-01 2.16E-02 5.21E-01 2.94E-03
LPRM-26A 8.07E-01 2.63E-02 5.18E-01 4.16E-03
LPRM-26D 9.28E-01 1.97E-02 5.21E-01 3.01E-03
LPRM-29A 5.18E-01 8.42E-02 4.54E-01 3.81E-02
LPRM-29D 5.00E-01 7.52E-02 4.94E-01 1.05E-02
LPRM-31A 8.32E-01 3.10E-02 5.21E-01 3.32E-03
LPRM-31D 8.36E-01 3.07E-02 5.20E-01 4.12E-03
LPRM-34A 5.35E-01 5.48E-02 4.85E-01 2.62E-02
LPRM-34D 5.60E-01 6.08E-02 5.02E-01 1.39E-02

We analysed the noise source contribution among LPRM signals with the multivariate AR modédl.
Results are shown in Figure 27. From these figures, we can see that the most contributed noise source
is of LPRM-11 for all LPRM signals. As there were limited LPRM signals and no flow related data,
we can hot investigate the phenomena of this case further.
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Figure 1. Definition of decay ratio andiresonant fréguency by impulse response
N | TaTaTeTeTole
0.15 / )
N I L I v
Q 0.05 A N al0D, |
iy
2 oo Y YYVY Y
§ -0.10 \/ \I/DT’ P P :
P, o
-0.15 Py
0200 i .T1.T2.TRT.7IQT.11. ——
0 5 10 15 20 25
Time (sec)

Decay ratio :E[{(Pn+l ~R)/(P =P} 2]

Frequency f= E[J/(Tn+1 _Tn—l)]

111



Decay ratio

Decay ratio

1.0

0.8

0.2

0.0

1.2

0.6

0.4

0.2

Figure 2(a). Estimated decay ratioin normal operation
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Figure4(a). Correlation integral vs. norm
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Figure9. FFT analysed PSD for Case 3
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Figure 10. Comparison of original PSD and composed PSD with a set of dominant poles
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Figure 11. Comparison of decay ratio and frequency
between two methods: impulseresponse and dominant pole
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Figure 13. Results of Case 4
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Figure 14. APSD of APRM and RPRM-1in Case 4
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Figure 15. Comparison of amplitude between mode0 and model

Amplitude (%)

350

—o—— mode0
—e—— model
5 " " 1 " PR " 1 " " " PR | " " " " | _— " " " 1 " " " " 1 " PR "
0 50 100 150 200 250 300 350
Time (sec)
Figure 16. Phase delay of LPRM signalsfrom LPRM-23A
180 :
—*— LPRM-34A ]
—*— LPRM-07A ]
135f [—*— LPRM-11A Ju—y ]
—— LPRM-20A A_L L_A ]
D —®—  LPRM-0%A IR :
S 90f [—— LPrRM-31A A_L L_A ]
) e ]
ha ]
) ey A_L ]
% 45k 3 bt 1
< :
: b
-45 .
_90 g g o1, ., | 1 PN IR T W TR N1 1
0 50 100 150 200 250 300
Time (sec)

124



Coherence

Figure 17. Coherence of each LPRM between LPRM-23
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Decay ratio and frequency (Hz)
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Figure 19. Estimated trend for Case 5
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Figure 20. FFT analysed PSD of Case 5 data
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Figure 21. Results of Case 5
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Figure 22. PSD of partial data interval
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Figure 23. Change of dominant poles of s-plain
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Figure 24. Resultsof Test 1in Case 6
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Figure 25. Resultsof Test 2in Case 6
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Figure 26. Phase delay from LPRM-11A
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Noise source contribution to LPRM-06

Noise source contribution to LPRM-11

Figure 27(a). Noise sour ce contribution of Test 2
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Noise source contribution of LPRM-23

Noise source contribution of LPRM-24

Figure 27(b). Noise sour ce contribution of Test 2
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Noise source contribution of LPRM-26

Noise source contribution of LPRM-34

Figure 27(c). Noise sour ce contribution of Test 2
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Annex 9
METHODOLOGIESAND RESULTSPRESENTED BY TU DELFT*

I ntroduction

In this report the preliminary results for the NEA benchmark on noise analyses of Forsmark data
are given. Different methods for the determination of decay ratio and the oscillation frequency can be
used. Within these methods choices are to be made on how to determine the stability parameters.
Therefore, parameter studies on the influence of input parameters on the calculated stability
parameters are very important to give an idea of the accuracy of the stability parameters. We have not
performed such studies in the framework of this benchmark. Such results will arise as a consequence
of intercomparison of the results of different participants to the benchmark. We have used a consistent
methodology for all cases to enable such a comparison. In this report we will present the outcome of
the calculations without discussing the results in detail. This discussion will be prepared for the
preliminary meeting. In our opinion, during the discussion of the preliminary results, the participants
to the benchmark should agree on intercomparison of specific further information (such as auto power
spectral density, impulse responses, auto-corrdation function, etc. for specific cases). The results
presented in this report consist of the calculated decay ratios (DR), the oscillation frequencies (OF),
and the time range that the impulse response as calculated by our auto-regressive (AR) model is fitted
to athird order model. The uncertainties and the position of the poles of the transfer function have not
yet been analysed. Moreover, more analyses need to be made in order to better understand the results.

M ethodology

In-house developed software is used to analyse the time series. The time series are divided in
records of 256 samples. These records are analysed by FFTCALC, a program which calculates auto
and cross frequency spectra form discrete signal values by the Fast Fourier Transform method.
A boxcar data window has been applied. The program SPEPLOT is used to calculate the auto and
cross correlation functions. Then, an auto-regressive model is calculated using the SYSIDENT
program. In the calculation a fixed model order has been used (= 80). From the AR matrices the
system impulse response is calculated by the program ARRESP. This is done for 16 seconds. Next,
this impulse response is fitted to athird order model:

f(t) = aexp%%%+ cexp%%%si n(ex — f)

* W.JM. deKruijf
Interfaculty Reactor Institute
Delft University of Technology
Mekelweg 15, 2629 JB Delft
The Netherlands
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in order to obtain the decay ratio and the oscillation frequency. The time range for which the impulse
response is fitted depends on the behaviour of the impulse response. The longer the time range is in
the results presented, the better the behaviour of the impulse response is with respect to the third order
model. Thisindicates the accuracy of the decay ratio determined.

Results
Casel
Table 1. Results of the decay ratio and the oscillation frequency for Case 1
Number | Timeof fit () | Decayratio | Osc.freq. (Hz)

1 1-4 0.57 0.47

2 1-5 0.46 0.48

3 1-8 0.60 0.51

4 1-6 0.78 0.51

5 1-6 0.36 0.51

6 1-6 0.53 0.48

7 1-10 0.66 0.55

8 1-4 0.57 0.53

9 1-5 0.50 041

10 1-5 0.32 0.45

11 1-5 0.29 0.47

12 0-16 0.66 0.47

13 1-6 0.51 0.42

14 1-16 0.71 0.49
Case 2

Table 2. Results of the decay ratio and the oscillation frequency for Case 2

Number | Timeof fit (5 | Decayratio | Osc.freq. (Hz)

LI 1-6 0.23 0.45
Su 1-4 0.34 0.45
S21 1-8 0.40 0.45
S31 1-4 0.27 0.45
Al 1-4 0.14 0.45
L2 1-12 0.54 0.54
S21 1-6 0.52 0.54
S22 1-8 0.56 0.54
S32 1-6 0.44 0.55
A2 1-4 0.49 0.50

140



Case 3

Table 3. Results of the decay ratio and the oscillation frequency for Case 3

Number | Timeof fit (s) | Decayratio | Osc.freq. (Hz)
1 1-4 0.30 0.45
2 1-4 0.39 0.40
3 0-4 0.20 0.46
4 1-4 0.36 0.48

Case 4

We have tried to extract the stability parameters of the out-of-phase mode from the LPRM signals
by subtracting the relative variations in the signals of detectors nearly diagona to each other. Thisis
based on the assumption that the relative variation in the in-phase mode is equa for such positions.
However, it seems as though the in-phase mode is dominating the results. More analyses are required.

Table 4. Results of the decay ratio and the oscillation frequency for Case 4

Number | Timeof fit () | Decayratio | Osc.freq. (Hz)

APRM 1-6 0.78 0.51
1-11 1-8 0.84 0.49
4-12 1-8 0.84 0.48
5-11 1-6 0.73 0.50
8-12 1-6 0.56 0.51
9-21 1-8 0.64 0.52
10-22 1-6 0.54 0.52
17-21 1-8 0.74 0.50
18-22 1-8 0.73 0.49

Case5

Even though this is a transient, we have tried to treat it similarly to the other cases. For the first
time series, thisworks well.

Table5. Results of the decay ratio and the oscillation frequency for Case 5

Number | Timeof fit (s) | Decayratio | Osc.freq. (Hz)
1 1-16 0.85 0.53
2 1-3 0.80 0.52
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Case 6

For Case 6, the same holds true as for Case 4. Again the in-phase oscillations seem to dominate
the results since for the second time series the stability parameters of the APRM signal equals those
obtained by subtracting relative variations in LPRMs almost diagonal to each other. For the first time
seriesthe results are inaccurate. More analyses are required to understand the behaviour.

Table 6. Results of the decay ratio and the oscillation frequency for Case 6

Number | Timeof fit (s) | Decayratio | Osc.freq. (Hz)

APRM-1 0-4 0.39 0.51
1-5 1-4 0.43 0.53
2-6 1-4 0.94 0.44
5-9 1-4 0.49 0.55
6-10 1-4 0.95 0.59
1-15 1-4 0.65 0.59
2-16 1-4 0.71 0.59
5-17 1-4 0.50 0.59
6-18 1-4 0.60 0.52
3-7 0-4 0.45 0.55
4-8 1-4 0.65 0.55
7-9 1-4 0.55 0.43
8-10 1-4 0.25 0.59

APRM-2 1-16 0.88 0.52
1-5 1-7 0.94 0.52
2-6 1-16 0.88 0.52
5-9 1-16 0.89 0.52
6-10 1-16 0.88 0.52
1-15 1-16 0.88 0.52
2-16 1-14 0.86 0.52
5-17 1-10 0.90 0.52
6-18 1-16 0.89 0.52
3-7 1-16 0.88 0.52
4-8 1-16 0.85 0.52
7-9 1-14 0.88 0.52
8-10 1-16 0.87 0.52
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Annex 10
METHODOLOGIESAND RESULTSPRESENTED BY CSNNS*

The methodology used for the analysis of the time series for the experimental study of BWR
oscillations at Forsmarks 1 and 2 nuclear power plant was the power spectrum estimation by the
maximum entropy method. Although this is not the most proper method for the analysis of
non-stationary signals, we are working in the analysis of these signals using a methodology for
non-stationary signals based on the Short-Time Fourier Transform. The results using this methodol ogy
are not yet complete, but will be sent as soon as they are completed.

Maximum entropy method (MEM)

The maximum entropy method uses the transform of the complex frequency f plane to a new
plane, caled the Z transform plane or Z-plane, by the relation:

Z =exp(2f,A) )

where A is the sampling interval in the time domain. The Fast Fourier Transform (FFT) power

spectrum estimate for any real sampled function Cx =C(t) can be written, except for normalisation

convention, as:

N/2-1 2 (2
C ZK

k=-N/2

P(f) =

Thisis not the true power spectrum of the underlying function C(t), but only an estimate, because
the estimate is based on only a finite range of the function C(t) which may have continued from
t = —o0 t0 +o0, in the Z-plane of Eq. (2). Thefinite Laurent series offers, in general, only an approximation
of ageneral anaytic function of Z. In fact, anormal expression for representing the power spectrais:
+or 2 ©)
Z Cy ZX

k=—00

P(f)=

* Alejandro Nufiez-Carrera
Comision Naciona de Seguridad Nuclear y Salvaguardias
Dr. Barragan Num. 779
Col. Narvarte C.P. 03020
MEXICOD.F.
E-mail: cnsnsl@servidor.unam.mx
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Thisis an infinite Laurent series which depends on an infinite number of value Cx EQ. (2) is just
one kind of analytic approximation to the analytic function of Z represented by Eq. (3); in fact, that is
implicit in the use of FFTs to estimate power spectra by periodogram methods. If we look at the
approximation (3) more generally, we could do arational function, one with a series of type (2) in both
the numerator and denominator, after which we obtained:

ag 4)

M 2
l+Zakzk
=1

This equation brings in anew set of coefficients at which ax can be determined from the bk using
the fact that lies on the unit circle. The bk can be thought of as being determined by the condition that
power series expansion of Eq. (4) agreea with the first M+1 terms of Eq. (3). The differences between
the approximation (2) and (4), is the fact that Eq. (4) can have poles corresponding to the infinite
power spectral density on the unit Z circle at real frequencies in the Nyquist interval -fc < f <fc. Such
poles can provide an accurate representation for underlying power spectra which have sharp discrete
lines or delta function. By contrast EQ. (2) can have only zeros, not poles, at real frequencies in the
Nyquist interval, and must thus attempt to fit sharp spectral features with, essentially a polynomial.
The approximation (4) goes under name of maximum entropy method (MEM) or auto-regressive
model (AR).

~ 1 -
P(f) = ‘1+ Z bkzk‘z

Consider the auto-correlation at lag j of the sampled function Cx namely:
j=(CiCyj) =..-3-2-1,0123,.. ®)
The most natural estimate of (5) is:

1 N-] _ (6)
CJ. :C_]. :—.zciciﬂ j:0,1,2,...,N
N+1-] &

From N+1 data points, we can estimate the auto-correlation at N+1 different lag j.

According to the Wiener-Khinchin theorem, the Fourier transform of the auto-correlation is equal
to the power spectrum. In the Z transform, the power transform is just a Laurent series in Z.
The equation that isto be satisfied by the coefficientsin Eq. (4) isthus:

ag L (7

M 2

1+ Z a, z¥
=

The approximately equal sign in Eq. (7) has a somewhat special interpretation. It means that the
series expansion of the left-hand side is supposed to agree with the right-hand side term by term from
Z™ to ZV. Outside this range of terms, the right-hand is zero, while the left-hand will still have
non-zero terms. The number of coefficients M in the approximation on the left-hand side can be any
integer up to N. The total number of auto-correlations available M is caled the order or number of
poles of the approximation.
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The transfer function has complex poles, and the decay ratio for the system is defined as follows:

DR= expﬁ_zvaﬁ ®

where a istherea part of the pole and w is the imaginary part of the pole.

The decay ratio is related to the position of the least stable pole and is, therefore, a good measure
of the stability of the system.

Results
Casel
Table 1. Decay ratio and frequency resultsfor Case 1
DR Frequency
DEIEIRIIE DIX uncertainty IEYLENE) uncertainty

cl aprm.1 0.600 0.024 0.458 0.002
cl aprm.2 0.746 0.018 0.459 0.002
cl aprm.3 0.731 0.025 0.476 0.008
cl aprm.4 0.540 0.042 0.490 0.010
cl aprm.5 0.463 0.057 0.494 0.009
cl aprm.6 0.542 0.059 0.486 0.010
cl aprm.7 0.700 0.020 0.521 0.011
cl aprm.8 0.540 0.067 0.497 0.011
cl aprm.9 0.719 0.017 0.402 0.002
cl aprm.10 0.608 0.023 0.424 0.002
cl aprm.11 0.516 0.026 0.424 0.002
cl aprm.12 0.746 0.020 0.452 0.002
cl aprm.13 0.466 0.025 0.408 0.001
cl aprm.14 0.689 0.020 0.469 0.002

Case?2

Table 2. Decay ratio and frequency resultsfor Case 2

DR Frequency

DEIEIRIIE DI uncertainty FELEE) uncertainty
c2 test.L1 0.488 0.057 0.442 0.005
c2 test.S11 0.239 0.057 0.444 0.010
c2_test.S21 0.478 0.055 0.448 0.009
c2 test.S31 0.430 0.030 0.441 0.009
c2_test. Al 0.476 0.034 0.428 0.012
c2 test.L2 0.622 0.033 0.516 0.006
c2_test.S12 0.602 0.032 0.520 0.010
c2_test.S22 0.688 0.036 0.516 0.010
c2_test.S32 0.452 0.050 0.516 0.011
c2_test.A42 0.553 0.041 0.509 0.014
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Case 3

Table 3. Decay ratio and frequency resultsfor Case 3

Data DR DR Freg. 1 Freg. 1 Freg. 2 Freq. 2 Dominant
name uncert. uncert. uncert. poles
0.1180 + 1.1073
0.1237 + 1.6328
c3 test.l 0.512 0.063 0.404 0.001 0.1331 + 3.3487
0.1362 + 1.3189
0.1186 + 0.9255
0.1485 + 0.7142
c3 test.2 0.447 0.063 0.312 0.001 0.408 0.001 0.1491 + 0.1010
0.1491 + 0.5361
0.0863 + 1.0401
0.1140 + 0.0940
c3 test.3 0.594 0.07 0.263 0.002 0.453 0.002 0.1188 + 0.2615
0.1380 + 0.5918
0.0733 + 1.9908
0.0741 + 1.8454
c3 test4 0.794 0.038 0.260 0.002 0.472 0.002 0.0796 + 1 6524
0.0816 £1.4739
Case4
Table 4. Decay ratio and frequency resultsfor Case 4
DR Freguen
Data name DR uncertainty Frequency unsgrtair%

c4 aprm 0.670 0.027 0.512 0.005

c4 lprm.1 0.861 0.021 0.503 0.014

c4 lprm.2 0.920 0.020 0.497 0.021

c4 lprm.3 0.882 0.011 0.494 0.020

c4 lprm.4 0.804 0.022 0.493 0.019

c4 lprm.5 0.826 0.018 0.512 0.016

c4 lprm.6 0.889 0.019 0.512 0.020

c4 lprm.7 0.830 0.020 0.512 0.016

c4 lprm.8 0.772 0.021 0.514 0.013

c4 lprm.9 0.777 0.025 0.520 0.011

c4 lprm.10 0.738 0.018 0.530 0.009

c4 lprm.11 0.793 0.022 0.532 0.017

c4 lprm.12 0.791 0.022 0.542 0.018

c4 lprm.13 0.735 0.031 0.518 0.015

c4 lprm.14 0.768 0.026 0.520 0.019

c4 lprm.15 0.777 0.026 0.518 0.014

c4 lprm.16 0.751 0.016 0.520 0.002
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Table 4. Decay ratio and frequency resultsfor Case 4 (cont.)

DR Frequency
Dataname DR uncertainty Frequency uncertainty
c4 lprm.17 0.840 0.020 0.506 0.018
c4 lprm.18 0.858 0.018 0.505 0.019
c4 lprm.19 0.771 0.031 0.507 0.001
c4 lprm.20 0.780 0.018 0.512 0.016
c4 lprm.21 0.746 0.030 0.533 0.020
c4 lprm.22 0.735 0.020 0.548 0.020
Caseb
Table5. Decay ratio and frequency resultsfor Case 5
Data DR Freg. Freqg. Dominant
name uncert. uncert. poles
0.1546 + 3.2169
0.2163 + 2.0738
¢5 aprm.l | 0.793 | 0.017 0.535 0.005 0.2229 + 1 5866
0.2231 + 0.6531
0.0418 + 1.9059
0.0793 + 1.5384
c5 aprm.2 | 0.871 | 0.044 0.505 0.010 0.0839 + 3.9270
0.0932 + 3.4091
Case b6

Table 6. Decay ratio and frequency resultsfor Case 6

DR Frequen
Data name DR uncertainty Frequency unfgrtairft{/

c6 _aprm.l 0.536 0.067 0.497 0.034
c6 lprm.11 0.540 0.042 0.552 0.010
c6_lprm.21 0.359 0.029 0.516 0.004
c6 lprm.31 0.592 0.031 0.523 0.006
c6_lprm.41 0.391 0.030 0.476 0.002
c6_lprm.51 0.633 0.034 0.526 0.010
c6_lprm.61 0.679 0.028 0.519 0.006
c6 lprm.71 0.666 0.035 0.513 0.007
c6 lprm.81 0.648 0.027 0.510 0.001
c6_lprm.91 0.424 0.050 0.520 0.010
c6_lprm.101 0.430 0.049 0.476 0.008
c6 lprm.111 0.505 0.060 0.529 0.012
c6_lprm.121 0.371 0.042 0.488 0.006
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Table 6. Decay ratio and frequency resultsfor Case 6 (cont.)

DR Frequen
Data name DR uncertainty Frequency unfgrtairft{/

c6 Ilprm.131 0.278 0.064 0.527 0.011
c6_lprm.141 0.441 0.054 0.505 0.005
c6_lprm.151 0.275 0.065 0.530 0.009
c6_lprm.161 0.547 0.029 0.525 0.007
c6 lprm.171 0.245 0.059 0.523 0.010
c6_lprm.181 0.380 0.031 0.478 0.007
c6_aprm.2 0.821 0.020 0.520 0.010
c6 lprm.12 0.627 0.033 0.564 0.010
c6_lprm.22 0.355 0.028 0.519 0.005
c6_lprm.32 0.802 0.026 0.525 0.006
c6_lprm.42 0.834 0.019 0.516 0.002
c6_lprm.52 0.709 0.038 0.525 0.010
c6_lprm.62 0.835 0.021 0.522 0.006
c6_lprm.72 0.765 0.026 0.523 0.007
c6_lprm.82 0.859 0.024 0.520 0.001
c6_lprm.92 0.608 0.044 0.539 0.010
c6_Iprm.102 0.542 0.029 0.494 0.009
c6 lprm.112 0.706 0.038 0.535 0.012
c6_lprm.122 0.909 0.022 0.516 0.006
c6_lprm.132 0.782 0.022 0.530 0.010
c6_lprm.142 0.761 0.018 0.523 0.005
c6_Ilprm.152 0.797 0.026 0.525 0.010
c6_Ilprm.162 0.843 0.020 0.525 0.007
c6 lprm.172 0.712 0.029 0.542 0.032
c6_lprm.182 0.614 0.045 0.504 0.008
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