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ABSTRACT

The NRC first accepted the Westinghouse Boiling-Water-Reactor Transient Analysis Code, BISON, for
referencing in US licensing applications in October 1989. The BISON code has since been extensively
applied to the performance of plant transient analysis for licensing applications.since that time. -

Ouiside the US, BISON has been further used for transient analysis related to fuel reloads, extended
power uprates, and plant modernizations. Plant control systems have also been modeled in detail using
the SAFIR control system simulator and modeling tools and-extensively validated. SAFIR is a code
package containing a selection- of standard control components. and logical functions that can be coupled
for use with any transient code such as BISON. '

In the US; BISON has been mainly used in fuel reload licensing analysis andllﬁe plant control systems are
not explicitly simulated. Instead, the effects of the control systems are simulated by, the use of
conservative time-dependent boundary conditions.

This report is the-third supplement to RPA 90-90-P-A, “BISON — A One Dimensional Dynaiic Analysis
Code for. Boiling Water reactors,” Reference 1. The report.documents the use;of SAFIR; in conjunction
with the approved transient analysis code, BISON, to modél plant-systemsiimportant tQ:t}ie'baIah;;e—of-
plant response, thus satisfying and eliminating Condition 6 of’thé'BISO'N-topic\alrreportﬂ by demonstrating,
that SAFIR is capable of modeling control systerns consistent with the provisions of CENPD-300-P-A,
“Reference Safety Report for Boiling Water Reactor Fuel,” i’R'_eifercnoe 3 i
This report also presents the process for control svstem-model development, verification and validation
using SAFIR in conjunctlon ‘with an NRC approved transient code such-as in this cas¢ BISON as'well-as
descnbmg and demonstrating’ the. SAFIR code itself.

The main purpose of this report 1s to-obtain NRC approval of the SAFtR‘:oo‘de: and fh'e‘ progess: ﬂ'@al‘vwiﬂib_ef
used to devé:iop: verify, and validate modeling of control systems-using SAFIRm combination-with an.
approved-transient analysis code.

This repoit describes the standard components and Togical funciions included in. SAFIR along with the
validation and verification process thatis followed for the: addmon of components and models.
Application of the' methodologv to build-in control systems using basic. SAFIR. components is-also
presented including validation of the more complex plant systeim models,
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1 INTRODUCTION

The Westinghouse transient analysis methods are described in the Licensing Topical Reports. (LTRs)
RPA 90-90-P-A, “BISON — A One¢ Dimensional Dynamic Analysis Code for Boiling Water Reactors,”
Reference 1, CENPD-292-P-A, “BISON - One Dimensional Dynamic Analysis Code for Boiling Water
Reactors: Supplement 1 to Code Description and Qualification”, Reference 2, and WCAP-16606-P-A
“Supplement 2 to BISON Topical Report RPA 90-907, Reference 4.

RPA 90-90-P-A describes the BISON iransient code and the code qualification for BWR transient
analyses and was approved for use in license applications by the U.S. NRC in 1989. CENPD-292-P-A
was submitted to introduce changes and upgrades to the methods in order to-address some of the SER
restrictions on the-original LTR. The second LTR was approved in'1995. WCAP-16606-P-A was
submitted to introduce changes related to ATWS calculations and to increase the range of-verification to
higher pressures and-steam gualities. This third LTR was approved in 2007.
The transient analysis design bases and overall reload methodology. are summarized in the Reference
Safety Analysis Report for BWR Reload Fuel, Reference 3. The muthodolooy ts cutrently used by
Wcstmghous‘e-for introducing new fuel designs into boiling water nuclear power plants inthe.1J.S,

Outside the U.S., BISON has been used for transient analysis related to fuel reloads, exténded power
uprates and plant mbdcmizatjpns. Control systems have then been modeled in detail using SAFIR.
‘Using these. models SAFIR has also been extensively validated. SAFIR s a c_odefpzvlckagfge containing a
selection of 'sta_ndar,d conirol components and logical functions that-can be coupled to any transient Code.

In the U.S. BISON, along with the hot channel model SLAVE, has long been found acceptable for
‘Heensing of reload transients used in fuel reload analysis. Control systems are not explicitly simulated by
BISON, but the effects of the control sysiems are simulated by conseivative time,—de‘p’endenl'=boundary
conditions.

This report is the third supplement to. RPA 90-90-P-A, “BISON - A Ong Dimensional Dynamic Analysis
Code for Boiling Water Reactors,” Reference 1, and aims to document how SAFIR is used in con)unctlon
withBISON to model ‘plant.systems important to the balance-of-plant and thereby ‘¢liminate Condition 6
of ihe BISON ‘topical teport-by demonstrating SAFIR is capable of modeling control systems consistent
with'the provisions of CENPD-300-P- A, “Reference Safety Report for Boiling Water Reactor Fuel,”
(Reference.3).

"This Reporfdescribes the SAFIR control system simulator and generic modeling tools for use for
performing hcensmg basis analysis. SAFIR is a stand-alone modeling tool for simulation of plant
systems, including uontrol systems; in conjunction with approved transiént modelmg codes such as

BI SON Asin the ¢ase:of the SLAVE model, BISON output data is.retrievable:for:further-use for a
'SAFIR control system model: .Qualification.of the SAFIR control system, simulator. and turbine. assembly
model provides the’ necessary examples and documentation of the SAFIR modeling: capabilities,
performance, dand quahﬁcatlons for NRC siaff review and approval. SAFIR is capable.6f modeling
various-types of transiénts whichinclude, but not.limited to, Load Rejection, Turbine Trip, Core Power or
Pressure-changes,. ém’d?v_'alve failures, k
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For this reason a process for model development, verification and validation using SAFIR anda NRC
approved transicnt code, in this case BISON, is described and demonstrated as well as the SAFIR code
itself.

o The Westinghouse definition of verification is to show the functionality and to ensure that
requirements are fulfilled.

# The Westinghouse definition of validation is to show the behavior compared with reference data
like e.g. measurement data.

The main purpose of this amendment is to license the SAFIR code:and the process.that uses the SAFIR
code to develop, verify, and validate control systems in combination with licensed transient codes.

2  ‘SUMMARY AND CONCLUSIONS

21 SUMMARY

SAFIR has been used for many vears outside of the'United States to model plant response both in steady-
state and -trﬁnéient analysis. In this report the SAFIR model process is demonstrated against two BWR
plants, | ]*“in Sweden and Hamaoka-5 in Japan. The SAFIR miodel process will be
demonstraied by: i '

o A description of SAFIR components and how they connect into-models such as control systems
: 'inéhicling interaction with the transient code BISON is.presented.

s Adescription of the SAFIR component verification and validation process including an example
is presented.

® :A»’d@:Sgliptinﬁ of the SAFIR model verification and validation process including two examples-is
presented.

& A'SAFIR built turbine controller model for the [ ' 1€ plant in Sweden is

 used fo demonstrate the complete process of model development, verification and
’Validation. In this case the final validation consists of a comparison between different -
measured-and calculated internal controller signals as well as turbine valve positions vs.
fime.

© "Startup tests from the Japanese ABWR plant HamaoKa-5 are used to further demonstrate
the validation process. In this validation the capabilities of BISON and SAFIR to
simulate the plant response during transient startup tests are shown. Inthose simulations
detailed models are used for the Recirculation Flow Control System, the Turbine Control
‘System, and the Feedwatér Control System.
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2.2 CONCLUSIONS

“The: SAFIR plant models described in this report provide an accurate simulation against expected
behavior (verification) and measurement data including actual plant transients (validation).

Based:on the inforination provided in this report, it is concluded that:

» SAFIRis capable of simulating plant dynamic boundary conditions
» SAFIR is capable of modeling simple and complex plant systems including control systems
e SAFIR is compatible with approved NRC methodology codes

e Applications of SAFIR will be consistent with NRC approved methodology, ¢.g. for transient
analysis.as-described in Reference 3.

& The deveélopment, verification and validation process ensures that SAFIR models can be
de‘yelopc(l-to a desired functionality.

~Therefore, SAFIR can be used to model plant control systems and analyze plant perfermance during.
steady-state opetations as well as transient conditions.

.The SAFIR code is a generic tool which can be used with any type of simulation code for any type of
‘plant-where the interaction of confrol systeéms with a simulated process.is réquired. The only requirement
1% that there is an interface between the simulation codé and SAFIR. '
Ini/tis report, however, only application to BWRs is shown. In this case BISON is the transient code
interacting with SAFIR, but other dynamic BWR codes that are approved for the application by the NRC
may be used provided the model development and the verification and validation process is followed.
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3 SAFIR BASIC DESCRIPTION
3.1 INTRODUCTION

SAFIR is a code with a selection of standard components that can be used to model BWR balance of plant
responses, such as control systems. These components include mathematical operators (e.g. adder,
multiplier), Boolean operators (¢.g. and, not, or), filters (e.g. first- and second-order low pass filters), etc.
‘Each.component has a specific set of input and output parameters which can be tested against an expected
solition. Components c¢an be coupled together to form more complex systems or part of systems. When
components are combined they are called a “macro™ or a “model” as described in Section 3.4 and 3.5.
‘Macros and models are not part of the source code, but specified as input by the user.

'SAFIR is a code that through user input can be used to simulate most types of control systems or Iogical
functions. SAFIR can be used both for simulation of digital systems like digital control systems as well
as-analog systems.

The ﬂe_'xibility of SAFIR allows for-butlding in predefined system malfunctions that can be triggered from
inpiit;

The following type of building components are the bases for SAFIR:

e Components (basic,com_pone_nts included in t_he source term)

». Macro-components (combining two or more basic or macro components)
¢ Models (combining basic-and macro components to build systems)

® . Signals$ (connecting components)

Fora transient .code ¢.g. BISON, it is:réquifedthat SAFIR is compiled and loaded as a part of the,
dransient code. The communication interface between SAFIR and the transient code using signals has to.
‘be defined. For BISON this interface is described in Section 3.8
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3.2 COMPONENTS

A.component is a function that based on different inputs computes an algorithm and generates an output
at aspecific sampling time. The input'connections may connect to a constant or a time dependent value
(a“signal”), the-output will be a time dependent value, calculated each TS second.

'COns'ider the bélbw example of a component “COMP” that compares the input values IN1.and IN2 al
each TS:second and then generates the output OUT. OUT is FALSE.if IN1 <= IN2 or OUT is .TRUE. if
INI > IN2. EN1,.IN2 and TS are “input connectors™ and OUT is an “output connector™.

—4 m1 COMP oyt |—

|l me
— TS
Figure3-1  Component

33 INSTANCE

A component like COMP described above, can be seen essentially as a componenttype. Each component
‘that-is part of:a mac,i-'o:or 'model i§ required.to have a unique name. The name will fotm an instance of the
«component type and describes which connectors are used and what signals or values that are associated
with-each connector. In'the example below an instance named #1 is defined as the COMP component
-with signals INA, INB, TS1 and Z attached: This can typically be drawn as:

INA el INT COMP OUT +——2Z.
INB—{ IN2 |

, #1
TSI —f TS
Figire3:2  Instance of:a.component

34 MACRO

A macfoii'S‘a'(qser defined function consisting of a set of components. The defined macro can be used in
i‘l’he:‘sf_zir_r}ew;ly as onesingle component. Macro components can be less complex than models.

35 MODELS

Amodel is-a combination of at least'two components: Consider the COMP:component from the
definition above 'ahdf'imag‘iﬁc; two COMP components put together. This forms a very simple model as
‘shownbelow. Itisnow evident the need to have different names of the two components fo-be able to
distinguish between them,
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—lme gy IN2
_I1s —1 715

Figure3-3  Model
3.6 SIGNALS
A signal is a'variable that.can ¢hange with time. Signals-are-used to-conneét: compoﬁents into.models, as

well as connections between miodels. ‘Signals also serve as:the connection: between components/models :
and the transient code.

INA — INT COMP oyt INI COMP our—Y
B — N2 g ,INz 42
INC

Figure 3-4 Signal
In the above example, a signal INA is connected to the input INl of C"OI\/IP‘#,L INB t'io“']N’; 'of‘(f.i\ﬂ’" #1,
INC to IN2 of COMP #2 and so-on, The signal Z is slightly dlfferent since'it:connécts the’ output OUT

from COMP #1 to the input IN1 of COMP #2. The ¢ombined functlcm uses: the output from: COMP #2
and connects this to signal Y.

The following:‘s_ignal definitions apply:

* Aninput signal is connected to one orsev reral comp‘oheﬂt(S) i"n“p'Ut connectors:: it May’ be ’cﬁange'di -
by the user-and can be connected from an oufput of another componem INA INB; ING,.TS1,

TS2 and Z are-input signals in thé-above example.

» An output signal is-connected to exactly one'component output connector-and willibe calculated:
according to the compoenent. An output signal may be: assxgned af. 1mt1a1 value. at t1me zéro’'by the
use. Z and Y aré:output signals in the above example:

» An.internal signal connects between component output: and input connectors These mgna]s are
local in.a model and will. not interact with other models. ‘Zis-an mtemal signal i m the above
example:

3.7  INITIALIZATION OF SIGNALS

SAFIR.automatically assigns values to model output signals for the stéady-state: solutlon based onknown
input signals and the standard component response.
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Generally the output of a component changes only by changing the input signal(s).

“There is however one exception to this, when a component that does not have a clear steady=state
relationship between input and output because the history is unknown. Such components are typically

e  Set/feset switches where last set or reset is not known (not initialized) so the output is unknown in
the steady-state solution.

» All types of components that contain historical information, e.g. integrating control components,
may have-a different steady-state solution than zero as output,

¢ Components.that feed back the oulput to an input.

For this reason SAFIR has the option to initialize the steady-state output of components Lo a prescribed
value.

Initialization may be to-a fixed number.or to the steady-state value of a signal that is user defined or an
output signal defined by a previous SAFIR medel or the transient code.

3.8 MODELCOMMUNICATION

,Ct)mmuni"catipn betweén models can only be made with signals that connect outputs from one model to
Jinpiuts-of other models. )
In this sense. the transient.code that uses SAFIR is c-OnSidr:réd to be a model with outputs and inputs Which,
a’rg'CQmmu'rﬁcat_‘cd with SAFIR. The input signals from BISON to SAFIR are listed in Table 3-1 below as
well as-the.outputs-from SAFIR to. BISON.

] o'r"th'e_‘BI-_S'O'__Neco_de, implementation of SAFIR the input and output signal connections consist of, but are

E

‘n‘()'t‘rlirnjitéd to, the signals in Table 3-1 below.

Table3-l BISON Inputand Qutput Signals

“Paraméfer . IN'_| OUT | Comment (usage in a model)
. ‘Transient time | X | Fortimecontrol .
|Steam. dome pressure : . X _ | Typically for measurement

| Pressure at:specified-elevation in the downcomer : X Typically for level measurement -
{ Avf_;rége'P-bwef Range Monitor . i X Typically for measurement
:‘_«Rééifbﬁlafion.ﬂow o , I 1\ 'Typi(;ally tor measurement
:'i.Reci’irddlafioQ pump speed for each pum P - X X- | Cannotbe set in steady-state.

Typically for power control

| Recirculation pump motor momenturi for-each pump " X | Typically for power control

e_difgﬂ’ation*pum p-angular speed for each pump i X__| Typically for power control

| Nominal fecirculation flow b | X {Fornomialization.

inalsteam fléw ’ : ; X | For normalization

,"'.Nmfri'inaluelectr.ic‘al power output A o -\k X For norimalization
| Nominal steam dome pressure , ] X. | For nommalization
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. Nominal thermal power X For normalization
Elecfrjcal power output X Typically for power control
| Reactor two-phase water level X Typically for water level
L indication
‘Féedwater temperature X x Can not be set 1n steady-state since |
it 1s calculated by the energy
. balance ,
{ Feedwater flow X X Can not be set in steady-state since ‘
it is calculated by the energy
balance '
Core support plate pressure drop X | Typically tor flow measurement.
. Scram Vsignal-'(.TRUE./LFALSE.) X X | Set also by BISON if built-in
: models are activated.
| Recirculation pump runback signal (. TRUE:/FALSE.) X X | Setalso by BISON if built-in
: - “models are actvated.
| 'Recirculation pump trip signal for each pump X X | Set also by BISON if built-in
' (TRUE./FALSE.) models are activated. ~
. ‘Pressure in all steam line nodes X Typically for pressure control
: Flow in 4ll steam line nodes x| Typically for pressure contrgl
{ Pressure-n all:steam line valves N X | Typically for modeling self
closure and rehef. valves actuated
L -on local pressure.
Flow inflow controlled steam line valves. X X | Notin steady-state. To control
| (€8, TCV, ISV BPV.SRV) valve flows
" A as of -areé:.c,Qntrol]ed?'r_n_ai‘_n steam line valves X To control MSIV clesure
|.(&:8. MSIVs). '
1 Auxiliary feedwater etc start signal, flow and enthalpy X Typically for HPCI, LPCI etc
:':var.Qn:S(t)‘lﬁ.t:iOrrli,'stm.T“signa];aﬁd'ﬂow: o S X Typically for ATWS boron :

shutdown

If-a-new input-of output connector is reqiiested. this will be added to the code using the standard code

.tpdate procedires.
39 NUMERICS

3.9.1 Sampling Time_'

All SAFIR ¢omponents can have their own individual sampling time.

For d_i*gim’ll.Qomml..system's.different models or even components can have individual sampling times.

» For adigital control system thé requirement on individual component sampling. time shall be that

of the.real-plant componerit..
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For an analog system a similar sampling time doesnot exist. However, the transient code itsélf.is digital
so this determines the requirement for the component.sampling time.

o Forananalog control'system the sampling time shall not be’longer than the transient codé. fime
step. '

3.10 AVAILABLE COMPONENTS.

The available verified andvalidated bagic components are listed in Table 3-2 below. More components
can be added to the co.deffo»llowin‘g.'t’he; -\Vestihghouse:standa'rd quality: assurzincéuproce'sses for codé;
changes.

Common for all components is the: samphnc time TS. Most cornponents. also have 4 maximum and
minimum llmnatlon defined by MAX and MIN,

Many components.can: also: perforia balancmo function denoted “follomno i ';Iiiéh means. thatthe
output signal connectlon OUTwill ‘follow the. external reference signal connccted to the: input.connection
T. Following is started whcn componmt input connector CF is.set to . TRUE: and stops ‘when CF is reset
to.FALSE.

Following means that the output OUT is:set to‘the'signal or value connected to the input. conncctlon F as.
long as CF is. TRUE

Boolean .FALSE. and., TRUE: are siihulatéd’Wi'ﬂl’ﬂ'oating number where FAL'SE is'0'and JTRUE. is 1,
the threshold between FALSE. and .TRUE. is set to-0.5 where floating- numbers less than 0.5.are
considered . FALSE.

SAFIR compongits afe--dé_:scﬁb‘ediiﬁ Table 3-2:below. In Ithe‘Xt'ablé="-_,"t_-’f"-'deh(')t_csss”:i‘ni’ii]ati@rjriﬁﬁe‘ ih;’rhé
digital- output. ' ' '

Table 32 SAFIR Components

 Function | Description ... |Input | Output
INT Integrqtbr IN, K, TL- | Transfer function
JANT {INTegrator) is-used to TSMIN, | G(s) =K~ (1/sTD):
give an-integration’effect. “The: MAX;F,. -
output'signal can be limited to | CF OUT(Y) = K(1) » TS/FI(H) * INGY + OUT(ETS)

limit values specifiéd by input
MIN and MAX. TheBalancing
furiction permits the output

-signal‘to follow an exteral
reference.and. permlts a
‘bumpless. retiar to?the nofmal
function. ‘The main property

| when contrslling is'thatthe
output signal retaifis its:value

| whin thie input'sighal IN(EY =0. | .
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Pl

_Pl-controller

PI (Propottional Integrating) is
used as a standard Pl-regulator
for serial compensation in

'fa‘edback.sy_stems. The cutput

signal can be-hmited to limit

-values specified by iriput MIN

and MAX. The balaricing
function permits the output
signal'to follow anexternal-

teferénce and permits-a

bumpless:-return to thé normal

| funétion.

IN, K, TL
TS, MIN,
MAX, F,

CF

Transfer function
G{sy =K » (1 + 14sTI)

OUT(L) = K1) » (1+TS/TI(L) » TN(L) -
Kt IN(LTS) + OUT(-TS)

‘| pIR®

' “PIP-controller

PIP (Proportional Integrating

1 Proportional) isused to.give a
| proportional effect and:a’ limited
‘integration effect. The output

signal in‘steady-state’ is

| proportional fo the input signal.

The output signal can be'limited

to limit-values specmed by
-hput, I\/I[N and- MAX The

balangmg funiction permits the

| ‘output signal to follow an
: ,esctemal reference and. perm its.a

bumpless return tosthe.riormal.

- Iunctlon

[N, KT,

T2, TS,

"MAX. F,
CF

The transfer fimction
G(sy =K +(1+sT1) / (1+sT2) , where T1 <T2

OUT(t) = K(1)* (C1 «IN(t) - C2 « IN(-TS)) +
C3+OUT-TS) ., where T1=<T2

where

'_C_,J =2 T+ TS) /(2 T2(t)+ TS)

C2=2+TH)~TS)/(2+ T201) + TS)

C3=(2-T2()—TS)/ (2~ T2+ TS)

| pDP

i PDPiccﬁtf?;oHe'r

| PDP (Proportional Derivating

' ’Pro‘pohi‘éhal} isusedto give a
I proportional effect and-a lumted
| derivation: effect.. The output:

‘ mgaml in'steady-staté is

: ,proportlonal tothe input sighal.

The otitput signal can be: limited

| to limit:values: spemfled by

i Anput: MIN and M.AX The:

; balancmg functlon peritiits:the
1 output 51gnal to follow-an.

: .;escternal reference and: perm its. 4,
> bumpless retuin to the normal

fun_ctlon

IN, K, T1,
TZ, Tb

Transfer function

Gis) =K « (1+5T1) / (1+sT2), where T1 > T2

SOUT() = K(t)+ (C1 <INQ) - C2 » IN(L-TS)) +

C3 «OUT(-TS) . where T1 > T2

: »‘Whe re.

Cl=(2«TI®)+ TS) /(2 T2(t)+ TS)
C2=(2+TIM)- TS)/ (2 - T2At) + TS)
C3= (2 T2) = TS) /(2+ T2(t) + TS)

| DERIV

| Physicdldérivative

IN, K, TD;

Transfer function.
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DERIV (DERIVator) isusedto | TE. TS, | G(s) =K'+ sTD/I(1+STF)
give a dervation effect. The MIN, '
derivation effect can be limited | MAX, F, OUT() = K()+-(C1 = IN(t) + C2 « IN@-TS)) +
with the filter function, which CF C3 « OUT(L-TS)
serves as a low pass filter. The where
output signal can be linvited to Cl=2- TD(t\/’(Z é TF(1)+ TS)
limit values specified by input C2=-Cl
MIN and MAX. The balancing €3 ={(2 ¢ TF(t) ~ TS)/(2 + TF(t) + TS)
function permits the output ‘
signal to follow an external
reference and permits a
bumpless.retumn to the normal
function. .
LOWPI1 Ist order low pass filter IN, K, T, Transfer function-
LOWPI (LOW Pass [ilter 1- TS, MIN.. | G(5) =K ~T/(14sT)
pole) 1s used as a single pole: MAX, F, - '
low pass hilter. The output CF 'OUT(ﬂ = K(t)+(Cl+ ]N(t) +(C2% ]N(t TS)) +*
signal can be limited to limit €3+ OUT(t-TS)
values specified by input MIN where:
and MAX. The balancing 1C1=TS(®) /(2~ T +TS)
function permits the output “C2=Cl ' v oo
signal to follow an external 'ICBf:(-ZZ-“ Tty = TS)/ (2 T(t) + TSy B ‘
reference and permits a ' - 5
bumpless return to the normal
function. o
LOWP2 2nd order low pass filter ‘ N, K T, VTransfer functlon
LOWP2 {LOW Pass filter 2- T2, D, TS, | Gs) =K+ (Q+sTH/ (132« D +5T2 )+strﬁ~)
pole) is used as a 2-pole low MIN, A
pass filter. The output signal MAXF, ‘OUT(t) K(t)=(C1 « IN(t) + €2+ lN(t TS) # :
can be hmited to limit values CF C3+IN(t-2+ Tb)) "G4+ QUT( t—TS) :
specified by input MIN and +C5 » OUT(-12'+ TS) E
MAX. The balancing function 'where
permits the output signal to lcr=qs ((zrs /T2 + 25 T1(0) « TS/ T2
follow an external referénce and : vC2 Q (TS/ T2(t))‘
permiits a bumpless return to the C3= Q (( TS/ T2(t)) 20 T « TSF T2 t)Z)
normal function. NC4=Q (8 -2+ (TS/ T2 .
<c5 =@+ (4+D() * TS/ T2t - (TS / TN 4)
| Q=1 /(TS /T20)) -+ 4+ D(t) TS/ T2(L), +4)
AMP Amplifier IN, K, TS, | Transfer .furic'tib’ri’:
AMP(AMPlifier) is usedasan - | MIN, | G{s) =K.
amplifier in foedback systems. | MAX, F, ‘
The output signal can be'limited. | CF SOUT(=K(H)-» IN(EY

to limit values specified by
input MIN and MAX. The:

“balancing. function permits the
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output signal to follow an
external reference.

DB. Dead band fjltcr IN, K, OUT 13 dependent on the difference between the
DB«(Dead Band filter) is used.as | DEADB, mput signal and the output signal of the previous
a low amplitude filter for signal | TS, MIN, | sample.

-changes less than 4 specified MAX The mput signal change related to the output
dead band. Theé output signal signal 1s calculated as
|.canbe limited to limit values abs (IN(t) - OUT(t - TS)).
sp'éciﬁ'ed:by iput MIN and 1f the input signal change is greater than or equal
I MAX. to DEADB, the input signal 15 not processed:
OUT(1) = IN(L).
The mput signal change is amplified with a
factor K if the nput signal changg isless than
DEADR
i OUT(t=OUTE-TS)+K (1) « AIND-OUT(-TS)),
that 1s, an output'signal change which is
dependent on the difference between the mput
signal and the output signal of the previous
sample. This.function correspondsto a first
ordeér filter.
| RAI\{P ‘Ramp ‘function | IN. PSLP, | The output signal is calculated, with respect-to
RANIP{RAMP function) is NSLP, three different-cases.
used to limit the speed of PSTP, IN(D = OUT(-TS)
changeof asignal. The.output | NSTP, TS, | No changes.and the output signal is equal to the
sighal can bé limited to limit MIN, input signal '
values specified by inpat-MIN MAX, F, IN(t) > OUT(t-TS)
and MAX. . The balancing CF OUT(1) = min(I(t), PSLP(OsTS + VP(-TS) +
furiction permits the output PSTP(t))
signal to follow an:external IN() < OUT(L-TS)
rgféignQé: The main property- of OUT(Y) = max(I(t) , SLN(t)*TS + VN(L-TS) ~
2 RAMP: function is that the NSTP(t)
output:signal follows the ifiput. where
| signal while the input signal i VP(1) = min(OUT(t), VP(-TS+PSLP(t)-TS)
né'iacharjged miore than the value VN(t) = max(OUT(1), VN(t-TS)-NSLE(1)+TS)
| ‘specified at the step:inputs.(STP .
‘a'rfd,eSTN)-. 1f the input signal is
changed more thar.so, the
‘output signal is first changed by
SI‘P or ST - dépending on the
direction of change and the by
SLP-or SLN —per second until
the value at'thé input and dutput
[ |areéqual “ \ v
1 FUNK ' -Fﬁnctﬂion.generéiorr IN. The-output signal is calculated asa piece by
“FUNKe(FUthidn.genératbr =1 | TABX), piece linear function determined by TAB(X)
‘TS_; MIN, | Foreach X-valuean TAB there is 4. .

Variable) is used for generation
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| (profile) specified from.a-start
ime: The output signal cani be
lirivited to Himit valies specified

by input MIN;and MAX. The:

.balancing function permits thie

Guitput-signal to:follow -an

‘external reference..

of an optional function-of 1 i\/LAX; F. cor’responding Y-value. The output signal 1s
“variable, y = f{x). The function | CF ‘¢alculated by means of interpolation between the:
is described by a-number of co- two Y-values corresponding to the two N-values
ordinates. Linear interpolation in'TAB which surround the value of the input
15 used for values between these: signal IN(t)-
co-ordinates. The output-signal OUT(t) = TAB{IN(D)
-can be-limited to limit values:
| specified by input MIN and Tf the, input. signal 15 outside the range defined by
MAX The balancing function TAB(X), the cutput signal 1s set to the first or
| -permuts the output signalio Jast value in TAB(X) which is nearest the value
S . follow an-external reference. = |, | of the input signal. IN(1).
' PR@F ) Profile generator: IN, The output signal is calculated as a picce by
' A fun¢tion generator time is TABT), prece linear function détermined by TAB(T).
: .'uS_é‘d‘:fép.generatmg a-signal, the S'TART? For éach T-value in TAB there is a
value of which varies withitime | RESET, corresponding Y-value: The output signal is
" | in‘accordance with an optional | HOLD, ‘célcul'{_ltea'-l‘jy- means of interpolation between the
function, Tt is'used'ih DSTART two Y-values corresponding to the two T-values.
app1i¢ation$ in whichaprocess. | EN, TS, m TAR(T)-which are nearest the value of the
|-signal is to be coﬁtrollg&dn “MIN;. | internal fime. When either START or EN is set, ,
accordance with a "MAX;, TS, | theinternal timing: Internal time stops when
;predetérminéd-’sééwehqe: F,'CF HOLD is.sét or EN is reset.

-'When START. or EN is set TRUE internal
-| timing commences ‘and tgrapy 15 set to t,

OUT(1) = TAB(ttsrart)
When HOLD is set. TRUE. or EN is set
FALSE.

"OUT(1) 1s frozen

Whén HOLD is set .FALSE.
-QUT{(t) coritinues to follow TAB
| When RESE'I is set . TRUE.

Internal tinie is reset to zéro and OUT(t) =
TAB(0)

DST ART m ay"be used toreset the internal
timing tsragr to t when disengaging the
following function. The output signal will be

| frozen uritil OUT(t) = TAB(t-tgars).

| mionitoring of réal numbers..

|- OMK. ‘Switch IN1,IN2; | GATE is FALSE. = OUT(t) = IN2(1).
1 ‘OMK isiused as;a connéction | GATE, TS, | GATE is TRUE. =>OUT(1) = IN1(1).
élefent fordata. The outpuit MIN, MAX
-signial can be limited to limit
| valués spécified by input MIN
1 GVB ! fL’i:Jnite.f'wiﬂi»‘hy'sfércsifs IN, }HGH, ) 5H>fsteresiSJCén not be explicitly given, but are set
: GVB is tsed for linitvalué LOW; TS |-to thedifference between HIGH and LOW.

HIGH >=1OW

'WCAP-17079-NP
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OUT() 18 . TRUE. when TN(t) is greater than
HIGH

OUT(t) = FALSE. when IN(1) is less than LOW
HIGH <1L.OW

OUT(t) = FALSE. when IN(t) 1s greater than
LOW

OUT(t) = TRUE. when IN(t) is less than HIGH

| to limit values specified by

M2G 'Alwl_ea_s\t two gate TNy, TN, Determines 1f at least two of INy(1), IN,(1),. ...
M2G 1s.used to determine when | .., TNy, INy(t) are TRUE.
‘| at least two Boolean signals are | TS, MIN, If that 15 the case, OQUT(t) = TRUE.
set. Theoutput signal can be MAX
limited 1o limit values specified
A by input MIN and MAX.
‘ MVV Midvale selector Ny, TN, One or three input-signal(s)
1 "MV V is used to calculate the N3, INy, OUT(t) = 15 set to the middlemost nput signal
|median-value of a maximum of | TS. MIN. value.
four input signals. The output MAX Two.or four mput signals -
| signalcan be limited to limit QUT(t)1s ealculatéd as the arithmetic mean of
“values specified by input- MIN the two middlemest input signal values.
: “and MAX.
| SuRM | Adder ) IN,INa, | OUT(E).= INy(®) + INy(t) #, . + IN(1))
SUM 1s-used for addition of an .. INN,
optional number input values. TS, MIN,
iv.Th‘c output signal-can be limited | MAX

‘canbe limited to limit values
j,SvaQiﬁ'C'd By input MIN and

S inptxt.MIN and MAX. . _
SUB ‘Subtractor INy, IN,, OUT(t) = INj(ty - INy(t)
) SUB 1sused for'subtraction of TS, MIN,
two inputvalues. The output MAX
“signal ¢an be limited to limit
values specified by input MIN
| ald MAX:
TMULT | Nmatiplier ING TNy, [ OUT(®) = INy(t) « INy(t)... » INy(D)
S MULT used for oo INJ.
iniﬂtipl_icjation of an optional TS, MIN,
‘ntmiber input values. The MAX
| outputsignal'can be limited to
limit values specified by input
| : MlNandMAX
{Div | Divider Ny, IN,, |- OUT(t) = INy(t)/ INy(t)
- DIVis-ised for divisionof two | TS, MIN,
| 1nput values. The output sighal | MAX

October-2009
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AND AND gaté IN,, TN, B‘ogiean_- algebra notation
AND is used to form general ... Ny, TS | OUT(t) = ]_1\'1;1»@‘:')‘»" ING(E) o @ H\]N(t)
combinatory expréssions with Theoutput is only set to . TRUE; when all-input
Booleari variables. | signals aré setto ., TRUE...
OR OR.gate Ny, N, Boolean a[gébfa notation
OR is used to form general -, Ny, TS | OUT{1) = INj(t)+ INy(t) # ... +INn(t) ‘
combinatory expressions, with The output;?i_é:sét!t_o .TRUE. if one‘input signalis
Boolean variables. TRUE. . '
NOT Inverter | IN, TS n algebra ng
NOT isused for inverting 'OUT(t) = IN(L) _
Boolean variables. ’The output isisét to. TRUE if the Anput: 51gnal i§
SR Set/Reset switch ‘ SE"I OUT(t) = TRUE lf SEl —?\‘,TRUE ‘at. the same
SR (Set Reset)is usedas a- RESET, TS’ | time: :
memory for Boolean vanables. |- .
DELAY | Delay element IN, TDON,
Time delay on and off of TDOFF, Z 3 hka delay of TDON seu
Boolean variables for use in’ TS When lN(t) changes from: TRUE. to F ALSE
connection with combined ' OUT(t) = FALSE. W1tf1 a-delay of TDOFF s66.
A .| expressions. : : e -
MAX | Maximizer N, N, | OBT(= m’aw(INI(r) INz(t) RO
MAX is-uséd to select the oy NG, .
largest val'ue':’(‘)f.an optional TS; MIN
number of inputs. The output MAX
signal-can be limited to limit
‘values specified by input MIN
MIN | Minimizer Ny INy, | OUT() = min(INi ) TN TR
MIN is used to select the: ,]NN, ' - '
smajlest,valu_c of a_n‘opt-ion__a'] TS, I\/I[N,
number of inputs. The output MLAX
Svigna-l'(_:an be limited to limit
valués specified by input MIN
|-and MAX. . | 3 » :
COMP | Comparator INI, TN, [ If INI(ty> IN2@), => OUT() =.TRUE:
COMP (COMParator) is used to | TS ,Ilel(t <=IN2(t)=>OUT (), = FALSE:
compare two values. -Output M ,
, ‘signal is Boolean. | L
ALARM | Alarm N
ALARM is a comparator of two. | ABOVE,
-values used with a priritout BELOW, |I0ABC
“function. ‘Output signal is ALARM, | IfIN(@)>-ABOVE ,ALARM is printéd
Boolean. TS If BELOW:is: glven
' _If ]N(t) < BELOW ALARM 1§ prmted
OUT () = TRUE. if ALARM has ‘been: prmted
WCAP-17079-NP October2009

Revision 0°
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-~ ABS Amphfier with absolute value N, K, OUT() = K(1) » abs(IN{1)
output MIN,
ABS 1sused to form the MAX F,
absolute value of the input CF
signal. The absolute value can
be multiplied with an optional
value. The output signal can be
Timited to hmit values specified
by input MIN and MAX. The
balancing function permits the
output signal to follow an
: external reference.
: SIN Sinus generator AMPL, When START 15 set FALSE. OUT{t) = AVER
: SIN (SINus generator) is used FREQ, When START is set . TRUE. tgragr 1S set to-t.
to generate:a sinus oscillation. AVER, OUT() = AVER + AMPL= sin(2% * (t- tgyary) *
The output signal can be limited | START, FREQ)
to limit values specified by TS, MIN,
, input MIN and MAX. MAX
: T R | Triangular wave generator AMPL, When START 1s set FALSE. OUT(t) = AVER
TRI (TRIangular wave FREQ, An ongoing wave will continue unti] the AVER .
generator) is used to generate a | AVER, value is reached, the output signal will thereafter
triangular wave oscillation. The | START, freeze at value AVER. i ’
output signal can be hmited to TS, MIN,
limit values specified by input MAX When START s set TRUE. tgragt1ssettot.
MIN and MAX. X=mod(t- tgrarr . 1/FREQ)
If X<1/({4-FREQ)
OUT() = X /(1/(4+-FREQ)) * AMPL +
AVER
If X <2/(4+~FREQ)
QUT() = - (X - 1/(4~FREQ)/(1 /{4~
FREQ)) * AMPL + AMPL + AVER
If X<3/(4+FREQ)
OUT(t)= ~(X~T/(2+FREQ)/(1/(4*
FREQ )+ AMPL + AVER ’
otherwise :
OUT(t)= X-3/(4-FREQ))/(1/(4+FREQ"
7)) * AMPL - AMPL + AVER :
: RECT Rectangle wave generator AMPL, When START is-set FALSE. OUT( = AVER
RECT (RECTangular wave FREQ; When START is set . TRUE. tgyagpy is set tot.
genératoryis used to. genératea | AVER, X'= mod(t-tstary . 1/FREQ) - 0.5F REQ.
rectangular wave oscillation, START, If X <0=>FX=1,otherwise FX =-]
‘The output signal can be limited | TS, MIN, | OUT(t)= AVER+AMPL + FX
‘to limit valies specified by MAX
input MIN and MAX.

“WCAP-17079-NP October2009
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input signgl. The reésult canbe
multiplied with-an optional

| value. The output signal canbe

UNI Uniform noise-generator A B, The generated noise is uniformly distributed
UNI (UNIform noise generator) | START, between A and B. The noise generator is '
is used to generate uniform TS, MIN, started when START i1s set to . TRUE.. If
distnbuted noise: The output MAX START 1s set to .FALSE, the noise
signal can be limited to himit generator gives the average value (A + B)/2
values specified by input MIN as the output. 1fthe generator has been
and MAX. started and the start signal is set back to

FALSE., the genéralor will immediately
stop generating noise and the output will'be
the average value (A + B)/2.

NORM Normal noise generator AVER, OUT(t) =normal distribuied noise with an.
NORM (NORMal noise SIGMA, average value AVER and a standard
generator) 1s used to generate ANT, deviation SIGMA.
normal distributed:noise. The START, NORM is started when START is set'to
output signal can be limited to TS, MIN, .TRUE. , -
limit values specified by input MAX If'START is set to .FALSE., OUT(t)=
MIN and MAX. AVER.

- ANT denotes the number of random values
used for generating cach sample of noise:
) PRBS PRBS noise generator A, B, OUT(t) = pScudO-random binary sequences
' PRBS (Pseudo Random Binary | ORDER, (PRBS). PRBS generates a signal which is
Sequence generator) is used to START, either A-or B.
.generate PRBS. The output TS, MIN, PRBS is started when START is set to.
signal can be limited to limit MAX .TRUE.
Av‘élue,s ;'s‘p;eciﬁed:by input MIN If START is set to .FALSE., QUT(t) = 0.
N | and MAX. ,
| SQRT Square-root function IN K, TS, | OUT(t) =K(t) » sqrt(IN(1))
: SQRT (SQuare RooT) isused'to | MIN,
calculate the squaré rootof the | MAX. F, Ifinput signal is léss than-or equal to zero-
input signal. The résultcanbe | CF -OUT()=0and ERR(1) = 1
multiplied with-an optional
value. "The output signal can be
Timited to-hntit-values specified
by input MIN'‘and MAX. The
balancing function permits-the
outputsignalto follow an
“extérnal reference.
EXP Exponential. INLIN2, | OUT(1) = IN2(t) exp(IN1(L)-
“EXP(EXPonéntial) isused to | TS, MIN,
“caléulaterthe -ékponenfialof the | MAX
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limited to_hniit values specified
by input MINand MAX.

BUMP'

Pump function

PUMP calculates pressure setup
as a-funétion-of flow and
angular vélacity. The pump
curve- is:specified as a table with
pressure setup. (Y) versus flow
(X). The input signal RPM
shall be norsm alized-50 that the
maximumi-angular velocity is
10,

RPM,
FLOW,
TABX),

TS, MIN,

MAX

DP(t) = RPM » abs(RPM) « ( Y1+ ( FLOW /
RPM - X1.) = (Y2 - Y1)I(X2-X1)

For each X-value in TAB there 1s.a
corresponding Y-value. The output signal is
calculated by means of interpolation between, the
two Y-values corresponding to the two X-values
in TAB.

WCAP-17079:-NP *
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3.11 LIMITATIONS
Within SAFIR the following general limitations.arc.applicd:

o Asignal can only bé connected to one single outpuf
o Amodél iust have at 1éast one input signal

* Aninstance 6f a:component must have a unique name:withit a model

WCAPR-17079-NP < October-2009
- Réevision0’
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4 COMPONENT VERIFICATION AND VALIDATION PROCESS
41 INTRODUCTION

The addition of a component to SAFIR follows the: Westmahouse standard quahtv assurance pr 0Ge8sSes
both-for thé nnplementatlon verification. an(l vahdatl on; When 1equ1red '

Coniponents that may be added bv the descnbed procedure shall onlv consist of @ stmple transfer
Tungtion.

An example of verification fdf‘a,‘componfaﬁf"i‘:‘ig"ﬂ.hé&i_f'f!}%‘ift! Secﬁon44below
42 VERIFICATION

“The: WestmOhouse deﬁmtron of: venﬁcatron 1510 sHow’ the funcuonahty of the component and'to ensure
that the component fulfills the requlrements

Once a component is de’ﬁned:and implem’ent‘ed‘ ithas: t'o’b' fified. T : nﬁcanon 4% des1gned toshow
the: 1mp1ementatron of the componentis'in agreement with ,efuncnon _requn'ements and the-algorithm’
1s correctly’ unplemented

For simple componenls €. g an AND gate of a SUI\/I component only a sma]l setof venﬁcatlons are
needed. -

For’ more complex components the v ¢rification becomes: more extenswe to Venfy the funch onahty Such
Venﬁeanon cAn. c,onsmt of compansons W1th :

e Theoretical solution

* C{dd'e:t"o:eode..-.ébmpgrison; -

¢  Other methods of solutions
43  VALIDATION

The. Westmghouse deﬁmtlon of validation i 15 to show the component behavmr coincides with the
reference data, e.g. measurement data ' : :

Validation is vonlyj.requ'i‘red- for complex componénts which are émpirical or designed to fit measurement
data. Such validation will be performed using: comparisons:to measurement data;

WCAP-17079-NP - | | " October 2009
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4.4 VERIFICATION EXAMPLE
4.41 PI component
4.4.1.1 .FUHcti011 :

Component Pl is used to-give a'proportional effectand anintégration-éffect. The output signal will be
constant if the input signal is 0. The: -output si gnal cari'be limited thhm lnmtwalues The balancmg
function permits. the output si gnal to follow: an-extérmal refelence and permits a:smooth and bumpless
retumn to the normal finction. '

ermits the mtegral gection (portlon) of the
ceeps: the output, 91gnal at ‘a.constait level:

L

N
— MAX
- TS

Figure 4-1 the~Pi compo’héht

IN représents. the mput s1gnal name or value K can’ be ’sed for: ampltﬁeanon 1f needed TI 18 the timé-
constant fof iftegration. TI'i§ not allowed tobe sina ver an TS, andif TI RS TS TlLis 'tutomaULal]y set
¢qual to TS, CF is the logtca] sxgnal natiie that in tjé‘t‘ followmg__.IfCF isiset to 1 (TRUE.); the
component 1mmedlately starts to: foll ow the reference va f e"i"put F and the output isisetto the
wvalue of the input F. If thevalue: at F 1s not w1thm the. output s1gnalilxmlts the output is:set to the limit
value conceined. On teturi to. the normal function; the valu‘ of. output during the last sample i in

followmg, remains during one: sample t1me -after vhlcfl'mteglf onwill be! performed from: this-value: TS
denotes the. samphng time (5): M ‘(’;specxﬂes thé:maximmim value of the; output: 51gnal and MIN speuﬁes
the minimum-value-of the: output signal:. QUT: is.the: 10utpL sigal. - The.transfer function, G(s); for.the PI
component is: ' , ‘

G(s)=K +-
() STI

WCAP-17079-NP October 2009
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4412 Requirements

“THe requirements for this component are as follows:

44.1.3  Verification.

Forthe ?‘I%oomponong twossgparate time-dependent verifications were performed. Thefirst verification
tested the function as a‘time-dependent o@séi.'\aziih:~’tﬁ§:o;_")_t_i’oﬁal}'fo,ll owing-option engaged.

: The second verification: tested the: component inia. hme dependent case without the following option
: nﬁaged Botii: posm\'e ancl negatlve numbe
“WeETe. also used 10t the followmg optlon on T oif In‘choosing: these two verifications,.all relévant
-‘aspects of the: componcnt were able io be: acourately tested.

eré mcorporatul into-the test cases. Boolean numbers

A 4131 Time-Dependent PI with Following =~ Timé Constant Test

.'The PI oomponent may be: executed as‘a: t1me-dependent fundtion with followmg Three signals were
’created Ay C and%D They changed over-a: ﬁve-second penod ‘See Figure 4-2 and Figiire 4-3,

» f'§i’gna1 Awas fe_ciﬁmo,the fiﬁpﬁtgcbnﬁect‘ar (IN’Q).,

The il;fnpl;.ﬁoatl,onﬁﬁ(;lx);was held ponstan1~a}teul‘;\;anc:l?,tl_le out_pqt (omput_-oonnector'()UT) was.initialized to 0.

- WCAP-I7079:NP- Octobeér 2009
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Figure 42  Signals A and C’ Figiire 4-3-  Signal D'

Also tested in this verification were the maximum (MAX) and: minimum. (MIN) output limitations, as
well as results for setting-the time constant (TI)for integration to a valu¢ that was1éss than the-samplifg:
time:(TS): The changé.in. T occurs at 4.5 seconds. No slopeé changé in.the output occurs at this time, and.
therefore the req_uiremen‘ﬁ that. TI must not'be less thian TS issatisfied.

Graptiical restits for this time-dependent case with the following option cantbe foundinFigure 4-4-and
Figure 4-5. )
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PI controller with following

Figure 4-4
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4.4.1.3:2 'Time-Dependent PI without Following:

"The PT component riay also be executed as.a time-<dependent function without following engaged. Two
signals A and B were: generated as shown in Figure 4-6:
* Signal, A-was connésted to the.input (input connestor IN)-

The tiine constant for integration (input connéctor TI) was held:constant at 4. The.cutput (Gutput
connector OUT) was initialized.to zéro:

1 e ———

I - —,B‘ |

.-1 T LS W

A and B
(e ]

2
B4 ;
0 2 4

time

Figure 4-6  Tnput signals

Graphical resillts for this case can be found in Figure-4-7.
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4.4.1.3.3  Analytical'solution of PT

The implementation of the PI component in:SAFIR was vetified by compari'r}guthc‘outpﬁt from SAFIR to
the analytical solution desctibed below, using the. two input.signals-A-and B as-shown.in Figure 4-6. The:
.used algorithm is:

OUT(t) = K(t)+ ( 1 + TS/ TI) « IN(t) - K{t)-» IN(t-TS) + OUT(t-TS)

3;

Pl iFunction

1 [#- - Analytical Solution
2] \\_} — SAFIR"Soliition

T imze.(s'_)'.

Tigure 4:8  Pl-controller-without following
4.4:2 .Conclusions for P1

After the completion of the verification, it has.been détermined thiat the. PI comporient perfofms as
expected. All SAFIR solutioris were in agrééthent with the expected-analytical solutions:

"The performed verification cases. are sufficient 10 cover:thé requiréments. for. this function,

WCAP:-17079:NP .Q¢tgbgr{jgog:
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5 MODEL DEVELOPMENT VERIFICATION AND VALIDATION
PROCESS

51 INTRODUCTION

The:generation of'a SAFIR model follows the Westinghouse: standard quality:assurance processes both for
the.impleméntation-verification.and: validation when ’,r_e_*,quire_d‘.

Th’i“ processis almost: 1dentlcal with the vertfication: and vahdauon ofa “‘component with the'exception
:that'no: soﬂware upgrades are mvolved: smce models: are. biilt enure]y through code inputs.

“The process;for SAFIR model development consists of ihres nidin stéps:

*  Developiént.

& - Neiification:

o Validation'

aniiterative process whete feedback from verification and Validation:stéps may réquire:changes in
......... ¢lopmnicnt phat '

AExamples . whlch the: de\,elopment Venﬁpatlon ‘and: vahdatxon process iss used for different'models are
'shown e Secuon\&:

52" DEVELOPMENT
Th iodel devélopment process consists of thie following steps:

- Requir¢ments

@ E esued funutlonahty mcludmg posstble mtended conservatlsms
& leltatlons and: assumptmns '
‘0 ‘Communication with adﬁ"ﬂ‘ tsystems
o ‘Communication with the transient éodé.

o Design:

Tmplementation

o

53 VERIFICATION

The Wcstm,;,house deﬁnmon of: venﬁcanon is to: show the: functlonahty of the model andto. ensure that
thie model»fulﬁlls the: requlrcments

Anexample:of how a Verification processis p_erféni;éd,‘f’drt & tirbing controllet i s shown in Section 6:1.4.
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54  VALIDATION

“The: Westinghouse de_ﬁjj__i't_ion'-6f:"\(;ili_dati0n;_';ijs 10:show thé'model béhavior compared with reference data
like ¢.g. measurément data.-

Vahdatlon of models i8 performed against available. data and code'to code comparison, for instance with
‘the mformatlon presented in, the FSAR Reuorded plant data dunng startup iests or:operational
occurrences. are used when ava1lable

In Sectlon 6.1.5 the: vahdatlon process is 1]lustrated for-a relatlvely complex system; the: turbme controller
model.. The reactor response is: simulated Wlth boundaly condmons 1.6, withont-any feedback froin the-
'BISON code,

In Section 6. 2an- example of vahdat]on usmo dxffercnt reactor ‘parameter setpomt disturbances from
‘startup’ tests -using.. BISON and multlple control syslem modelsixs glven
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6  MODEL VERIFICATION AND VALIDATION
61  TURBINE CONTROLLERAND VALVE PROCESS MODEL
6.1.1 Introduction

“The BWR [ ? *Cin Sweden began commercial operationin 1985 In 2001 the pressure.
‘controller was réplaced: ‘Before: startup.a test program was performed in’ order to. demonstrate correct
functionality.. One of the tests: performed was a.load reJecuon thatis useddor the validation:of the
pressure control system. Th odel desci‘x b ed 1n=-th1s section cons1sts ofithree” coupled SAFIR models and
‘serves ds.an example of model réquirenicn ts;<desigh; verification and validation to.demonstfate:a
procedure to- qualify a todel for use:. - '

Basic plant dataifor | ] are compilédiin Table 6-1.
Table6:1  Specifications of [ 1%
1300 MWt (109 3%: )

Reactor Therinal Output
Reactor Pressure :

Steam Flow . :
Core'Flow’ 13 IOO;kg/sec
Number of Fuel Assemiblies. 7000

Number of: Con’uol Rods : 169 , -
Coolarit'Recireulatior Aps:

Control Rod Drivé"

reheater control va]ves and the capa > ty tnmmmc control valve $¢e Flgure 6= 1

The tufbine controller uses nicutron f
process model calciilates stéam 10w

vhrough valv(__v sina. steam 11ne model

The perfm mances-of the models are: best estlmate accordmo to-the.av, allable data and manufacture
'mfonnatlon Fhe mode]s have predeﬁned malfunctlons that can be trlcgered from: 1nput -
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MOHRV VAS
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MOHRV VBS
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HTRV VA1
PG~
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VA2
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DDt
- DRV
>I—><t
VA3
Figure 6-1 Process. _

6.1.2.1 Requirements

The model for the [

] plant includes a turbine controller, valve process models for high

pressure valves, bypass valves, reheater valves, capacity trimming valve, and ong-simple turbine model.
The turbine controller model -and-valve process models are-modeled with clearinterface. The turbine
control model’s structure and extentis briefly shown in Figure 6-2.

Speed Controller

Stearn Flow Distribution

Valve Characteristics

Pressure Controller

Figure 6-2 Brief controller structure (model)

Valve:Characteristics

—¥ Valve Characteristics

L)

" Reheater controller:

" Vilve.Characteristics

421-VA1 (HTRV)
421:VA2{(HTRV)
421-VB1 (HTRV)
421-VB2 (HTRV)

421:VA3 (DRV)
421:VA4 (DRV)
421-VB3 (DRV)
421-VB4'(DRV)

421-VB6
(VHBPRV)

421-VAS5 (MOHRV)
421-VB5 (MOHRY)
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6.1.2.1.1 Turbine control-model

‘The nirbine controllér model 1§-analyzed to handle the following situations of operation:

6.1.2.12

The valve process todel inclides:the following valves:

.

‘Full turbine speed.

Events at nominal reactor pressure-at load

which start: w1th ‘capacity trimiming- Gontrol' valve closed (ncutron ﬂux & 102 %)
which-start with capacnv trlmmmo conirol-valve open’(neutron flux >: 102 %)’

Disturbance of reactor. pressure or power.

Valve: process modéel

“High pressure:turbine control:-valves (HTRY),

High prossure:turbing stop valves (HTSV)
‘B.V‘p@S;S'\C'O;l‘f{i)lfy@li\f¢§‘@RV )

‘Bypass blockage Valves (DBVY

Reheater control vilve (MOHRV)

Reheater stop valve:(MOHSV)

‘Capacity. triﬁuhing‘ cohtroi?vm-ilve- (VHBPRV)"
.'Capacny tnmmmg stopvalve: (VHBPSV)

valve by usmo the: deﬁned valve gharactensncs

?Pr¢ssur¢,-9:9ntrol witlihigh pressure control valves-and capadity. trimming: éontrol valve

‘Pressure control With bypass control Valves. Those arerequiréd for example at turbitie trip or
inadvertent ¢losureof one.or more high pressure control valves.

"The valve: process modcls are’ capable of comertmg des1red valve posmon (setpomt) to flow through the

The valves should be modéled individually. with regards to.capacity, chaacteristics aid stroke time.

Disturbance of md1v1dual valve: Behavzi\of cs'hl'cilll}béépb‘_ssiblé. :

6.1.2.1.3 T'uribizne model~

The turbine fodelis desigtied to calculate:

*

Genetator power

‘tTufbihg speed chiange atload rejection.

WCAP-17079:NP
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6.1.2.2 Assumptions and Limitations

Assumptions andlimitations in the-turbine control model-and the véi_ly_e_.’prﬁpgi'GSS"'ftib,delS'.afe:

6.1.2.3; Communicationand connectiiig systenis

6.1.2.3.1. Turbine control model

The turbine control model has the followingiinput:

o Pressuire setpoint (iarrow range pressire)

» Neutronﬂu,\

¢ Tuibinespeed

*» “Tuirbine protection logics; turbine trip; bypass blockage,

The turbinié control model has followin g oufput:

» Setpoints for conirol valves

Connecting systems which.communicate, with the turbini¢.controlimode

e “Turbine (SAFIR model)

. “Sieamg.l’iﬁes»(BIiSQN model)

* Neiton flux measifement (SAFIR model)
& Instruimentation.in thé-reactor vessel (SAFIR mrodely

»  Turbine proteciion system (SAFIR model)

The model descriptionin:Section 6:1:3.1-gives a more/détailéd-déseription how the-tarbine control model
is.communicating and.is coritrolled by connecting systerns or. through signals from the user.

WCAP-17079-NP-- ' ~ October 2009
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6.1.2.3.2  Valve process model
The valve process-model has the .foﬂowing input?
e Signals from the turbine controller (setpoints) and individial valve characteristics for control
valves
e  Signals from the turbine protection system andvalve characteristics for'stop valves.
® Manualvalve control signals for cotitrol andstop-valves.

The valve process model has-the 'fol'lbwi'ngou_tput\:&

e Valveflows
o Valve positions

»  Valve status user i_nfOrmation (Oparf/clqs,ed)i'

»  Steam lines (BISON model)
o Turbine protection system (SAFIR model)::
.o Turbine controllet (SAFIR model):
61233 Tur bine model ‘ -

The turbine model has the following input:

e Steam flow through the_.hi’gh;_i)_rq's_s}itetﬁfbfiﬁéﬁééﬁﬁ(?iif/?i,il\_/féé?
., Tl_nfbine,.])roteclivon‘*]'.og‘ics_; ioadirejqcﬁonj B

The tuibine model has. the fblibsving outf)}lg;;

° Generat’qr power
e Turbine speed

Connecting systems which communicate with the:furbine model.are:”

¢ Stéam lines (BISON-model)
* Reactor power controller (SAFIR modeI)
e Turbine controller (SAFIR model)

6.12.4° The'functionality of the-inodel
The turbine control mode! anid the valve procéss iioddls arertised for the following functions:

s Control, closure-and opening of individual coritrol valves

» Closure of individual stop valves

WC AP—]7079-NP 7 Q@tdﬁé} 2009
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The turbine control' model and'valve process models aré able to handle load rejection, turbine trip and
turbine:trip without bypass including failure.of one or morg valves..

The turbine:modélis limited to calculate:

s Géiiciator power 1o the power controller:

o Turbine speed to the turbine controlier at load fejéction

6.1:2:5 Verification and validation of the model.
“The modél has been verified:against following events:

» Neufron;flux disturbance
s Pressure disturbance.
. i’?r?ssgire fse_.tfpoji’r:if:d‘iétuiﬁéigé &
+ Tuibisie frip |
« Vedification of turbine modél against BISON and load rejection fests
. ’Tﬁfbii;_e,.ftﬁpvw.ifﬂi‘o‘_ut‘fbypas‘s; _ |
o - Inadverterit closure of a high pressure turbine controlwalve
o Inadvertent opefiing of a bypass control valve:
& Failure of a sinfovalve -
‘Only thig 5 iitial verification cases are preserilsd in ihis feport.
{The model has beer Validated againgt ifié following cvent:
» Load fejéstion test

“Thi o] fora patticular plant is normally validatéd apainst startiip tests and other plant-event data if
available. o - »
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6.1.3 Implementation of the model .
6.1.3.1  Description
Generally the turbine control model has flie same siriictire as the real turbine. controller.: Hence, jiis

relatn/ely simplé to. ‘under stand the- desxgn of the model from thc graph:cal presentation of the model in
Figure 6+ 3 and the controller’s logic cucmt Extcnswn of the model funmonahtx is possible due to the

degree of detail included in the model,

WCAP17079.NP - | " Gictober 2009
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Figure 63 Turbine Controller
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The turbine controller consrsts of.two-control channels. Each-control channel in‘the turbine \,ontroller
includes pressure- controlle1 speed/power controller steam flow: drstnbutor and- Val’ve charactensncs
Only one control- channél is modeled in-the-turbiné: control. model The.sampletime-in the. controller s 20
‘lTllllJSL,COIllds.

The tuibine controller conﬁolégitl)e:,‘ljlgh.vpvress'ureturbirfe«cont'r"OIY;TValjves (HTRV), bypass centiol valves
(DRV); reheater control valves(MOHRV), capacity trimming:control valve (VH__BPRV})»andf’losvﬁpre‘s'su_r_e;
turbine control valves "(LTRV‘)'in‘ ad 1if ion‘tocother eonipone'n"ts' Only control function of the" control
valves is modeled in the turbiné ¢ontrol model The turbine control model: consequently controls the.
following valves: '

+ 421VAL, 421VAZ, 421VB1 and 421 VB2 (HTRV)
s 421VA3, 421VA4, 421VB3and 421VB4 (DRV)
o 421VAS ancif-dél'VBSt(M@HﬁY) \

. 421VB6(VHBPRV) |

The different sub. models in the turbine control model'are further déscribe d below:.

6.13.1.1  The pressuré controller

‘The pressure contr oller eonsrsts of’ ,Wrde range pressure controller and 4 NAarrow range;pressure
controller. Only ihe: narrow rangeipressurecon vroller is modeled The NATTOW range: Pressure. controller 1s
a PI contioller: w1th a neutro_ g ﬂux feed forward

owi ing mput slgnals NAITOW Tange’ pressure in'thé reacte

The pressure controller g¢
utput from speed controll er. and forced closure signal for

. .o . o e TR >
reactor power; pressure setpomnt;;

vessel,
y pass Valves.

Output srgnals from: the'pressure controller aré desired Steam, ﬂow trom'the reactor (BAFR), desrred
steam flow to me turbm¢,‘( BATT), ﬁltered reactor powu and: control; devratron (NERR)

Because.of the steam‘lme S Iength pressure changes could cause TESORARNGE. Sueh r'e‘s'onanc"e:::r'e’s\ul'tsfinfv

pressure wavesw: » s c'ste 501 > ]
prevents those waves’ fro ) mpactmg,the creatron of the desrred steam ﬂo v:from the react" The narrow
range pressure is ﬁ]tered hrough: th‘ 'team line resonance ﬁlter and créatesa control" éviation: by
subtraetmo the’ pressuressetpdint. The neutron ﬂux feed: forward congsists of filterec cutron flux, ‘where -
the tiime Constant of thie il 'orresponds to the time gonistarit-of the fuél Theé fe orward,_ whiéhi 18"
used to- speed up the contr power changes, 1s: added to-the PI: controller’s. output signa . The suiy
gives the desife‘d. ‘s"te_anj\?ﬁ’owafrom the reactor.

The ‘pressure: control]er dehvef‘,the desrred steam flow-to-the turbiné: Thrs signal'i is: formed Ihrough
selecting: minipmuny BAFR or'the output sronal from the speed eontroller \}desrred steam flow.o the -
turbine-is limited. between 59%4 3 A eorrespond to-aboit:
96.4 %. Tf BAFR. 110¢ o~;.bypqss valves Wlll
start to- open '
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The pressure controller is'modeled:as presented in »Fj\.g_ure‘ 6-4.

Figure 6-4  Pressure controller

6.13.1.2. Acceleration limiter-

The main task of the«acceleratxon llmlter 18 to protect thc turbm | gamst oV -spéed at load: re_]ecuon:
Figure 6~ 5 below shows a’ s1mp11ﬁcd 10010 cm;un for: the: acce]eranon ‘ mltc tising t_urbme speed
(V. ARVTAL) and turbme speed time: denvatwe (GRADIEA:,. )asiinput to: :’ enerate the’ acceleratlon .

limitations( ACCBEG)

Figure 6:5  Logic circuit for the acceleration liniiter.
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Two different conditions can make the acceleration limiter go in-operation:-

14 rurbme speed > 106 %
* turbine speed > 102 % and the rate ofespeed change >15 Hz/mm

The aucelerauon limiter is presented in Figure 6- 6:. The rate is: calculated with' help of thrée mteorators as.
shown in. Figure 6-6,

Figure 6-6.  Acceleration limiter

The-acceéleration limiter gets the: followmg inpyit- ‘ngna]s “fiitbit g-spee i, desired steam flow from ‘the:
reactor, desired steam. ﬂow to the turbifie, turbme tr1 s1gnal and turb o off 10ad 31gna1 Turbme
overspeed is detected and the speed controller 1§ mot 1tored’based ori the input'signals.

‘Output:signals fromthe.acceleration limiter. alefﬂteredturbmespecd and’a nifiber. of loglcal signals-to. .
the speed.controller:
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6.1.3.1.3 Speed/power control_l_er

The controller’s main task is to control the stéam flow. which can ',"e recelved by the turbine. The.
speed/power controller consists of a power controller;. whjch controls using the: steam; low from the:
turbme as input, and a speed controller which: controls using turbme speed as mput The output 81g11313
from the controller are:summarized to a'load setpomt which ‘goes 6aPIP. controllér: 'he output from the.
PIP controller is at full load above desired steam. ﬂoy,v from the: reaetor and is:then’ deselected ina
minimum selector which gives the-speed/power.controller’ _soqutput signal. Hence; at, fullload the. sétpoint
from the speed /power controller is.identical to the!setpoint: fromith¢.préssure controller.

Figure 6-7  ‘Speed/power controller.
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6.1.3.1.4  Steam flow distribution and reheat_er c‘(_mlrol‘

The task of the steam flow distributor is to. distribute:the steam flow. from’ the feactor between the turbme
control valves. The steam flow distributor has three, input: s1gnals from thepressure: controller

e desired steam flow from the ieactor (B AFRY:
e desired steam flow to the turbine (BATT)
o filtered reactor poﬁver=(APRl\TFil_ter})f.>.

The output signal from the steam-flow distributor is:

e desired steam flow to the hi gh-pressi;re.=mgbin¢, controlvalveq(BATHTRV)
o desired steam flow to the to bypass (BATD) .
s desired steam flow fo the .capacity- tnmmmo control’*valve (BATVHBP)

T he capacity (rimming control valve. opens to 15% posmon at’ lQ7 % réactor: power and takes over the

pressure control from the high, _pressure turbm S contiol alves: When:the power is. below 101'% the
capacity trimming control valve is closed and ‘contolis-only made with the high pressure tuibinig control:

valves. ' / ' ' o o T

Power changes which lesult in.a more:permanent¢ chanoe of the: 'steam ﬂow areslowly 1echstnbuted from

the capacity trimming control yalve to: [he hloh pressure tu1= ine control valves The capacny‘mmmmg

high pressure rurhme contro] valves

If the input signal for desired steam flow to thé turbife 56
reactor, the desired steam flow is momentanly redlstnbutef §0) 0% _Yj hish
to the: bypass valves.

The steam flow. di stril)utor model is: presentédin.Figure 6-8;
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Figure 6-8 Steam:-flow disfﬁbutor’

The control of the rdleater conitol ‘valves. is made:ina: separate macro: Wthh has the put i
steam flow to the turbine” and “‘setpomt for the reheater conitrol valves!. The valves start'to

and are completely open at 40 % of desncd steam-flow to the- turbme The output 51Dna1
the reheater control valves.
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“I'he reheater control model is presented-in Figure 6:9. ac

Tigure'6:9'  Rehieater conifrol modél

6:13:1:5 - Valvecontrol

The @f_bfiiéjf;:bht' et calculates zdesirédfste“am'ﬂé.wsf'to* the control valves which.are converted into
‘setpoinits (control:signals) to the control valves throughthe inverse valve characteristics (desired steam

flow.to valve position:setpoint) in the form of tables: The flow through the valves can not exceed 100 %.

“Thereis a common'model for controt of cach valve'type. See-also Figure 6-10. ae

;gigﬁ'rigscs:i@i 'ﬁV’éij_‘l,ve;éqh'trdigm6@;;»11{
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6.1.3.1.6° Bypass valve control

“The: bypass-v:ﬂv’e control model initiates closing of ‘thé;l‘)ypass,mntro] wwalves and has the following input
signals:.
s Desired:steam flow to the bypass (BATD)
»- _Bypass blockage with a-delay
Output signals dre: |
®  Desired’steam ﬂow to:the. bypass conirol valves: (BATDRV which is ideéntical to BATD éxcept for
bvpass blockage when lt 1§56t to.- 100 %)

Inthe model there.is ’al_so,;a<p'oss1b;] ity to-set:a delgy' forithe bypass ,blooig;;ge‘ signal.

Thie bypass valve coritrol inodel is présentéd ifi Figure 6-11. i

Figure 611 Bypiass valve control model
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Turbine controller initialization model
The steam flow distribution-model requires ﬁejlp:to.rg:solve initial-condition and the turbine controller
initialization model calculatesiinitial desired:steam flow from: the reactor, desired demand t6 high pressure
tuibine control valves; andinitial démand {6 the capacity trimming control valves. The turbine controller
iiitialization: modelhas the: following input signals:

o Calculated steam flow from the reactor

» Reactor power

* ‘Setpoints'to invoke the capacity trimming control:valves

‘Output signals are:

o Initial desiréd stcam' flow from the réactor
s TInitial desired:demand:of the capaq'i'tyafjjnmﬁ'ng4v;i.l‘,ves~
& Initial conditions for-demand to the high préssure fitbine ¢ontrol valves

tialization model is présentediin Figuie:6-12;

“The tutbine controller.

Figure 6:12  Tirbine controller initialization model
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6. fli.3;1‘;'7' Valve proceSs models

‘Thevalve: process models for control valves also include stop valves. Thesevalves ate not controlled by

the turbine conlroller but from the turbine: protectlon system. The valve process models consequenily

include the follm’v ing o valves:

L 48
B
v

“The graphlcal present“'\ '10115 of the models are glven in Flgure 6-13, qure 6 14, .and Fxoure 0> 1::.'

22TVALV2,42
421VA3V:

' "421VA5 VZ

A21VA LV, 421VA2V1 42 IVBIVI, 421VB2.V1 -(High pressure fhr‘b_ine control'valyes)
1VA2V2, 421VBL.V2, 421VB2.V2 (High pressure’turbine stop valves) -

1VA4VI, 421VB3.V1, 421VB4.V1 (Bypass control valves)

: 421VA3 V2 421VA4 V2, 4”1VB3 V2, 421VB4. V2 (Bypass stop valy es)

421VA5 Vl»»

;‘s

421VB5 Vl (Reheater control valves)
_;l-VBS V2, -G{ehcater stop valves)
42 1VB6 VI (Capamt) tnmmmg LOHtI'Ol valve)

.421VB6 N2 (Capa(:lty mmmmg stop ’valw)

‘Figure 6-13 - High pressure turbine control and stop valves.
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" Figiire 614 . Bypass.controland stop valves

a,0
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Figure 615 “Reheatér and capacity, trimming control and stop valves

a.C
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The control valves are modeled as a ramp device in senies with a low pass filter to simulate the dynamics
of the valves. The conversion from valve position to flow is made through the valve charactenstics. The
valve position can be fixed or be manually controlled by the user. The valves can also be requested to
open or close by a setpoint disturbance signal.

The stop valves are modeled only as time function (flow) specified by the user.

All valves are modeled with the valve model, see Figure 6-16. a.c

Figure 6-16  Valve model
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6.1.3.1.8°  The turbiné modél:

The turbine modéltakes the steam flow through the high pressure turbine control valves as-input and
calculates geterator power and turbine speed;

The turbine.model 'has‘s‘ﬁVéf\iﬁputﬁsi:gnél"s :

o st’e’a(mvéﬂgiw through each of ﬂl‘e_iz.fOUrphijg’h»p"r_essi;re turbine contiol-valves

° -I()afdfréj'_iec‘:ﬁonaéig“péklz

“This turbine model tias two output signas:.

o «gﬁnéir{itb;fﬁgwa;%: ’
'+ turbine speed (only caloulated at load:tejection; otherwise kept constint)

The-tutbing model is shown inFigure:6-17.

Figure 617 Turbine niodel
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6.1.3:2 Control

“The turbine. controller model-is:controlled through a number 6f‘inpuf signals. Dismfbance signals-can'be:
added to-the narrow range pressure, ‘pressure sgtpoint, and nevtron flux. within the turbine control model
Disturbance: sxgnals can’ also be added 1o each-valve: setpomt in:the Valve process. models

The turbine control 'model'is controlled through following input'signals:.-

¢  Disturbance signals for.narrow range pressure, neutroriflux; and pféssilfe,éctboint- .
o Change of setting: paraimeters. ( tlme constants;and: oams) to' the:model.

6.13.3  Input.

Input.to the’ modelqs oxven as'time constants, galns upper and IOWer 11m1ts and valve opemnﬂ and
€losing. charactensncs

6.1.3.4- Outpit,

“The outpui signals from the-model are flows though control-valves and stop valves.
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6.1.4 Verification of the model

The verification of the models was performed without BISON activated; i.e. only the SAFIR models were
executed. This means thatno consideration was taken to the plants résponse to a disturbance.

6.1.4.1 St‘ep in nettron ﬂ‘uX‘_(A‘PRl\'I)ﬂpitO 130 %-

At 10'seconds a step in APRM from 109 % to 130 % occurs (see:Figure 6-18). The other input signals.
are kept constant. The narrow rangg: pressure also remiains constant (see Figure 6-19). As expected an
increased flow from the reactor is requested (BAFR,; sée'FigUre 6-20). The. «capacity trimming valve is
requested to. open-quickly (BATVHBP see. Flgure 6-21) to. compensate ‘for the: rapld increase.in desired
steam flow from the reactor. Also the high: ;pressure turbine control valves are requested to open
(BATHTRY, se¢ Figure 6-22) but with a lower. speed’ than the capacity trimming valve. When the desired
steam flow from the reactor reaches the limit for desired stéam flow: to the turbine (BATT, sce Figure
6-23), 110 %, the bypass control valves are‘requested to-open.(BATD >0, ‘sé’é‘Fi’gui‘e 6-23). The capacity
trimming valve réachés its maximim value very | fast-because-of the stepin APRM. Since there has been
a static change of APRM there is redistribution between the capacity tnmmmg control valve and-the high
pressure turbine control valves, over time the- _c_apa,clty tnmmmg control-valve returns to.its _ongmal value.

At 90.seconds anothér stép in APRM' oceurs, from:130 % to 109 %. Asa resiilt the desxred steamn tlow
from the reactor rapidly decreases. The des1red steam ﬂow to the: capac1ty tnmmmg control-valve is then
decreasing fast at a:limit-of -3 %:. When the desired steam ﬂow from the- reactor reaches 110%, the

" bypass. control valves are closing (DRV $ée. Flgure 6-24-and’ Flgure 6-25). Pressure control is performed
with the high pressure turbine control valves (HTRYV; seée Flgure 6-26-and Fi 1gure 6-27) whenthe bypass
control valves and the capacity. tnmmmg valve havé closed: Becausé 1 no flow is passmg through capacity
trimmirng:control valve.( VI—IBPRV see, Flgure 6-28 anid. Flgure 6- 29), dcsued steam flow. to.the high
pressure turbine control valves is: gomg o be. shghtly above its orlglnal value. About 140 seconds after
the step-change the mtegrator s.output s1gnals in:thie steam flow dlstnbutor has reached the limit; for
‘redistribution which résults in that the capac1ty tr1 iming control valve opens and the high pressure:
turbine control valves close and‘later reach its. ongmal values. The reheater control valves are: fully open
during the entire perturbation’ (MOHRV seé Flgure 6-30 and Flgure 6= 31)

O3 SYSTEMS597 VE?IEICA?DNAPRM step 130%
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Figure 6-18 APRM (%)
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‘O3 SY.STEM:597 VERIFICATION APRM step- 130%.
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Figure 620  BAFR (%) 2,
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Figure 622 BATHTRV (%) e

Figure 623 BATT-nd BATD!(%) ' - - L

Figure 624 . DRV-position (%):
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. Figure 625 “DRY flow (kg/s)

Figure 626 HTRV positions (%),
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Figure 627 HTRY flow (kg/s)
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Tigure 629 VHBERY.flow (Kgs)

Figire 630 MOHRY position:(%)’

Figure 628  VHBPRY position'(%):
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Figure 6:31  MOHRY flow(kg/s)
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6.1.4.2

1 Y% ramp.in desired steam flow from the reactor

To be able to create a ramp-in desired st_eani flow from the reactor, neutron flux filter has been disabled.
The perturbation is modeled as a ramp in neutron flux (APRM, see Figure 6-32), which results in a
similar ramp in the desired steam flow from the reaétbr.(BAFR, see Figure 6-34). The narrow range
pressure also rémains constant (see Figure 6-33). It is verificd how the desired steam flow 1o the capacity
trimming control valve (BATVHBP, see Figure 6-35) and the desired steam flow to the high pressure
turbine control vatves (BATHTRY, see Figure 6-36) is controlling.as the desired steam flow from the
reactor changes. The desired steam flow tothe turbine (BATT) and to the bypass (BATD) are presented

in Figure: 6-37 :

1104 -

03 SY STEM 597 VERIFICATION BAFR Ramp 1%

110 -

1096 -

APRM [%]

109,2 |

10838 +

1084 +
.

160
Time [s]
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Figure 632 APRM (%)
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Figure 634 “BAFR (%)

Figure6:35. BATVHBP (%)

Tigure 636 BATHTRY (%)
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Figare 637 * BATT and BATD (%)
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6.1.4.3 Opening of the capacity trimming control valve

In the figures below it is.verified that the capacity trimming valve opens when APRM exceeds 102 %.

03 SY STEM 597 VERIFICATION VHBP opening
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Figure 638 APRM (%) ' a,c
Figure 6-39 BAFR (%) ' a,¢
Figure 6-40  Narrow range pressure (Pa):
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‘a,¢

Tigure§.41 BATT and BATD (%) -

Figure 6:42  BATHTRYV (%) | T

Figure 6:43. TITRY positions (%)
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Figure 644 BATVHBP(%)

Tigure 6345 DRVposition:(%):
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Figure 6-46 "VHBPRYV position'(%):
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6.1.4.4 Step response for a narrow range pressure increase with-0.02 MPa

At 10 seconds a step in the narrow range pressure (see Figure 6-49) from 6.9 MPa to 6.92 MPa occurs
(this is equivalent with a step in the pressure sétpoint from 6.9 MPa to 6.88 MPa). The other input signals
are kept constant. As expected an increased flow from the reactor (BAFR, see Figure 6-48) is requested.
Because there is-no feedback from the. plant, the desired steam flow from the reactor will continue to
increase until the s1gnal is-limited or the disturbance disappears. The increase in the desired steam flow
from the reactor causes an increased flow through the capacity control trlmlmng valve and the high
pressure turbine control valves. The capacity-trimming control valve opéns rapidly to compensate the fast
pressure increase. At the same time the high pressure turbine. control valves start to open. The. capacity
trimming valve-and the high pressure turbine control-valvés continue: to open until-the: control. deviation
disappears or until the valves are completely open. Since the desiréd steam flow from the reactor.is-not
exceeding 110 %, the’ b_ypass con_trol valves are not going to-open.

At 20 seconds the disturbance disappears. The:capacity trimming control.valve-has opened to'65 % and
the high pressure turbine: control valves are completely or almost-completely open.. The desired steam
flow from the reactor will decrease-to.a constant-value, which is higher thanlthcwiﬁ'i'tial’-valuefb’écausevthé
output from the pressure controller’s PI component has increased.. The desired steam flow to the.capacity
trimming: control valve is decreasmg rapidly to compensate the fast decrease in the- desued steam: flow
from the feactor, followed by redlstrlbutlon 10 static control. The capacity. tnmmlng control valve rétuins.
to the original value and the thh pressure turbine control valves.are completely open.. ’

) 03 SYSTEM 597 VERFICATION Step Bstu_‘r:ba;nce’ 0,02 MPa (P)
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Figure 6-47 APRM (%)
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a,c

BAFR (%)

Figure 6-48
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Tigure 6-51 * BATHTRY (%)

T Figure 652 HTRV positions (%) | e

Figure 653  BATVHBP(%)
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Tigure 6-54 DRV position (%)

pre—

Figure 6:55 MOERV. position' (%) : v e

Figure 6:36 “VHBPRY position{(%}.
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6.1.4.5 Turbine trip

At 10 seconds a turbine trip is requested. The other input signals are kept constant. Desired flow to the
turbine (BATT, see Figure 6-60), desired flow to the capacity trimming valve (BATVHBP, see Figure
6-63) and desired flow to the reheater valves (MOHRY, see Figure 6-65) are immediately set to a negative
value and the flow is redirected to the condenser (BATD, see Figure 6-60). Atthe same time the'h’i'gh‘
pressure turbine control valves are requested to close, the stop valves are requested to close. Because the
stop valves have a faster closure time the flow will be limited by their charactenstics.
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03 SYSTEM 587 VERIFICATION TS
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Figure 6-62  HTRYV positions (%)

Figure 6:63 BATVHBP (%) _ e

Figiire 6-64 DRV position (%)
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Figure 6-65 MOHRYV position (%)

Figure 6:66 HTRY flow.(kg/s)

Figure 6-67 VHBERY position (%)
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Figure 6-68:

Figure 6-69

Figure 6-70

DRY flow (kg/s)

MOHRV flow (kg/s)

VHBPRY flow (kg/s)-

a,¢

A

e—t JC

WCAP-17079:NP

Octobér2009

Revision



76

6.1.4.6  Verification of the turbine model against load rejection in BISON/BOP

The verification is performed vs. a more detailed built-in model for | |**. Figure 6-71 to
Figure 6-73 shows a simulation of load rejection in BISON. with the modél activated. The flow:through
the high pressure turbine control-vales is then given as boundary value to the SAFIR model and the
turbine speed and generator power is présented in the same figures.

e
Figure 6:71  Steam flow zto=high,pressure control valves
' e
Figure 6-72 Covmpaﬁ's"oh of turbine speed, SAFIR (solid lin€) and Balanc‘e of Plant.model (aﬁéﬁédili‘hé)‘
a,e

Figure 6273 Comparison of generator power, SAFIR (solid litie) and Balance. ofﬂPlfl_n't_-Ii_qud)el[(dashe'("i_lv,i'n'gh)’*
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Because the SAFIR model is a simplified model compared to the built-in | 1> tufbina
model differences are expected. The results are acceptable within the desirable applu,an on'range and the
simple turbine model is;judged to be suitable for | 1™

6.1.5  Validation of the model

On June 2nd, 2001 ,-a load rejection test was performed at | 1**.. The conditions before the
test were 98 % reactor power and 13,000 kg/s recirculation flow. The load rejection.was initiated through'
switching off the plant breaker.

The measured data-used are from the data recorder in the process computer. The datasample:time was 50
Hz. For the validation the first'59 seconds in the recorded data has’been-excludéd, which makes the time.

zero to.correspond to- 59 seconds in the recorded data.

_The following signals have been-used as boundary conditions in the simulation,-see Table 6-2.

Table 6-2: ‘Boundary conditions for validation of the turbine control model
Description ‘BISON Data recorder
Neutron flux ~ [531KX077 Average of 531Kx077
Arain A-D
“Turbine speed “TSPEED 397KA701
Narrow range 211KX101 Average of 211Kx101 -
_pressure : train A<D

Before the load rejection is initiated, the time constant (TIDOMK) is equal to 0 second and thé Toad feed
forward signal (LASTFRAMK) is.about 40 % above the desired steam flow from the reactor (BAFR)'
This gives-that the values desired steam flow to the turbine (BATT) and: desired steam flow. from the:
reactor. (BAFR) are the same. When the. plant. breaker is swilched off, the turbine - speed i is mcreasmg (see
Figuire 6-74 below), A control-deviation is built: up in: the speed controller. (TURBR AV ) which 1ap1dly
reducesthe load feed forward (LASTFRAMK) down to it is equal fo the desired stéam flow frof the
‘reactor (BAFR). When load- fu'ed forward (LASTFRAMK) goes below the desired steam flow from the
reactor (BAFR), the Boolean signal LMTID is set-to TRUE.(=1). This-changes the time constant
(TIDOMK) to 8 seconds and the desired steam flow- from: the reactor (BAFR) is slowly tamped: down
‘which can be seen in Figure 6-75.
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a,b,c

'y igure 6-74  Measured turbine speed [rpm] at the load rejection test ab,e

Figure 6-75  Desired steam flow to the turbine (BATT (%)) vs. iime (Tid (s)) at the load rejection test

About 0.3 second after desired steam flow to the turbine has started to decrease, the auceleranon limiter
gogs in operation. Thisis caused by the Qpeed exceedmg 102 % and the speed change rate is’higher than(
153 Hz/min. A descrlptlon of the acceleration limiter is'shown in Section 6.1.3.1.2

The acceleration limiter reduces the desired steam flow 1o the turbine:to -3 % and sets the time tonstant'in-
the m_tegra;or (LASTINT) to zero. At the same time, the output:signal from the integrator (BAT'HNT) is

set to zero.

Boundary signals to the model are narrow range pressure (Figure 6-7,6_,);&11“dAPRMf (Figure 6-77).
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Figure 6-76  Narrow range pressure (Pa) at the load rejection test

Figure 677  APRM (%)-at the load rejection test

a,bic.

‘a,bye

‘Measured (solid line) and calculated (dashed line) filtered APRM (APRMFilter) are shown'in Figure 6-78

-and desired steam flow from the reactor (BAFR)in Figure 6-79. abe
Figure 6:78  Meéas./calc. APRMFilter (%)
WCAP-17079-NP Octobér 2009
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Figure 6-79  Meas./calc. BAFR (%)

Méas,u'rcd {solid line')=and~calgul ated (dashed Iihe). pressure ‘controller-output are shown in Figure 6-80 anda

.desired steam flow to the turbine (BATT)e_in ‘Figuré‘ 6-81.

abié

bie

Figure 6-80  Meas./calc. PI Controller outpuit: (%) - ,;.:';“,b,lc};
Figure 6-81  Meas./¢calc. BATT (%)
WCAP-17079-NP " October 2009
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Measured (solid line) and calculated (dashed line) TCV positions are shown in Figure 6-82 (V421 VA1),
Figure 6-83 (V421VA?2), Figure 6-84 (V421VB1), and Figure 6-85 (V421VB2). Measured BPV positions
(solid lines) for 421VA3, 421 VA4, 421VB3, and 421 VB4 and calculated valve positions (dashed line, all
bypass valves modeled have identical positions) in Figure 6-86.

Figure 6-82

Meas./cilc. 421VAL (%) position

Figure 6-83.

Meas./calc. 421VA2 _(%) position

B e

Figure-6:84 Meas./calc. 421VB1:(%) position ap,c

Figure 6-85° “Meas/cale: 421VB2 (%) position Figure 6-86- Meas./calc. BPV:(%_,_)’,’pOSitibmj
WCAP-17079-NP .October-2009
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For the signals in the turbine controller there is good agreement between measurement and simulation
results.

Also, the valve positions are in. good agreement. The position for oné high pressure turbine control valve
(421VAL, Figure 6-82), is more open than the other (about 65 % compared to the others 60 %). This is
caused by the charactetistics used, which has been based on measured data, where this valve deviates.
from the other with the same signal from the pressure controller.

In reality the bypass valves have individual characteristics. All valves have the same characteristics in
this: validation and.this common ¢haracteristic has been used-in the model for all four byp‘ass control
valves.

Figure 6-87 shows a comparison bétween measured (dashed line) and simulated (solid-ling) turbine speed. b
‘a,b,e

’Figﬁi’é 6-87 1\{Iea$./éqlc, Turbine speed (rpm)
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6.2 VALIDATION AGAINST STARTUP TESTS
6.2.1 Introduction*
The ABWR, (AclVanced"B“f'I'{), Hamaoka-5 in Japan began commercial éperation in-January 2005. A

startup test program was-performed in order to demonstrate safe and stable plant operation in the presence
of’ anuclpatud opermonal oceurrences (AOO). Basic plant data for Hamaoka-5 is compiled in Table 6-3.

Table 6-3. ‘Spegiﬁcatiolls of Hamaoka-5*

Reactor Thermal Output 3,926 M Wit

Reactor Pressure 7.17 MPafabs]

Steam. Flow 2,120 kg/sec

Core Flow 14,500 kg/sec

Nuriiber of Fuel Assemblies 872 '

Number of Contx ol Roc}s 205

Coolant Recirculation 10 Intemal Pumps.
Control Rod: Drive Electiic Motor (Normal}

Hydraulic. Drive (Scram)

*Reéprinted from Proceedings of the 17th International Conference on Nuclear Engirieering ICONE17,.
BELGIUM ICONE17-75127, ABWR Startup Test Analysis with Transterit Code BISON,
Copyright 2009, with permissiori from ASME
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6.2:2 Transient Analysis of Startup Tests

Some of the Hamaoka-3 startup tests have boen simulated with the BISON code including the SAFIR
control-system simulator as. reported in Reference 5. Startup tests were.performed at rited condition. Of
special interest for control system simulation are several lests with transient setpoint changes.

6.2.2:1 Simulation Model

The simulation model using BISON with SAFIR built control systems of Hamaoka-5 has been developed
by TOSHIBA using Westinghous¢ methodology. The overall ABWR reactor control systems schematics,
;f{l_()t’-_presventedfin Reférence: 5, are:shown in Figure 6-88. The control systems and adjacent models. consist

of:

s Recirculation Flow Contiol System:
Main contrgller
Flow Controller -
Adjustable Speed Drive (ASD).

¢ Turbine Contrel System:
Pressur_e ‘Controller (EHC)
Turbine Contiol Va lves (TCV)
Turbine Bypass Valves (TBV)
‘Turbine Stop Valves (TSV)

@ Feedwater Control System:
Ievel'Controller
Flow Controller
‘Valve: Coniroller

 WCEAP:17079-NP October 2009
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Figure 6-88 Reactor Control Systems Schematics (ABWR)
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Details of the recirculation flow control system are shown in Figure 6-89.

from EHC

Manual. - Mam controtler

i

2
S
8

Core H-’)w‘——@cﬁm!la
: H
‘Manual, @lo switch Q{hez loops
]I S}vegd z::ontroller :
@Hmﬁr -
I Ra’tg']ix.n" .

Lt

M|

5

A
ASD . S inct - -
(Adjustable Speed Drive) -—.!::Rmmmw
: : b
H
i

'F’igut'é. 6-89  Recirculation Flow Control System.

Input signals to the regircﬁ]_’ationsvﬂ.éw control system are-load demand error-drom theturbl euontrol :
system-and measured core flow. Output signal is the tecirculation pump:speed:
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Details of the turbine
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control gystemn are shown in Figure 6-90.

Presur wdpiinl

{
Mrrhwgin _“2 o

Fenbidie st

L IR T} p——

= TRV N !

; __;_'f:-m:m p [V N

-

: -

i

: fien fune —adhaziinl "4

. Tuszios hoat _.‘:u!'d;m: by g

H

i

! -

: e

; S

i

e e mnenes . " -
Sxng e abene

jrmm ~ i i 4 e

¢ Sung p i

¥
— TN e )

ey
Ty iy E FEV Nt
be qv S : —.i—r N

P

Figure6-90  Turbine Control System

Input signals to the turbine control system are reactor dome pressure and turbine gpeed. Oﬁtput s'igna_ls
are TCV, TSV, and TBV valve positions and the load demand ervor,

Details of the feedwater control system are shown in Figure 6-91.
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Figure6-91  Feedwater Control System
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Inpt 5 gnials to the feedwater cortrol system are water level setpoirt, reactor waten lavel steam flow, and
feedwater flow. Output signals are feedwater pump speed and valve positions.,

These modsls were implem ented using SAFIR along with the BISON model of the Hamuacka 5 ABWR
plant

6222 Pressure Control System Step Change*

The objective of the Steam Bypass & Pressure Cotitrol System (SB&PCS) is to comtrol reactor vessel
pressure by turbine control and/or steam bypass valves. For notmal operation, the turbine control valves
(TCV S tegulate steam pressure. However, if the total steam flow demand from the pressre controller
exceedsthe effective TCV steam flow demmnd, the SB&PCS sends the excess steam flow directlytothe
main condenser, through the turbine bypess valves. Thistestis performed by addition of the -/+0 069
MPa step change of the reactor pressure setpoint  The purpose of this test 15 to measure thie régponse of
the teactor (reactor pressire, neutron flik, main geam flow) and to adjust the performance of SB&PCS in
otder to achieve a stable response. Figae 6-92 and Figire 6-93 show a cempérisnn of the analysis result
and test data. If the pressure setpoirt is changed by 4-0.069 WP a, maini steam flow imitially increasesin
order toreduce the reactor pressire. Reductioninteactor pressire generates more voidainthe corewhich
canses 4 reductionin reactor power and the vessel water level inorease. After the reactor pressure has
decreased almost 0,069 MPa from the irtial pressure, it is settled dows by control of the SB&PCS and
vessel water level is cortroll ed by the feedwater cortrol system (FWCS). As for the step' change of
postive disirbance, the transient shows an alm ost irverse response of the negative disturbance, In
Figure 6-92 end Figiwe 6-93, the attalysis results showr good agreement with the test data
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Figure 6-92.  Pressuve conivol (step. change) ~APRM, cure flow, main steam flow*

#Reprinted fiom Proceedimgssof the 1 7th Intemational Confbrence on Nuclear Enginesring ICONEL?,
BELGIUM ICONE17-75127, ABWR, Starhup Test Analysis with Transiert CodeBISON,
Copyright 2009, with pernussien fiom ASME
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Figure 6-93  Pressure control (step change) — dome pressure and water level*
6.2.2.3 Feedwater Control System Step Change*

The Feedwater Control System (FWCS) controls the flow of feedwater into the reactor pressure vessel to
maintain water level in the vessel. At rated condition, it is controlled using three elements: measured
water level, feedwater flow, and main steam flow. This test is performed by addition of the

-/+15 cm step change of reactor water level setpoint. The purpose of this test is to measure the response
of the reactor (vessel water level and feedwater flow) and adjust the performance of FWCS in order to
achieve a stable response.
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Figure 6-94  Feedwater control (step change) — APRM, core flow, feedwater flow*
*Reprinted from Proceedings of the 17th International Conference on Nuclear Engineering ICONE17,
BELGIUM ICONE17-75127, ABWR Startup Test Analysis with Transient Code BISON,
Copyright 2009, with permission from ASME
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Figure 6-95  Feedwater control (step change) — dome pressure and water level*

Figure 6-94 and Figure 6-95 show a comparison of the analysis result and test data. If the vessel water
level setpoint is changed by -15 cm, feedwater flow is initially decreased in order to reduce the water
level. The feedwater flow reduction causes a decrease in the core inlet sub cooling which causes a
neutron flux reduction. The vessel water level is decreased monotonously and settles down to - 15 cm
from the initial level. After 20 seconds, feedwater flow settles to approximately its initial flow. As for the
step change of positive disturbance, the transient shows an almost inverse response of the negative
disturbance. In Figure 6-94 and Figure 6-95, the analysis results show good agreement with the test data.

6.2.2.4 Recirculation Flow Control System Ramp Change*

The objective of the recirculation flow control system (RFCS) is to control reactor power by controlling
the flow rate of the core flow. This test is performed by addition of ramp input of a -/+10% change of the
reactor power (load) setpoint. The purpose of this test is to measure the response of the reactor (core
flow, neutron flux) and adjust the performance of the recirculation control system in order to achieve a
stable response.

*Reprinted from Proceedings of the 17th International Conference on Nuclear Engineering ICONE17,
BELGIUM ICONE17-75127, ABWR Startup Test Analysis with Transient Code BISON,
Copyright 2009, with permission from ASME
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Figure 6-96  Recirculation control (ramp change) — APRM, core flow, main steam flow*
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Figure 6-97  Recirculation control (ramp change) — dome pressure and water level*

Figure 6-96 and Figure 6-97 show a comparison of the analysis result and test data. If the load setpoint is
changed by -10%, the core flow decreases in order to reduce the reactor power. The reactor pressure
decreases due to the power reduction, which generates more voids in the reactor, and the vessel water
level initially increase. After about 60 seconds, the reactor has reached a new stable steady-state
condition. As for the ramp change of positive disturbance, the transient shows an almost inverse response
of the negative disturbance. In Figure 6-96 and Figure 6-97, the analysis results show good agreement
with the test data.

*Reprinted from Proceedings of the 17th International Conference on Nuclear Engineering ICONE17, BELGIUM ICONE17-
75127, ABWR Startup Test Analysis with Transient Code BISON, Copyright 2009, with permission from ASME
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