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Executive Summary:

This project report presents the design, development, testing, and results of a
simplified feedback Control Module for a CANadian Deuterium Uranium (CANDU)
University Network of Excellence in Nuclear Engineering (UNENE) UNO803 Nuclear
Reactor Safety Design, Reactor Simulatdhe report will discuss the equations utilized
and describe in depth the details of the Control Module algorithm, including a description
of the code structure, the Visual Basic (VB) programming code and the data inputs for
the Control Module program. Several test cases demonstrating the dynamic response of
the Control Module to power maneuvers, trips, setback and stepback parameters are also
analyzed hereinThe graphical and tabulated results from reactor power versus time, the
response of reactivity with respect to power error, simultaneous comparison of power
error and reactivity versus time and the total cumulative reactivity due LA0s/géme
are presented for each test case.

The dynamic response results show the Control Module corrected power errors
from transients and allows for the reactor powdrsdanaintained at 100% FPhe
Control Module also demonstrated the ability to outgptor stepback flags and setback
reactor power for various simulations.

The unique feature of the Control Module developed is the ability to present the
user with a dynamic and continuous simulation that accurately reflects a simplified
CANDU reactorcontrol system. Thus, the Control Module has been designed to include
a graphical user interface (GUI) which providesteéak simulation interface for the
user.

This project allowed reinforcement and incorporation of several key concepts of
nuclear eactor safety design acquired over the duration of the UN0O803 Nuclear Reactor
Safety Design. It has provided a valuable contribution to the knowledge and professional
development of the authors. It is hoped that the next phase of development of the
CANDU UNO0803 Reactor Simulator by future UNENE students builds on this unique

Control Modulecreated by the authors and tleus e A s theirfuturps f mae s s 0 .
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1 Introduction

This projectreport presents th#gesign,developmenttesting and result®f a
simplified feedbackControl Modulefor a CANadian Deuterium Uranium (CANDU)
University Network of Excellence in Nuclear Engineering (UNENE)0803 Nuclear
Reactor Safety Design, Reac&mulator. The report wl briefly summarize the unique
aspects of CANDU reactor power control, delineate the scope of the paméc¢hen

describe the engineering model used to develop the Control Module.

The subsequent sections will then describe the assumptions antddimsité the
model developedThe report willalsodiscuss the equations utilized a@ndherelaborate
thedetails of theControl Module algorithmincluding a description of the code structure,
the Visual Basi¢VB) programming code with comments ahd data inputdor the
Control Module program Several test casdemonstrating the dynamic response of the
Control Module to power maneuvers, trips, setbawt stepback parseters are also
analyzed.Theresultsof these test casesediscussed and theport concludes with
recommendations for the next phase¢hef Control Modulaelevelopment. Appendices
include figurestables a summary of thendividual project roles and detailed VB code
and comments fazurrent and future users of the UN0O803 ReaStowulator Control
Module.

The unique feature of the Control Module developed is the ability to present the
user with a dynamic and continuous simulation that accurately reflects a simplified
CANDU reactor control systenilhus, the Control Modulkbas beemlesigned to include
agraphical user interface (GUI) which provides fale simulationinterfacefor the
user.This capability was incorporated addition to the required project scogoed can be
utilized as thanain control panel for a fully integraté&JNO803 Reactor Simulator

planned for the next phase of development

2 Problem Statement and Scope
The primary functiorof the UNENE UNO0803 Reactor SimulatGontrol Module

is todetermindi power error and outpaihe appropriateompensating reactivity hold
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power6 st eas yGANDUOG s -beeo\paveraoefiicrert,amd therefore the

steady state wild/l not be stabledo (Snell

The scope of the project required the development of a Control Module which
would allows for such steady state control. This required a control algorithm which
allowed for the power error of the CANDU reactoibe controlled byimplified
feedback control. The project scope stipulated the Control Module should be developed
utilizing Visual Basc progranming languageThe control module wiltespond to
external inputs such as reactor power setpoint, reactor power and system
thermahydraulic flow and pressurgisturbances and allow for integration with the
Reacbr Physics and the System Therimalraulics modulegto be integrated in the
future). The Control Module was specified to output reactivity to stabilize power and

reactor tripand stepbaciags.

3 Engineering Model

3.1 Functions of the Control Module

The simplified block diagram, as shownFigure 1, illustrates theControl
Module required for this simulator is based on a mafiut, multroutput (MIMO)
process.The control algorithm at the heart of the moctdéulates the power errorE
andutilizes the relationship between powerog and reactivity(} ) to determine the

appropriate compensating reactivity output

Thus, on a simplified feedback control model, the project team developed a

Control Module whiclperforms the following functions:

1. Maintairs steady state reactor power cohtsg outputting the required reactivity
for a given power error,

2. Monitor system parameterSée Tabldl) and atput a signal to reduce reactor
power to an acceptable level whitkesecontrol parameters exceed given limits
(e.g. reactor trip, stepback otlsack) and

3. Given a steady state at 100 %IRower (FP) or otherwise, allows for variation
of setpoint to perform a power maneuver from first steady state to second steady
State

Page9 of 82
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3.2 Proportional Derivative Control

Figure 2shows a simplified feedback cooltdiagram As with any control
system design, the controller, process and seafiaffect the output of a system to a
particular inputin the case othe Control Module, theontroller required for the process
is a proportionaderivative (PD) type (Breznai 2005, 204T.he difference between
actualreactorpower, asneasuredby the sensorand the demanded powes calculated
by the setpoint for a particular iteratiofithe algorithmforms the basithe proportional
termof the controller The Contol Module also requires a derivative term to determine
the rate of change of the power erfbinus, the power error control module requires two

gain constants, one for the proportional gain and one for the derivative term.

3.3 Liquid Zone Control (LZC) and2 AAAOEOEOU | mQ
The Liquid Zone Control (LZC) system is designed to perform two main functions

(Bereznak00%, 3-11):
1. fiTo provide short term reactivity control to maintain reactor power at the
demanded level during normal operation (i.e. operating cauitrelactivity).
2. To control spatial power distribution by suppressing regional power transients

associated with space dependent reactivity perturbations.

In a real reactor, for the purpose of spatial control, the reactor is divided into
zones, as shown figure3. Spatial control is obtained by means of light water zone
control assemblies. Bulk reactivity control is achieved by varying the light water level in
all compartments by the same proportion. Spatial flux control is achievadjustment
of the Iight water level ireachcompartmentBereznai 2005pb3-11). Theliquid zone
control system continually responds to power measurements and makes small reactivity
adjustments.

For smal l changes in reactor power error,
only reactivity mechanism actions need to el
198). As the scope of the simulator is to condroblldeviations from a given setpoint,

Liquid Zone control is ideal for purposes of simulation of reactor power eordarol. We
have thereforenodeledour reactivity controbased orthe Liquid Zone Control system.

Assumptions and limitations for the LZC model are further discuss8dction 4.
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3.4 Power Error
RRS has several reactivity control devices under its comach with varying

reactivity depths and rates of reactivity change. However, the scope of the model will be
limited to using the LZC system. In a real reactor, RRS must control both bulk power and
the distribution of flux across the core (spatial povasttiol). For the purposes of our

model, in order to control bulk power, RRS does two comparisons:

a. Compares measured reactor power against demand power (Set point Value)
b. Compares measured rate of change of reactor power against demanded rate,
which is fixedat 0.4% FP / second, similar to the Normal Operation Mode of the

RRSin our simulation

The result of this calculation is the effective power error. The control module will
initiate corrective action with respect to bulk power control if a power eristseik.e.,
Ep not = 0). Effective power error is the primary value used by the control module
program. The goal of the control module is to maintain the power as close as possible to
desired set point in order to eliminate power error. In order to acthisyehe control
module calculates thesland uses this value to determine the amount of reactivity (either
positive or negative) needed to maintain the reactor power at the desired set point. In
addition, since the Physics module in this simulator pee# Kinetics to model the

reactor core, spatial flux control is not needed, and is not simulated in the control module.

4 Model Assumptions and Limitations

For the purposes of this project, a numbeaissfumptions and associated
limitationswere requireddr creation of a control module in stipulated timeframe of the
UNENE 803 Nuclear Safety Design courdéne Control Module developed required
hybridization of mode of operatisin RRS minor modificationof the reactopower
error calculations, simplifi¢eon of reactivity control mechanisms, linearization of

neutron poweand limitation selectioof trips, stepback and setback parameters.

4.1 Mode of Operation
The overall unit control of CANDU power plant is based on one of two modes of

operationto balancehe energy produced in the reactmd the demand by the electrical
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grid (Bereznai 2005, 82) I n t-headitngbdonk & Nowdeeht o r
operator inputsnegawatts or % full power electrical load and the Reactor Regulating
System (RRS) regmds to maintain the energy balante this mode, the Steam

Generator Pressure Controller monitors the steam generator pressure and in response to a
pressure error, calculates a change in the reactor power setpoint. RRS then calculates a
new setpoint beed on the pressure error, actual reactor power and makes changes to the
demanded power setpoint to eliminate the power error (Bereznai 2005 182jate of

power change is always 0.4%FP/sec (Bereznai 2005, 200).

Inthefi r e alcetaodri n g 0 mbde,e¢he bparatdr spacdies the reactor power
and the rate of power chanigeterms of% FP/sec (Bereznai 2005, 88h this mode, the
Reactor Regulating System (RRS) compares reactor power specified by the operator with
a previous setpoint, and if thaeea difference, the setpoint is changed to a new
demanded (target) value at a specified rate of change. The RRS then outputs a signal to
change reactivity control devices to eliminate the reactor power error (Bereznai 2005,
92). Changes in reactor poware then matched by turbkgenerator to maintain the
energy balance of the wunit. This is referre

Mode,the operator is allowed to specify the reagtower and rate of power change.

The Control Module developdor the simulator is hybrid of the two modes of
operation in that it allows an operator to input a reactor power setpoint, butetioé ra
power change is always4%FP/sec. The rationale for this decision was to limit the rate
of change of reactor pow#o a small value, such that upon integration with other module
(planned for the né phase of development), the control modutauld not become

unstable due an excessively fast rate of change entered by the user.

4.2 Power Error

As discussed abovBRS cantrols the operation of reactivity control devices to
eliminate the power error. The reactivity control devices in a typical CANDU reactor are
Liquid Zones Controllers (LZC), Adjuster Absorber (AA) and Control Absorber (CA)
rods. RRScontrok the neutrorflux by altering the various positions for the LZC, 8A
and CAs,depending on the required addition or removal of reactivity. The scope of the

project precluded full simulation of the RRS, therefore, the power error correction was
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limited tobulk power ontrol. LZC system normally operates in the regiordd®o FP
to 3.0% FPRpower error (Bereznai 2005, 21Zhe range utilized in the Control Module is
(-3.5 to 3.5% FR)for simplicity reasons

It should be nted that in a real CANDU planteactor powec ont r o | i's Abasec
entirely on the measurements of neutron and
reactivity or of reactivity error is not <con
(Bereznai 2005, 204). Based on the scope of the simulateloged, reactor power were
based solely on neutron power (flux) and model assumptions and limitations pertaining to
bulk neutron poweerror, LZC systemand reactivity discussed in the subsequent

sections.

4.3 Liquid Zone Control and Reactivity
The liquidzone controlnd reactivitynodek used forthe Control Module havihe

following assumptions and limitations:
1. Reactivity worth of LZC is based on a CANDU 9 design (Bereznai 2005, 148)
2. Total reactivity worth at equilibrium core is 7 mk from completely gmetfull
3. The corresponding user defined reactivity variables for the LZC model is shown
in Table2.

For a reactor at 100% full power, the liquid zones are filled approximately half
way, i.e. the liquid zone levels are at 50%. This means that the liopés are providing
anegativereactivity worthin corewhen half filled. However due to the other reactivity
effects, the total reactivity change in the core at steady state power would ,engero
power would remain in steady state in such scenadomplementing our reactivity
model, we have therefore assumed that the reactivity worth available for providing
compensating reactivity outputs is equal to half of the total reactivity worth of the liquid
zones(since liquid zones are already half filled), 3.5mk positive reactivity worth and
3.5 mk of negative reactivity worth is available. This approach for modeling the liquid
zone control system has also been taken by other developers of simulators in the industry.
(Lam 2009.39)
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4.4 Log versus Linear Neutron Power

Neutron power, which is a function neutron flux, is measured in a CANDU-by in
core flux detectors and out-obre lon Chambers (Beznai 2005, 176Jon chambers
provideLinearand LogNeutronflux signals in terms of %FP, as well as, Log Nentr
flux rate signal in terms of %FP(Bereznai 2005, 176)The Linear Neutron Flux
provides a signal in the range of 0 to 150 %FP and the log signal rangetis 18D
%FP (Bereznai 2005, 180)he Log Neutron Flux rate range-i to +15 %/sec
(Beremai 2005, 18Q)However, as the ion chamber detectors are located outside of the
core, linear neutron flux signal is not used to control the reactor (Bereznai 2005, 176)
The RRS uses log neutron flux signal for low power operations, i.e. below 15 %FP and

the log neutron flux rate for a stepback signal (Bereznai 2005, 180).

In-core fluxdetectors provide an immedialieear response to flux changes,
the power generation range fran¥%FP to 1206FP (Berezna005, 182)i Th e s e
detectors are located the 14 control zones, so that both spatial distribution and the total

flux of the reactor are meaj$ured and control

Therefore, the Control Module algorithm utilizes a linear relationship between the
neutron flux and reactor pe@r and does not utilize the log neutron flux signéke
Control Module monitors several input parameter to determine if the resultant power
error would require a reactor trip, stepback or setbabich would then be output as

flag for action by the re=or physics module.

4.5 Reactor Trips, Stepback and Setback Parameters

Prudent reactor safety design should allow forGA&IDU the monitoring of key
parameters ani determine if a reactor trip, stepback or setback is reqduedo
process inputs andsturbances from interfacing systeriiablel lists the typical trip,
stepback and setback conditions CANDU reactersm this list, a subset was selected

for reactor trip, stepback and setback parameters.

Forthepurposes o€ontrol Module simulator, #following sixsignalswere
selected as reactor trip flagsith the specific parametesglected from publically
available Advanced CANDU Reactor 700 design informati®sshown imable3:
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Reactor Over &wver(ROP) 123 %FP
High reactor power rate: > 2PBR/sec

High Heat Transport System pressure: 12.75 MPa(qg)

w0 NP

Low Heat Transport System pressure:
a. 10.9 MPa(ght power levels greater than 95 %FP
b. 8.35 MPa(g) at power level of 0 % FP
c. Linear increase from 8.35 MPa(g)16.9 MPa(gps power rises from
0 % FP tal00% FP.
5. Low Heat Transport System coolant flow: 6.46 X k@/'s, based on 85%
nominal flow of7.6 Mg/sec used by System Thermalraulicsgroup
6. Manual Trip

Table4 identifies the following three reactstepbacKklags and the parameters at

which theselfigs are sent to the Reactor Physics simulator module.

1. High Heat Transport System pressure: > 12.55 MPa(g)
2. Manual Setback: Operator Initiated
3. Reactor Trip: Occurs any time the reactor trips or reactor over power rate

exceeds 2 % FP/sec and automaticlstef is initiated

As shownn Table5, if the steam header pressure is higher tharv?@ @), a
setback ignitiated This signal and parameter was rdentified as an input or
disturbance for the Control Module, howeves,theother setback conditienare not
modeled in the current development of the simulator, the project team has included this
parameter to demonstrate the setback functionality exists in the current Control Module
Table6 identifiesthe final reactor power for the monitored paramsashich would
initiate a reactotrip, stepback or setback for this Control Module reactor simulator.

5 Equations Utilized and Detailed Explanations

5.1 Definition of Variables for Control Module Algorithm
The variables listed below are relevant in the devetaq of the Control Module
algorithm. Detailed explanations for the variables and associated equations are described

in the sections below.
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>\

>\

>

>

> > >

P_SetPoint = Power setpoint (maximum limit 100% FP),

Rate = Rate of power change setpoint (0.4% FP/s,)

R_D= Demandate is essentially the selected power manoeuvring rate until
power is sufficiently close to setpoint,

P_Lin = Current reactor power,

Power_Demand = Demand power is the interim power set point (instantaneous
reactor power set point)for the next programleys reactor power approaches
P_SetPoint in % FP,

aPD = Demand power change,

Period = Fast program cycle time = 0.5 seconds,

E_P = Power Error is the comparison of measured power against demand
power,

Kc = Demand Power change linearization factor, igeh@ that controls the
demand rate such that power changes linearly at the selected rate when above
20% FP. k can vary depending on the reactor power P_Liniskequal to 1/
P_Linand changes at 5 times the selected rate when below 20% ES)K

Ks =Set power approach factor, this term aids in the smooth approach to a
power set pointKsis equal tdP_Lin/8 when P_Litis >20% FP an&s=0.025
when P_Lin <20% FP,

Kb = Loop control gain, is the term for the proportional gain of the controller.
Kg is equal to 1 when power is >25% FP angllearly ranges between 0.2 to
1 as the power increases from 5% FP to 25% FP,

Kr = Derivative gain term of the controller and is equal to 0.5

R_I = Measuregbowerrate

Reactivity =Reactivity output required based power error as input (mk)
MaxReactivity = maximum reactivity output per iteration, i.e. reactivity rate
divided by 2 as period of iteration is equal to 0.5 seconds
PowerErrorValue_for_MaxReactivity = defines the end point of the linear
range of the reactity model asshown orFigure 4. For our model it is equal to
+/- 1% FP
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5.2 Demand Power (P p)
Demand power is the immediaiad interimpower setpoint for the control model.
It is also an important factor in calculating the effective power ergr (e demand
power for the current program cycle (Power_Demand (n)) is equal to the demand power
for the previous program cycle (Power_Demand ) plus the product of the
i ncrement al change in power (&PD) and the de
(Kc).
Therefore:

A Power_Demand (n) = Power Demandl( + Kc ( &PD)

Kc = is equal to the inverse of linear power if reactor power is 20% FP oegreat
otherwise Kc =5 (See below). These values of Kc were chosen so that the rate of change
of linear power is constant in the linear range and proportional to power below 20% FP
(low power region). However, since the scope of the simulation limits theotamdule
to keep the reactor power steady at a 100% FP, Kc = 5 most likely will not be used,

unless the user wishes to operate the reactor at below 20% FP.
Therefore:
A Kc=1/P_Linwhen >20% FP anl¢c = 5 when <20% FRCanteac201Q 37)

Theincremera! change in power demand (&PD) cal
power error subroutine is shown below. If the difference between the power setpoint
(P_SetPoint) and demand power (Power Demand)
the amount of reactor p@wwould change between the current and the next fast program

cycle at the selected manoeuvring rate.

As the demand power approaches the set power, a smoothing action begins in

order to avoid power setpoint overshoot.i&the smoothing factor dependentmower.
Therefore:

A ®PD = Ks * i RoRer ®entamde)]limited to betweer R_I x

Period, where period = 0.5 seconds.

A Ks=P_Lin/8 when > 20% FP ants =0.025 < 20% FP
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5.3 Demand Rate RD (Rp)

The demand rate setpoint is the demanded rate of power change for tlaenprogr
cycle. For the purpose of this simulation, the rate of change of the reactor power was
limited to a small value such that in the future when the model is integrated, the code will
not become unstable due to the fast rate of change entered by the user.

Therefore:

A Rp = 0.4% FP/s (can be changed by the user)

This value is taken from the Normal Mode of Operation of the RRS. Note that the
simulator allows the user to change the power setpoint, similar to the Alternate Mode of
RRS, and yet it uses a predefirate of change of power, taken from the Normal Mode

of operation in RRS.

5.4 Power Error (E p)

Effective power error is used for manipulation of the reactivity in the LZC system. It
is equal to the sum of a proportional power error term and a power errtarnatd he
first term is the proportional term, and the second term works as a derivative controller,
by comparing the actual rate of change and the demanded rate of change of the reactor

power, to calculate the power error value.
Therefore:
A Ep= Bulk Powe Error + Power Rate Error

This works similay but not identicalto a PD controllerEp = Kb (P_LinT
Power_Demand) + Kr (R_-IRatg (Bereznai 2005, 204)

Kr = 0.5 (derivative gain). The proportional gain facteri& one fifth smaller a low
power than ahigh power. This is done so that rate term becomes more dominant at low

power levels.
Therefore:

A Kg =1 when >25% FP andg 0.2 to 1 (varies linearly) as the power increases
from 5% FP to 25% FRCanteach 201(B8).

Pagel8of 82



UN 803 Nuclear Reactor Safety Design Control Module Team Report

s o~ A - . - A~

55 2AAAOEOEOU j mQ
The reactivity is calculated using the effective power error in order to provide

either positive or negative reactivity adjustments to the reactor physics group. The
Reactivity vs Power error model that has been developed is shdwgure4.

The different regions of Figure 4 are explained below:

A If -1% FP < E_P (Power Error) < +1% FP then the reactivity is calculated using

the following linear equation:
Reactivity =-1 *Power_Error*(MaxReactivitPowerErrorValue_for_MaxReactivity)
A If E_P> +1% then the reactivity is calculated usihg following equation
Reactivity =-1 * MaxReactivity
A IfE_P <1% then the reactivitys calculated using the following equation:
Reactivity = MaxReactivity

As shown in the equations above andrigure 4,a linear range of reactivity output
has been assumed for a power error rang&%fto 1% FP. The endpoints of 1% and
1%FP have been chosen so that for any power error within this range, the corresponding
reactivity output should stabilize the power witloneiteration {.e. 0.5 seconds). For
any power error values outside this range, our model will outpiéx&eactivity
which as defined in Section 5.1 is timaximum reactivity output per iteratidhat the
liquid zone can provide, which is equaktb0.05 mk per iteration (based on a 0.1 mk/s

reactivity rate as péerable 3.

It shouldalsobe noted thaalthough the integration with the Reactor Physics module
will be done in the futureg reactivity change of/- 0.05 mk wagjiven as an input to ¢
Reactor physics group which resulted approximately in a corresponding power change of
+/- 1% FP in 0.5 seconds. This is consistent with how we have model&activity vs

Power error model
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6 Numerical Solution Scheme and Applicability
The control modle only uses algebraic equations, and thus it does not rely on any

numerical integration. The only notable concept that is used in the control module
equations; specifically in the power error subroutine, is the standard lag equation, to
calculate the poer demand. As described previously, power demand is the instantaneous
and interim power setpoint of the reactdnder normal steady state conditions, power
demand equals the user setpoint. However, if the user enters a different setpoint, in order
to avod sudden and violent changes in the reactor power, power demand is slowly
changed from the previous setpoint, to the new setpoint. Power demand is calculated
based on the following formula:

Power_Demand (n) = Power Demandl(n + Kc ( &PD)
Wher e eaePyi s given
&P D = (PKSetpoint Power_Deman@-1))

By substitution the equation for @&PD into

following equation is obtained:

Power_Demand (n) = Power_Demanel{n+ Kc x Ks x (P_Setpoint

Power Demand(rl) ) )

Currently the poduct of Kcx Ks is such that for any power level the product

equals 0.125. This could be changed in future so that at various power levels, different
number is obtained. This is the fundamental reason as to why two variables Ks and Kc
have been used ihe program, rather than hard coding the value of 0.125 into the code.
The significance of this product is with respect to the rate of change of Power Demand.
Larger values for the product of Ks and Kc would cause the Power Demand to change at
a higher rateand therefore the reactor power transient would be faster. Lower values, on
the other hand, allow a fine control of the reactor power, but it takes longer to achieve the

desired setpoint.
Therefore, we have the final formula for the Power Demand:

Power Demand (n) = Power_Demand Iy + 0.125x (P_Setpoint

Power Demand(rl) ) )
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In Figure5, both setpoint and power demand were initially at 100 %FP. Once the
Setpoint was changed from 100 %FP, to 98 %FP, the Power Demand was gradually
decreased to that kee. Also, note the smoothing action as the Demand Power
approaches the setpoint, to avoid any overshoots. Larger values<df¥«would
produce a faster transient, and smaller values would take longer. The value of 0.125 has
been chosen based on enginmegbest judgement for this case. This is an example of
conservative decision making, where the designer has opted for smaller changes in
reactor power over time, in the expense of time taken fquditwer manoeuvr®
complete. From the figure, it is clethat it has taken almost 20 seconds to change the

power demand value by 2 % FP, which would produce a slow, but stable response.

Aside from the Power Demand equations, all other equations used in the control
module are simple algebraic equations, andataequire any further explanation, other

than those provided by comments in the code structure.

7 Code Structure
The following sections describe the structure of the Control Module code in

detail. For visual purposes, the reader is encouraged to rEigeme6 in Appendix A, in
parallel with reading the following section for maximum content clarity.

7.1 Control Module Routines

7.1.1 Reactor Physics Routine

Reactor Physics
Routine .

Once all the modules are integrated (future work) the Reactor Physics Routine

would provide the reactgrower to the control module routine.
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7.1.2 Input Reactor Power SetPoint

—

Input Reactor
— s i

S

Take the user defined power setpoint which could be observed in the
APower Erroro worksheet. Note that the initd.i
every time the run button messedThe setpointould be changed on the main user

form once the program is running.

7.1.3 Flow, HTS Pressure, and SG Pressure Inputs

|
Inputis:
Reactor Power
PHT Fleww —

HTS Pressura
SG Pressure

|l nputs are placed in the Alnput _Outputo w
interface with other modules. Paramstef interests include HTS Pressure and Flow
(Trip and StepBack conditions), along with Steam Generator Pressure (Setback
Condition).

7.1.4 User Defined Inputs Variables

The user has the option to change various
fiTrips_Stephcks_Setbacks, &eadivitfiModedb wor ksheets. Changing
parameters, especi al IRgactwity Maddbe wioP kwere eErsr avrou |
affect the behaviour of the simulation, and should be performed with caution. Changing
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par amet eTrips_Siepbadkh Setbdicks wor ksheet woul d only <ch

stepback and setback conditions.

7.1.5 Local Initialization of Variables and Setpoints

Local Initiglization
| of varlables and ——
setpoints

f

Setpoint, trips, stepback, and setback parameters, along with other internal

variables are initialized artdacked by the control module.

7.1.6 Dynamic Loop

; Dynamic Loop

The dynamic | oop collects inputs from the
each row until no data is found. The input and outputs of the program are written to
Al nput Out put o wor #esdoéhatthe moduleb muld be dasilyn a t e xt
integrated together. Moreover, reading and writing to a text file isititaasive and
would slow down the simulation. Last but not least, only one module could have access
to a text file at any given time, scher modules would have to wait for the file to be
released. This would not allow a simulation in real time. The dynamic loops stopped if a
trip condition is met, or if the user has pressed pause or stop buttons on the simulator

interface.
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7.1.7 Trips, Setback, and Stepback Validation

Check Trips!
Sethack/Stepback

This part of the code compares trips, setback and stepback values from the values
in the ATrips_Stepbacks_ Setbacksd worksheet.
trip flag to be true, and exits simulation. If a Stegbeondition exists, the program sets a
stepback flag to be true, and it also sets the power setpoint to 60% FP. The user cannot
raise the reactor power above 60% FP value. However, lowering the setpoint is allowed
under a stepback condition. Setback msilsir in algorithm to a stepback, except that no
flags are set. Instead the setpoint is changed to 10% FP, and the control module would
then immediately output maximum available reactivi®/@5 mk per iteration, to a
maximum of-3.5 mk). Similar to thetepback, the user cannot raise the reactor power
above 10% FP, but further lowing of the setpoint is allowed.

7.1.8 Power Error Calculation

v
Calculate Power
Error (Ep)
B E_P = 100°Kb"(P_LIn -

Power_Demand) +
Kr'{R_I-R_D)

A

The Power Error is calculated using inputs from the following variables:

e Power_Demand: Demanded Power

e P_Lin: CurreniReactor Power

¢ Kb: Flux Loop Control Gain

e Kr: Derivative Gain

e R_I: Measured Rate

e R_D: Demanded Rate

e E P (Power Error¥ Kb (P_LinT Power_Demand) + Kr (R -IRate). Notehat if
the reactopower equalshe power setpoint, the power error is set to zerd tla@

power error subroutine is not entered.
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7.1.9 Reactor Power Rate Change

Reactor Power

Rate Change (Rl

Ri=(pLin- [

Power_Provicus)
Parlod

S

This part of the code calculates the measured rate of change of the reactor power

(P_Lin(n)7 P_Lin(n1) ) / Period. This is calculated for two reasons. The rate of change
of the eactor power is necessary in calculating the power error. Also, as one of the trip
conditions, this is used to trip the reactor if the rate of increase is above the setpoint (2%
FP increase per second)

7.1.10 Demand Rate of Power Change

Rate Direction
R_D'=0.4%FPr3ac if
—p P_SatPoint> P _Lin
avd qm:i‘l'

P_SetFaint < P_Lin

The demand rate (R_[y calculated by determining the direction of power
change. Although the simulator allows the user to enter a power setpoint similar to the
Alternate Mode of operation of the RRS, it does not allow the user to enter a demanded
rate of change of power, atitk rate is set to £0.4% FP, depending on the direction of the

power change, in a similar manner that is performed in the Normal Mode.

7.1.11 Demand Power

Diemand Power

Powar_Damand {n) =
Power_Demand [ne1) + -

Ki*(Delta_PD)

The demand power setpoint, is the instantaneous interim setpoint, and aids in
leadingthereactorpeavr t o t he act ual reactor power

Power_Demand, the reactor power would have to jump to the setpoint value, which
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would require a violent and extreme movement of reactivity devitesPower demand

eqguation, once simplifiedomes to the following:

Power_Demand (n) = Power_Demand(n+ 0.125%(P_SetPoiitPower Demandfi))

This is a lag equation that slowly changes the Power_Demand value to the P_SetPoint
value. 0.125, which is the product of the Kc and Ks variablekeisffective lag time
constant. As this value approaches 1.0, Power_Demand would get to P_SetPoint at a

faster rate.

7.1.12 Demand Power Change

Demand Power
Change
— (APD)

Doita_PO = Ks*(P_SatPoint -
Powar_Damand)

F 1

Delta_PD is the change of the interim reactor power setpoint. The aim is to
increase or decrease the reactor pasi@wrly so that the Power_Demand changes in
small steps towards the actual reactor setpo
a value of = (Period x Rate) = £ (0.5 x 0.4) =+ 0.2 % FP per iteration.

7.1.13 Flux Loop Control Gain

Flux Loop Control Gain

(Ka)
| Kb=Kb_Upper_Limit(itP_Lin | |
>= 0.25) Or

Kb = Kb_Lower_Limit (it #_Lin
<=0.05)

Thisistheproportimal gain factor and it is an inpt
worksheet. Since ¢hpower error equation acts similar tpraportional derivate
controller (PD), the value of Kb is chosen such that the proportional gain is 1.0 when the
power is above 25%P and 02 when reactor power equals 5% FP. The value of Kb
changes linearly from 0.2 to 1.0 as the reactor power increases from 5% FP to 25% FP.
The reason for this behaviour is to give the derivate term of the PD controller a larger

gain in low power levels. Thiis done only to reflect the fact that instruments ieal
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CANDU reactor are not quitgensitive in low power settings, and therefore the rate term
is more important in power control, rather than the absolute values of the measured
power parameters. H@wver, as the power increases, the proportional term takes on the
dominant role of the reactor control through a laggenin the power error equation.

7.1.14 Demand Power Linearization Factor

Demand Power
Linearization Facior (Kg)
Ko = UP_Lin when above 200
FP and Ke = 5 whan below 0%

FFP

This term controls the demand rate such that power changesyliaethe
selected rate. Given that the simulator is designed to operate in the steady state (100%
FP) condition the value of Kc = 5 will not be used, but it is included in the code for

completeness.

7.1.15 Linear Power

Linear Power
= initialized to 100% FP
(P_Lin}

P_Linisthe reactor linearpowerand i s an i nput on the @Al ng

worksheet. It is used throughout the code to determine several variables (i.e. Kb, Kc, etc.)

7.1.16 Power Approach Factor

l

Power Approach
Factor (Kz)
s = P_Linis when above
20% FP amd Hs = BOZ5
when balow 20% FP

FY

Ks is used to smooth Demand Power Change (Delta PD) and uses P_Lin as an
input. Similar to the casaf Kc, the simulator is designed to operate in the steady state
(100% FP) condition, thus the value of Ks = 0.025 will not be used, but was included for

completeness. As mentioned previously, the current values of Ks and Kc are designed
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such that their piauct always equals 0.125. This value is used in the lag equation of the

Power_Demand.

71172 AAAOEOEOU | mQ
v

Calculate
—  Reactivity (p)
{Reactivity)

Reactivity is calculated based on Power Error (Power_Error) as an input. For
power error values betweet% and 1% FP, the reactivity output is calculated on a linear
scale between 0.05 mk ar@l05mk respectively. For any power errolues either
greater than 1%FP or less thd®&FP, our model will output thdaxReactivity which
as defined in Section 5.1 is theaximum reactivity output per iteratidhat the liquid
zone can provide, which is equal taGt05 mk per iteration (based ar0.1 mk/s

reactivity rate as péerable 2).

7.1.18 Total Reactivity

I
v
Caloulate Total

—| Reactivity (p)
(Total_Reactivity)

The total reactivity will be calculated based on how much positive or negative
reactivity is needed in the core. The total reactivity could be a maximum value of £3.5
mk in the core. If th&imit is reached, no more reactivity is passed to the physics module.
Also, once a power error of% FPis reached, total reactivity is brought back tmK) to
reflect that fact that in a real reactor, the liquid zone levels would go back to the initial

value (ignoring other effects in the core), once the power error is eliminated.

7.2 Flow Chart

As summarized above, Figusen Appendix Aillustratesthe complete flowchart of
thecode structure and subutinesassemblyo create th& NO803 Reactor Simulato

Control Module.
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8 Code Listing with Comments
A copy of the code iscludedfor reviewin Appendix D: Code List with

CommentsThe code is heavily commented so that futleeelopmenand integration
would be easyThe Control Module VB codeontains ovefl,000 lines of codé&oughly
15 pagesand therefore it was decidéuht a copyf the code should be included in the
Appendix, rather than the body of the rep®tie assumption has besrade that future

developersvould havea basic workig knowledge o¥/BA programming

9 Description of input data
The Control Module starts at 100% FP for the power setpoint, and if this input

needs to be changed, the user can enter a new setpoint once the simulator run button is

pressed on the Control Module form. To ascthe Control Module form, click on the

Open Control Modul e button | ocated on the nCcC
simulator running (run button pressed), new setpoint could be entered into the Enter

Demanded Setpoint text box and clicking changeosetfputton. All Other inputs need

to be entered via Al nput Outputo worksheet.
power (% FP) from Physics Module, HTS flow (Kg/s) and pressure (MPa), and steam

generator pressure (kPa) from the Systémesrmalhydaulic Module.

All inputs are to be entered into the Microsoft Excel cells. The cells act as global
variables with inputs and outputs being read
the user clicks on the run buwlhetetesscannedach r ow
for inputs, and outputs are written onto the same rows in the appropriate cells, before
moving to the next row. The simulator will r
worksheet have values. Note that all the appropriate cells in a kentdvae filled, to
avoid crashing the program, and rows cannot remain half filled. Also, color coding is
used in the Excel worksheets, where green color is used to indicate inputs, and orange
color is used to indicate program outputs. In accordance win guideline, all the
constants in the code have also been exported to the Excel worksheets. These would
normally be inputs into the code, but since they are constants, they are not expected to
changed, unless at t he tgratoewih dthefmodules. e Af i ne

Examples of such constants are the trip, stepback, and setback setpoints defined in the
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ATrips_Stepbacks_Setbacks wor ksheet , and power error ver
AReactivity Model 06 workshered. whakshbet was I
originally created for debugging purposes, and does not require any user changes.

However some values such as fAModule Periodo,
could be changed, tther try different rates orgpiods, or to integta the control and

physics modules together. The remaining inputs are constants into the code, and the user

is encouraged not to make changes to avoid errors in simulation.

10 Test cases

Several test cases were developed to determine and demonstraspdnseef
the Control Module to simulate poweansientsmanoeuvres, trip annunciations,
stepback and setback situatiofbe following sections summarize the different types of

tests and provide step to perform each test.

10.1 Power Transients and Manoeuvr es
The Control Module was testéal determingheresponse temallpower
transientsaround the setpoinds shown irthe first test cas@ he second and third test
cases demonstrated small power manoeuvres, first decreasing and then increasing reactor
power, respectivelyThe subsequent sections describe how these test cases were

developed and Section 11 summarizes the resiit test cases.

10.1.1 Test Case # 1: Power Transient to Maintain Steady State at 100% FP
1. Initialize the control module to 100% FP
2. Heat Transport System (HTS) flow remains at 7000 kg/s (constant)
3. HTS pressure 11 MPa (constant)
4. Steam Generator (SG) pressure 5000 kPa (constant)

10.1.2 Test Case # 2: Power Transient 100% to 98% FP
1. Initialize the control module to 100% FP
2. Reduce actual poweo 98% FP
3. Heat Transport System (HTS) flow remains at 7000 kg/s (constant)
4. HTS pressure 11 MPa (constant)
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5.

Steam Generator (SG) pressure 5000 kPa (constant)

10.1.3 Test Case #3:Power Manoeuvre 100% to 95% FP

1.

o gk wN

Initialize the control module to 100% FP

Change Sefmnt to 95% FP using the Change Setpoint option
Decrease actual power to 95% &F0.2% FP/sec

HTS flow remains at 7000 kg/s (constant)

HTS pressure 11 MPa (constant)

SG pressure 5000 kPa (constant)

10.1.4 Test Case #4:Power Manoeuvre 100% to 95% to 100 % FP

H wN

© N o O

Initialize the control module to 100% FP

Change Setpoint to 95% FP using the Change Setpoint option
Decreaseactualpower to 95% FRt 0.2% FP/sec

Oncestabilizedat 95% FP, Change Setpoint tt00% FP using the Change
Setpoint option

Increasectualpower b 100% FPat 0.2% FP/sec

HTS flow remains at 7000 kg/s (constant)

HTS pressure 11 MPa (constant)

SG pressure 5000 kPa (constant)

10.2 Trip Annunciation s

Trip Annunciationparameters can be foundAppendixB, Table3. These tests

were developed to determine if the Contradddlewould generate a trip flag, which

would then be forwarded to the Reactor Physics Module for corrective .ddfion

reactor trip, the reactor power would be reduced to 0% F.P.

10.2.1 Test Case #5:Reactor over Power (ROP) Trip

1.
2.

Initialize the control moduléo 100% FP
Increase power to reactor over power trip value of 123% FP (This value can be

changed by the user) at 0.4%/sec

3. HTS flow remains at 7000 kg/s (constant)

4. HTS pressure 11 MPa (constant)
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5. SG pressure 5000 kPa (constant)

6.

Reactor Over Power Trip

10.2.2 Test Case #6:Manual Trip

1.

S O

Initialize the control module to 100% FP
Increase power to 102% FP at 0.4%/sec
HTS flow remains at 7000 kg/s (constant)
HTS pressure 11 MPa (constant)

SG pressure 5000 kPa (constant)

Manually trip the reactor

10.2.3 Test Case #7:Actual Power Rate Trip

1.

o 0 bk~ w N

Initialize the control module to 100% FP

Increase power to 100.8% FP at 0.4%/sec and then to 103% FP at 2.2%/s
HTS flow remains at 7000 kg/s (constant)

HTS pressure 11 MPa (constant)

SG pressure 5000 kPa (constant)

Reactor Power High Rateipr(>2%/s 1 can be changed by user)

10.2.4 Test Case #8:Heat Transport System (HTS) Low Coolant Pressure Trip

1.
2.
3.
4. SG pressure 5000 kPa (congjan
5.
6

. HTS Low Coolant Pressure trip

Initialize the control module to 100% FP
Increase power to 103% FP at 0.4%/sec
HTS flow remains at 7000 kg/s (constant)

Decrease HTS pressure to 10.9 MPa

10.2.5 Test Case #9:HTSHigh Coolant Pressure Trip

1.

Initialize the control module to 100% FP

2. Increase power to 103% FP at 0.4%/sec

3. HTS flow remains at 7000 kg/s (constant)
4.
5

SG pressure 5000 kReonstant)

Increase HTS pressure to 12.9 MPa
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6.

HTS High Coolant Pressure trip

10.2.6 Test Case #10:HTS Low Coolant Flow Trip

1.

o gk wN

Initialize the control module to 100% FP
Increase power to 103% FP at 0.4%/sec
HTS pressure 11 MPa (constant)

SG pressure 5000 kPa (ctars)
Decrease HTS flow to 6400 kg/s

HTS Low Coolant Flow trip

10.3 Stepback Annunciation s

if the Control Module is able to generate a stepback flag which would be passed to the
Reactor Physics module to implement the reactivity correcfldre stepback flag would
reduce power to 60% F.Pand if the user changes the power setpoint, then it would take

Stepback parameters can be foundppendixB, Table4. These tests determine

the minimum of the user input or 60% F.P.

10.3.1 Test Case #11:Heat Transport Pressure H igh Stepback

1.

o gk wN

Initialize the control module to 100% FP
Increase power to 103% FP at 0.4%/sec
HTS flow remains at 7000 kg/s (constant)
SG pressure 5000 kPa (constant)
Increase HTS pressure to 12.6 MPa

Heat Transport Pressure High Stepback

10.3.2 Test Case #12:Manual Stepback

1.
2.

o 0k

Initialize the control module to 100% FP
Increase power to 103% FP at 0.4%/sec
HTS flow remains at 7000 kg/s (constant)
HTS pressure 11 MPa (constant)

SG pressure 5000 kPa (constant)
Manual Stepback
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10.4 Setback Annunciation

There is only on¢est cae applicable for a setback annunciatidrich is
dependent on kigh steam generator pressaignal This signal is not currently part of
the UNO803 Reactdsimulator;however, it was tested to demonstrate the Control
Module setback annunciatiolm this case, the reactor power would be reduced to 10%

F.P.or the user setpoint, if it is lower than 10%F.P.

10.4.1 Test Case #13:Steam Generator Pressure High Setback
1. Initialize the control module to 100% FP

Increase power to 103% FP at 0.4%/sec

HTS flow ramains at 7000 kg/s (constant)

HTS pressure 11 MPa (constant)

Increase SG pressure to 7000 kPa

o gk wN

Steam Generator Pressure High Setback

11 Analysis of case results

Section 11 summarizes the resultpoivertransientsmanoeuvres, trip
annunciationsstepbackand setback test cas@$egraphical results fromeactor power
versus timethe dynamic response of reactivity with respegdwer error, a
simultaneousomparison of power error and reactivity versus time and the total
cumulativereactivitydue LZCversus timeare for each test cagmesented in Appendix

A. The tabulated results for each test case are presented in Appendix B

11.1 Power Transients and Manoeuvres

Thefirst two test casedemonstrated the response of the Control Module to a
power transien The thirdand fourthtest cases demonstrate the response of the Control
Module to small power manoeuvrd$e following sections summarize the results from

each test case.

11.1.1 Test Case # 1: Power Transient to Maintain Steady State at 100% FP

As shown in the series dFigures7-10, and Table 7thereactormpower was

subjected to a reactor transie@ntheone second interval, i.e. 99.8 and the reactivity was
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adjusted to corregiowerto a steady state of 100% kPone iterationThis was repeated

at thetwo and three second intervals the power error changes, the reactivity changes to
counter the direction of the power error and the power error is corrected by addition or
removal ofreactivity. The total cumulative reactivityitially increase due tothe

decrease in reactor power to 99.8% FP at the one secondameaitkien decreasesths
power increases to 100.2 %F.P. A the ehthe test, the cumulative reactivitiiange

approaches zero at four seconds as the power is at steady state of 100%.

11.1.2 Test Case # 2: Power Transient 100% to 98% FP

Figuresll-14illustrate the results of a powgansienfrom a steady state of
100% FP to 98% FPTable 8shows the powewnas decreased threeseconds The
power error 0f2% FP resulté in a reactivity icrease fron.0 mk and when the power
error reachedl% FP or more, the reactivity increased by the maximum allowable 0.05

mk/iteration Thetotal cumulative reactivity increaseas 0.5212nk.

11.1.3 Test Case #3:Power Maneuver 100% to 9 5% FP

Test Case #3 wastended to demonstrate the response of the Control Modale to
powermaneuvefrom 100 %FPto 95% FP As shownin Figure # 15the setpoint was
changed to 95% F& 1.5 second markAs shown irFigures 1619 and Table 9the
power wagamped down iri25 secondstarting at three and a half seconds into the test
case. The maximum power erravas 1.2270 F.P.at nine secondsith 97.8 % Actual
F.P. Themaximum totahegative reactivity peaked &.571mk at 15 seconds. The
power error was eliminated 46 seconds and total reactividgcreased to 000k at

21.5 seconds into the simulation

11.1.4 Test Case #4:Power Maneuver 100% to 95% to 100 % FP

This test case was ttemonstratéhe responsef the Control Module tehanging
reactor power setpoint frod00% to 95% FP and then back to 100% FP. As shown in
Table 10 and Figures 24, the total duration of the power manoeuvre 2@seconds
starting at 3.5 seconds into the simulatidrine power error initially increases@Qd37%
FPat 10 secondsAfter this point the power errodecreases and the actual power also

continues to decrease until it reaches the setpo@B%FP at 16 seconds. he total
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reactivityat this point is0.6948mk having reached a maximum value-df754 mk at

14.5 seconds. hHese reactor power is stabilized and remains at 9B3%6H4 seconds.

Then at20.5 seconds the reactor power begins to increase to the second setpoint of 100%.
The largest power error occurs2atseconds with &alue of-1.49%FPwith actual

power at 9% FP. The total reactivitypeaks at 31.5 seconds with a value of 2.40 mk.

After one secondhe Control Module successfully eliminates the power emndiat 32.5

secondsthe reactor powaraches theetpoint of 100% FP.

11.2 Trip Annunciation s

For all rip annunciations generated by the Control Module, it is expected that the
Control Module graphical user interfa@@UIl) will display a red annunciation showing
one of the six trip ceampdibtoixonsa,nda amT raiup!oomad il
T r isfegback annunciatiohe sections below present the result of the trip
annunciatiortest cases and the flow and pressure values at during the trip teshNcases.
that all reactor trips would also cause a reactor stepback, in keepingadition of
CANDU designs.

11.2.1 Test Case #5 Reactor over Power (ROP) Trip

When the Reactor Power error increaseR2® %FP, the reactor trips due to
AReactor Over Powero. The CoRedctordver Modul e GL
Power Tripo and t hancif@iéheasashdwo iRigusteapd2ac k 0 ann
The AT rboxpstalspdespayed.

11.2.2 Test Case #6 Manual Trip

The Control Module can be tripped manuallyhe results of the Manual Trip test
case are shown figure Z. TheGUI s hows fManuedinred,the po hi ghl i
AReactor Tripo0 annunciation | supbhoxwgasaldsoght ed i

generated.

11.2.3 Test Case #7. Actual Power Rate Trip

As shown inFigures 28and29, thereactor tripped oictual Power Rate being

too high. When té rateof change of the power exceeded 2% FP/sec, the Control Module
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trippedt he reactor . This resulted in the AActuas
t he AReactor Tri po annun c-updboxevds alsogeneratedn g e an d
for the GUI.

11.2.4 Test Case #8: HTS Low Coolant Pressure Trip

Figures30 and31illustrate the correct response of the Control Module a drop in
HTS system pressure. When the pressure dropped from 11 MPa(g) to 10.8 MPa(g), the
Control Modul e GUI disptayedr ¢éh€&r Apld Si howe €p
Tripo in orantaxwasdispblaygd r i p! 0 pop

11.2.5 Test Case #9 HTSHigh Coolant Pressure Trip

When the HTS pressure rose from 11 MPa(g) to 13 MPa(g), this exceeded the trip
condition of 12.55 MPa(g) and the GUl perfodne as expect ed. The AHTS
Pressure Tripo, fAReactor Tripod0 annunci ations

respectively and trip alert were also generateshasvn in Figure82 and33.

11.2.6 Test Case #10: HTS Low Coolant Flow Trip

If HTS flow deceases below 6.46 x iRg/s, the Control Module is designed to
trip the reactor. As showin Figures 34 and 3%he reactor was tripped when flow
dropped from 7.0& 10° kg/s to 6.4 x 1bkg/s. This resulted in the proper response of
t he GUI witChoidh$ [Fdww Trsepbacka nfdR eialrati qor! oOT rail pec

11.3 Stepback Annunciation s

As the test cases demonstrated, if the reactor tripped on due to the above
parameters being exceeded, the Control Module outputs not only a reactor trip
annunciationpbut al so a 0 Rlehaec torn tStoelp bMocdkuol e uses tF
Stepbacko annunciation and prevents .the reac
The stepback parameters used by the Control Module also include HTS high pressure and
the ability tomanually perform a reactor stepba€ke following sections describe the

test case results in these two scenarios.
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11.3.1 Test Case #11 Heat Transport Pressure High Stepback

Figures 3Gand ¥ demonstrate the response of the Control Module to a simulated
highHTS pressureThe reactor was stepbacked to 60% FP because the HTS pressure
increased for one second above 12.55 MPa(g). This resulted in stepback annunciation

and reduction in reactor power to 60% FP.

11.3.2 Test Case #12 Manual Stepback

Figure B illustrates themanual stepback response of the Control Module GUI.
When the wuser [Srteespsheasc ktoh eb uit Meomuy, alt he GUI di s |

Stepbacko condition in orange and the reacto

11.4 Setback Annunciation

Thefinalt est case demonstrated the Control Mo
parameter which would result in a setback condifidns was the steam generator high

pressure simulation results described below.

11.4.1 Test Case #13 Steam Generator Pressure High Setback

When the Steam Generator (SG) pressure rose from 5,000 kPa(g) to 7000 kPa(g),
this exceeded the setback condition limit of 6.8 MPa(g) and the GUI performed as
expected. The ASteam Generator Pressure Hi
in yellow as showiin Figures39 and40, theroutine limited thgpower setpoint to 10%
FP. Once this Control Module is integrated, this routine will also segdtive reactivity

values to the reactor physics routine until the actual reactor power reaches 10% FP.

12 Discussion

Thetests results demonstrate the performance of the Control Module is as
expectedThe Control Module controls power errors, and therefore addresses deviations
from the setpoint by addition or reduction or reactitiogh instantaneously and
cumulativey to eliminate the power error and return power to the setpsiint the test
cases 1 and 2 for power transiefitise dynamic response show the Control Module

corrected power errors resulting fraransients and brings the reactor power to 100% FP
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The test results from the power manoeuyrest cases 3 andsthow the Control Module
is able to correct the power error resulting from a change in the setpoint and eliminates

power error by addition of positiva negativareactivity.

The Control Module atsdemonstrated the ability to output trip flags when
signals exceeded the trip parametsshow by test casesl6. The power error was
controlled by the module by a stepback if the reactor tripped for any of the six conditions
and prevented the powertgeint from being greater than 60% in this situatibine GUI
displayed both trip and stepback annunciations and responded to both high and low
disturbances in HTS pressure or low HTS fldwe Control Module allowed fdyoth
automatic anananual stepbado be successfully implementdd addition, if the
simulator presented a condition which required a setback, the Control Modudbleds
display this and reduce power to 10% F.P. while preventing any fimttreaseo the

reactor power setpoint.

Thus, it can be seen the VB application developed by the UN0803 Reactor
Simulator Control Module team was ablateet the required scope and provide
additional capabilitiesThe Control Module also includes several features, such as the
ability to controlpower error in power manoeuvres, transients, initiate reactor trips or
stepback flags and setback the reactor in a dynamic mdrrese features allow for a
more realistic simulator development and it is hoped this will be continued in the next

phase of dvelopment of the UNO803 Reactor Simulator.

13 Proposed suggestions from next development phase

The folowing are proposed for the future developments of the Control Module:

A Complete integratiowith the reactor physics and system hydraulic routines
allowing for continuousnput andoutputsbetween modules,

A Make necessary adjustmentghe reactivity model and controller gaiios
accurately reflected the dynamics of integrated modules,

A Expandthe set ofrip, stepbackandsetbackparameers and

A Graphs gnerated should show trip, stepback and setback thresholds while

modeling dynamic response of parameters.
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14 Conclusions

The purpose of this project was to design, develop, and test a simplified feedback
Control Module for a CANadian Deuterium Uranium (CANDUNiversity Network of
Excellence in Nuclear Engineering (UNENE) UN0O803 Nuclear Reactor Safety Design,

Reactor Simulator.

The Control Module was developed using Visual Basic programming code and
based on a simplified version of a RRS system from a CAK&2idtor. It should be
noted that the unique feature of this Control Module is its ability to dynamically perform
power maneuvers and initiate trips, setback and stepback flags when necessary. In
addition, the Control Module also includes a graphical iderface panel in order to
provide reattime simulation for the user. The main function of the Reactor Simulator
Control Module was to determine power error and output a compensating reactivity

worth to the reactor physics module in order to maintairteepower at steady state

In conclusion, the design, development, testing and implementation of a
simplified CANDU reactor Control Module was successfully completed with several
unique additional features. This project allowed reinforcement and incoopooét
several key concepts of nuclear reactor safety design acquired over the duration of
UNO0803 and will be a valuable contribution to the knowledge and professional
development of the authors. It is hoped that next phase of development of the CANDU
UNO0803 Reactor Simulator builds on this unique Control Module and future UNENE

students tasked with enhancing and i mproving

successo.
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15 Appendices

15.1 APPENDIX A: Figures

Disturbances:

Flow Pressure

Inputs: | | Outputs:

Reactor Set-point

Reactivity Correction

Actual Reactor

Power CO N TRO L Trip Flags

Trip Set-points

Figure 1: Simplified Block Diagram: Multi -input / Multi -output (MIMO)

Disturbances

Set-points Output

+ Controller

Figure 2: Simplified Feedback Control Loop
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Figure 3: Typical CANDU Liquid Zone Control System Assembly
(Bereznai 2005, 71)

Figure 4: Reactivity versusPower Error Model
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