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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) UN0803 Nuclear 

Reactor Safety Design, Reactor Simulator.  The 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 herein.  The 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 LZC versus time 

are presented for each test case. 

 The dynamic response results show the Control Module corrected power errors 

from transients and allows for the reactor power to be maintained at 100% FP. The 

Control Module also demonstrated the ability to output trip or 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 reactor control system.  Thus, the Control Module has been designed to include 

a graphical user interface (GUI) which provides real-time simulation interface for the 

user.  

 This project allowed reinforcement and incorporation of several key concepts of 

nuclear reactor safety design acquired over the duration of the UN0803 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 UN0803 Reactor Simulator by future UNENE students builds on this unique 

Control Module created by the authors and thus are ñset up for their future successò. 
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1 Introduction  

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) UN0803 Nuclear 

Reactor Safety Design, Reactor Simulator.  The report will briefly summarize the unique 

aspects of CANDU reactor power control, delineate the scope of the project, and then 

describe the engineering model used to develop the Control Module.   

The subsequent sections will then describe the assumptions and limitations of the 

model developed.  The report will also discuss the equations utilized and further elaborate 

the details of the Control Module algorithm, including a description of the code structure, 

the Visual Basic (VB) programming code with comments 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.  The results of these test cases are discussed and the report concludes with 

recommendations for the next phase of the Control Module development.  Appendices 

include figures, tables, a summary of the individual project roles and detailed VB code 

and comments for current and future users of the UN0803 Reactor Simulator 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 system.  Thus, the Control Module has been designed to include 

a graphical user interface (GUI) which provides real-time simulation interface for the 

user. This capability was incorporated in addition to the required project scope and can be 

utilized as the main control panel for a fully integrated UN0803 Reactor Simulator 

planned for the next phase of development.     

2 Problem Statement and Scope 

The primary function of the UNENE UN0803 Reactor Simulator Control Module 

is to determine ñ power error and output the appropriate compensating reactivity to hold 
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power ósteadyôò as CANDUôs have a ñnear-zero power coefficient, and therefore the 

steady state will not be stableò (Snell 2010, Project Scope Document).   

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 reactor to be controlled by simplified 

feedback control.  The project scope stipulated the Control Module should be developed 

utilizing Visual Basic programming language. The control module will respond to 

external inputs such as reactor power setpoint, reactor power and system 

thermalhydraulic flow and pressure disturbances and allow for integration with the 

Reactor Physics and the System Thermalhydraulics modules (to be integrated in the 

future).  The Control Module was specified to output reactivity to stabilize power and 

reactor trip and stepback flags. 

3 Engineering Model  

3.1 Functions of the Control Module  

The simplified block diagram, as shown in Figure 1, illustrates the Control 

Module required for this simulator is based on a multi-input, multi-output (MIMO) 

process.  The control algorithm at the heart of the module calculates the power error (Ep) 

and utilizes the relationship between power error and reactivity (ɟ) to determine the 

appropriate compensating reactivity output.   

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

Control Module which performs the following functions:  

1. Maintains steady state reactor power control by outputting the required reactivity 

for a given power error, 

2. Monitor system parameters (See Table 1) and output a signal to reduce reactor 

power to an acceptable level when these control parameters exceed given limits 

(e.g. reactor trip, stepback or setback), and 

3. Given a steady state at 100 % Full Power (FP) or otherwise, allows for variation 

of set-point to perform a power maneuver from first steady state to second steady 

state. 
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3.2 Proportional Derivative Control  

Figure 2 shows a simplified feedback control diagram. As with any control 

system design, the controller, process and sensors all affect the output of a system to a 

particular input. In the case of the Control Module, the controller required for the process 

is a proportional-derivative (PD) type (Bereznai 2005, 204). The difference between 

actual reactor power, as measured by the sensors and the demanded power, as calculated 

by the setpoint for a particular iteration of the algorithm, forms the basis the proportional 

term of the controller. The Control Module also requires a derivative term to determine 

the rate of change of the power error. Thus, 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)  and 2ÅÁÃÔÉÖÉÔÙ ɉʍɊ 
The Liquid Zone Control (LZC) system is designed to perform two main functions 

(Bereznai 2005b, 3-11): 

1. ñTo provide short term reactivity control to maintain reactor power at the 

demanded level during normal operation (i.e. operating control of reactivity). 

2. To control spatial power distribution by suppressing regional power transients 

associated with space dependent reactivity perturbations.ò 

 In a real reactor, for the purpose of spatial control, the reactor is divided into 

zones, as shown in Figure 3. 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 achieved by adjustment 

of the light water level in each compartment (Bereznai 2005b, 3-11). The liquid zone 

control system continually responds to power measurements and makes small reactivity 

adjustments. 

For small changes in reactor power error, the liquid zones are ñthe first and often 

only reactivity mechanism actions need to eliminate the power errorò (Bereznai 2005, 

198).  As the scope of the simulator is to control small deviations from a given setpoint, 

Liquid Zone control is ideal for purposes of simulation of reactor power error control. We 

have therefore modeled our reactivity control based on the Liquid Zone Control system. 

Assumptions and limitations for the LZC model are further discussed in Section 4. 
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3.4 Power Error  
 RRS has several reactivity control devices under its control, each 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 power control). 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 fixed at 0.4% FP / second, similar to the Normal Operation Mode of the 

RRS in 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 error exists (i.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 achieve this, the control 

module calculates the EP and 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 uses point 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 number of assumptions and associated 

limitations were required for creation of a control module in stipulated timeframe of the 

UNENE 803 Nuclear Safety Design course.  The Control Module developed required 

hybridization of mode of operations in RRS, minor modification of the reactor power 

error calculations, simplification of reactivity control mechanisms, linearization of 

neutron power and limitation selection of 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 

operation to balance the energy produced in the reactor and the demand by the electrical 



UN 803 Nuclear Reactor Safety Design Control Module Team Report 

Page 12 of 82 

grid (Bereznai 2005, 82).  In the ñturbine-leadingò the reactor or ñNormalò mode, the 

operator inputs megawatts or % full power electrical load and the Reactor Regulating 

System (RRS) responds to maintain the energy balance.  In 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 based on the pressure error, actual reactor power and makes changes to the 

demanded power setpoint to eliminate the power error (Bereznai 2005, 92).  The rate of 

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

 In the ñreactor-leadingò the turbine mode, the operator specifies the reactor power 

and the rate of power change in terms of % FP/sec (Bereznai 2005, 86).  In this mode, the 

Reactor Regulating System (RRS) compares reactor power specified by the operator with 

a previous setpoint, and if there is a 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 power are then matched by turbine-generator to maintain the 

energy balance of the unit.  This is referred to as the ñAlternate Modeò.  In Alternate 

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

 The Control Module developed for the simulator is hybrid of the two modes of 

operation in that it allows an operator to input a reactor power setpoint, but the rate of 

power change is always 0.4%FP/sec.  The rationale for this decision was to limit the rate 

of change of reactor power to a small value, such that upon integration with other module 

(planned for the next phase of development), the control module would not become 

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

4.2 Power Error  

As discussed above, RRS controls 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.  RRS controls the neutron flux by altering the various positions for the LZC, AAs, 

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 to bulk power control. LZC system normally operates in the region of -4.0% FP 

to 3.0% FP power error (Bereznai 2005, 212). The range utilized in the Control Module is 

(-3.5 to 3.5% FP), for simplicity reasons.  

It should be noted that in a real CANDU plant, reactor power control is ñbased 

entirely on the measurements of neutron and thermal powerò and ñthe actual value of 

reactivity or of reactivity error is not computed in or order to achieve reactivity controlò 

(Bereznai 2005, 204). Based on the scope of the simulator developed, reactor power were 

based solely on neutron power (flux) and model assumptions and limitations pertaining to 

bulk neutron power error,  LZC system, and reactivity discussed in the subsequent 

sections.  

4.3 Liquid Zone Control  and Reactivity  
The liquid zone control and reactivity models used for the Control Module have the 

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 empty to full 

3. The corresponding user defined reactivity variables for the LZC model is shown 

in Table 2. 

 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 liquid zones are providing 

a negative reactivity worth in core when half filled. However due to the other reactivity 

effects, the total reactivity change in the core at steady state power would be zero, and 

power would remain in steady state in such scenario. For implementing 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), i.e. 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 of-core Ion Chambers (Bereznai 2005, 176). Ion chambers 

provide Linear and Log Neutron flux signals in terms of %FP, as well as, Log Neutron 

flux rate signal in terms of %FP/s (Bereznai 2005, 176).  The Linear Neutron Flux 

provides a signal in the range of 0 to 150 %FP and the log signal range is 10
-5

 to 150 

%FP (Bereznai 2005, 180). The Log Neutron Flux rate range is -15 to +15 %/sec 

(Bereznai 2005, 180). 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 flux detectors provide an immediate, linear response to flux changes, in 

the power generation range from 5 %FP to 120 %FP (Bereznai 2005, 182). ñThese 

detectors are located in the 14 control zones, so that both spatial distribution and the total 

flux of the reactor are measured and controlledò (Bereznai 2005, 92).   

 Therefore, the Control Module algorithm utilizes a linear relationship between the 

neutron flux and reactor power and does not utilize the log neutron flux signals. The 

Control Module monitors several input parameter to determine if the resultant power 

error would require a reactor trip, stepback or setback, which would then be output as 

flag for action by the reactor physics module.   

4.5 Reactor Trips, Stepback and Setback Parameters  

 Prudent reactor safety design should allow for the CANDU the monitoring of key 

parameters and to determine if a reactor trip, stepback or setback is required due to 

process inputs and disturbances from interfacing systems. Table 1 lists the typical trip, 

stepback and setback conditions CANDU reactors. From this list, a subset was selected 

for reactor trip, stepback and setback parameters. 

 For the purposes of Control Module simulator, the following six signals were 

selected as reactor trip flags, with the specific parameters selected from publically 

available Advanced CANDU Reactor 700 design information as shown in Table 3: 
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1. Reactor Over Power (ROP): 123 %FP 

2. High reactor power rate: > 2 %FP/sec 

3. High Heat Transport System pressure: 12.75 MPa(g) 

4. Low Heat Transport System pressure:  

a. 10.9 MPa(g) at 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) to 10.9 MPa(g) as power rises from 

0 % FP to 100% FP. 

5. Low Heat Transport System coolant flow: 6.46 x 10
3
 kg/s, based on 85% 

nominal flow of 7.6 Mg/sec used by System Thermalhydraulics group 

6. Manual Trip 

 Table 4 identifies the following three reactor stepback flags and the parameters at 

which these flags 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 automatic stepback is initiated 

 As shown in Table 5, if the steam header pressure is higher than 6.8 MPa (g), a 

setback is initiated. This signal and parameter was not identified as an input or 

disturbance for the Control Module, however, as the other setback conditions are 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. 

Table 6 identifies the final reactor power for the monitored parameters which would 

initiate a reactor trip, 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 development of the Control Module 

algorithm. Detailed explanations for the variables and associated equations are described 

in the sections below. 



UN 803 Nuclear Reactor Safety Design Control Module Team Report 

Page 16 of 82 

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

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

Á R_D = Demand rate is essentially the selected power manoeuvring rate until 

power is sufficiently close to setpoint, 

Á P_Lin = Current reactor power, 

Á Power_Demand = Demand power is the interim power set point (instantaneous 

reactor power set point)for the next program cycle as reactor power approaches 

P_SetPoint in % FP, 

Á æPD = Demand power change, 

Á Period = Fast program cycle time = 0.5 seconds, 

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

power, 

Á Kc = Demand Power change linearization factor, is the term that controls the 

demand rate such that power changes linearly at the selected rate when above 

20% FP. KC can vary depending on the reactor power P_Lin. KC is equal to 1/ 

P_Lin and changes at 5 times the selected rate when below 20% FP (KC = 5), 

Á Ks = Set power approach factor, this term aids in the smooth approach to a 

power set point. KS is equal to P_Lin/8 when P_Lin is >20% FP and KS = 0.025 

when P_Lin <20% FP, 

Á Kb = Loop control gain, is the term for the proportional gain of the controller.  

KB is equal to 1 when power is >25% FP and KB linearly ranges between 0.2 to 

1 as the power increases from 5% FP to 25% FP, 

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

Á R_I = Measured power rate 

Á Reactivity = Reactivity output required based on power error as input (mk) 

Á MaxReactivity = maximum reactivity output per iteration, i.e. reactivity rate 

divided by 2 as period of iteration is equal to 0.5 seconds 

Á PowerErrorValue_for_MaxReactivity = defines the end point of the linear 

range of the reactivity model as shown on Figure 4. For our model it is equal to 

+/- 1% FP 



UN 803 Nuclear Reactor Safety Design Control Module Team Report 

Page 17 of 82 

5.2 Demand Power (P D) 

 Demand power is the immediate and interim power setpoint for the control model. 

It is also an important factor in calculating the effective power error (EP). The demand 

power for the current program cycle (Power_Demand (n)) is equal to the demand power 

for the previous program cycle (Power_Demand (n-1)), plus the product of the 

incremental change in power (æPD) and the demand power change linearization factor 

(Kc). 

 Therefore: 

Á Power_Demand (n) = Power_Demand (n-1) + Kc(æPD) 

 Kc = is equal to the inverse of linear power if reactor power is 20% FP or greater, 

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 the control module 

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: 

Á KC = 1/ P_Lin when >20% FP and KC = 5 when <20% FP (Canteach 2010, 37) 

 The incremental change in power demand (æPD) calculation is performed by the 

power error subroutine is shown below. If the difference between the power setpoint 

(P_SetPoint) and demand power (Power_Demand) is large, then æPD is simply equal to 

the amount of reactor power would 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. KS is the smoothing factor dependent on power. 

Therefore: 

Á æPD = Ks * (P_Setpoint ï Power_Demand(n-1)), limited to between ± R_I × 

Period, where period = 0.5 seconds. 

Á Ks = P_Lin / 8 when > 20% FP and Ks = 0.025 < 20% FP 
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5.3 Demand Rate RD (RD) 

The demand rate setpoint is the demanded rate of power change for the program 

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: 

Á RD = 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 predefined rate 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 error rate term. The 

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: 

Á EP = Bulk Power Error + Power Rate Error 

This works similar, but not identical, to a PD controller. EP = Kb (P_Lin ï 

Power_Demand) + Kr (R_I - Rate) (Bereznai 2005, 204) 

Kr = 0.5 (derivative gain). The proportional gain factor KB is one fifth smaller a low 

power than at high power. This is done so that rate term becomes more dominant at low 

power levels. 

Therefore: 

Á KB = 1 when >25% FP and KB = 0.2 to 1 (varies linearly) as the power increases 

from 5% FP to 25% FP (Canteach 2010, 38). 
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5.5 2ÅÁÃÔÉÖÉÔÙ ɉʍɊ 
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 shown in Figure 4. 

The different regions of Figure 4 are explained below: 

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

the following linear equation: 

Reactivity = -1 *Power_Error*(MaxReactivity/PowerErrorValue_for_MaxReactivity) 

Á If E_P > +1% then the reactivity is calculated using the following equation: 

Reactivity = -1 * MaxReactivity 

Á If E_P  <  -1% then the reactivity is calculated using the following equation: 

Reactivity = MaxReactivity 

As shown in the equations above and in Figure 4, a linear range of reactivity output 

has been assumed for a power error range of -1% to 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 within one iteration (i.e. 0.5 seconds). For 

any power error values outside this range, our model will output the MaxReactivity, 

which as defined in Section 5.1 is the maximum reactivity output per iteration that the 

liquid zone can provide, which is equal to +/-0.05 mk per iteration (based on a 0.1 mk/s 

reactivity rate as per Table 2).  

It should also be noted that although the integration with the Reactor Physics module 

will be done in the future, a reactivity change of +/- 0.05 mk was given as an input to the 

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 modeled our Reactivity vs 

Power error model. 
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6 Numerical Solution Scheme and Applicability  
The control module 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 power demand. As described previously, power demand is the instantaneous 

and interim power setpoint of the reactor. Under normal steady state conditions, power 

demand equals the user setpoint. However, if the user enters a different setpoint, in order 

to avoid 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_Demand (n-1) + Kc(æPD) 

Where æPD is given by: 

æPD = Ks × (P_Setpoint ï Power_Demand(n-1) ) 

By substitution the equation for æPD into the Power Demand equation, the 

following equation is obtained: 

Power_Demand (n) = Power_Demand (n-1) + Kc × Ks × (P_Setpoint ï 

Power_Demand(n-1) ) ) 

Currently the product of Kc × 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 in the 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 rate, and 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 (n-1) + 0.125 × (P_Setpoint ï 

Power_Demand(n-1) ) ) 
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 In Figure 5, 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 value. Also, note the smoothing action as the Demand Power 

approaches the setpoint, to avoid any overshoots. Larger values of Kc × Ks would 

produce a faster transient, and smaller values would take longer. The value of 0.125 has 

been chosen based on engineering best 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 for the power manoeuvre to 

complete. From the figure, it is clear that 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, and do not require 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 review Figure 6 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  
 

 
 

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

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

 
 

Take the user defined power setpoint which could be observed in the 

ñPower_Errorò worksheet. Note that the initial setpoint will always be set to 100% FP, 

every time the run button is pressed. The setpoint could be changed on the main user 

form once the program is running. 

7.1.3 Flow, HTS Pressure, and SG Pressure Inputs 
 

 
 

Inputs are placed in the ñInput_Outputò worksheet by the user since there is no 

interface with other modules. Parameters of 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 variables in the ñPower_Errorò, 

ñTrips_Stepbacks_Setbacksò, and ñReactivity Modelò worksheets. Changing these 

parameters, especially on the ñPower_Errorò and ñReactivity Modelò worksheets would 

affect the behaviour of the simulation, and should be performed with caution. Changing 
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parameters on the ñTrips_Stepbacks_Setbacksò worksheet would only change the trip, 

stepback and setback conditions. 

7.1.5 Local Initialization of Variables and Setpoints  
 

 
 

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

variables are initialized and tracked by the control module. 

7.1.6 Dynamic Loop  
 

 
 

The dynamic loop collects inputs from the ñInput_Outputò worksheet by scanning 

each row until no data is found. The input and outputs of the program are written to 

ñInput_Outputò worksheet rather than a text file, so that the modules could be easily 

integrated together. Moreover, reading and writing to a text file is time intensive, and 

would slow down the simulation. Last but not least, only one module could have access 

to a text file at any given time, so other 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  
 

 
This part of the code compares trips, setback and stepback values from the values 

in the ñTrips_Stepbacks_Setbacksò worksheet. If a trip condition exists, the module sets a 

trip flag to be true, and exits simulation. If a Stepback condition 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 is similar 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 reactivity (-0.05 mk per iteration, to a 

maximum of -3.5 mk). Similar to the stepback, the user cannot raise the reactor power 

above 10% FP, but further lowing of the setpoint is allowed. 

7.1.8 Power Error Calculation  
 

 
 

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

 Power_Demand: Demanded Power  

 P_Lin: Current Reactor Power 

 Kb: Flux Loop Control Gain 

 Kr: Derivative Gain 

 R_I: Measured Rate 

 R_D: Demanded Rate 

 E_P (Power Error) = Kb (P_Lin ï Power_Demand) + Kr (R_I - Rate). Note that if 

the reactor power equals the power setpoint, the power error is set to zero, and the 

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

 
 

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

(P_Lin(n) ï P_Lin(n-1) ) / Period. This is calculated for two reasons. The rate of change 

of the reactor 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 
 

 
 

The demand rate (R_D) is 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, and the 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  
 

 
 

The demand power setpoint, is the instantaneous interim setpoint, and aids in 

leading the reactor power to the actual reactor power setpoint ñP_Setpointò. Without the 

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 devices. The Power demand 

equation, once simplified comes to the following: 

 

Power_Demand (n) = Power_Demand(n-1) + 0.125×(P_SetPoint ï Power_Demand(n-1)) 
 

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 variables, is the effective 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 
 

 
 

Delta_PD is the change of the interim reactor power setpoint. The aim is to 

increase or decrease the reactor power slowly so that the Power_Demand changes in 

small steps towards the actual reactor setpoint (P_Setpoint). Delta_PD (ȹPD) is limited to 

a value of ± (Period × Rate) = ± (0.5 × 0.4) = ± 0.2 % FP per iteration. 

7.1.13 Flux Loop Control Gain  
 

 
 

This is the proportional gain factor and it is an input on the ñPower_Errorò 

worksheet. Since the power error equation acts similar to a proportional derivate 

controller (PD), the value of Kb is chosen such that the proportional gain is 1.0 when the 

power is above 25% FP and 0.2 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. This is done only to reflect the fact that instruments in a real 
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CANDU reactor are not quite sensitive 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. However, as the power increases, the proportional term takes on the 

dominant role of the reactor control through a larger gain in the power error equation.  

7.1.14 Demand Power Linearization Factor  
 

 
 

This term controls the demand rate such that power changes linearly at the 

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  
 

 
 

P_Lin is the reactor linear power and it is an input on the ñInput_Outputò 

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

7.1.16 Power Approach Factor  
 

 
 

Ks is used to smooth Demand Power Change (Delta_PD) and uses P_Lin as an 

input. Similar to the case of 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 product always equals 0.125. This value is used in the lag equation of the 

Power_Demand.  

7.1.17 2ÅÁÃÔÉÖÉÔÙ ɉʍɊ 
 

 
 

Reactivity is calculated based on Power Error (Power_Error) as an input. For 

power error values between -1% and 1% FP, the reactivity output is calculated on a linear 

scale between 0.05 mk and -0.05mk respectively. For any power error values either 

greater than 1%FP or less than -1%FP, our model will output the MaxReactivity, which 

as defined in Section 5.1 is the maximum reactivity output per iteration that the liquid 

zone can provide, which is equal to +/-0.05 mk per iteration (based on a 0.1 mk/s 

reactivity rate as per Table 2). 

7.1.18 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 the limit is reached, no more reactivity is passed to the physics module. 

Also, once a power error of 0 % FP is reached, total reactivity is brought back to 0 mk, 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, Figure 6 in Appendix A illustrates the complete flowchart of 

the code structure and sub-routines assembly to create the UN0803 Reactor Simulator 

Control Module. 
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8 Code Listing with Comments  
 A copy of the code is included for review in Appendix D: Code List with 

Comments. The code is heavily commented so that future development and integration 

would be easy. The Control Module VB code contains over 1,000 lines of code (roughly 

15 pages) and therefore it was decided that a copy of the code should be included in the 

Appendix, rather than the body of the report. The assumption has been made that future 

developers would have a basic working knowledge of VBA 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 access the Control Module form, click on the 

Open Control Module button located on the ñControl Moduleò worksheet. With the 

simulator running (run button pressed), new setpoint could be entered into the Enter 

Demanded Setpoint text box and clicking change setpoint button. All Other inputs need 

to be entered via ñInput_Outputò worksheet. The main program inputs are: Actual reactor 

power (% FP) from Physics Module, HTS flow (Kg/s) and pressure (MPa), and steam 

generator pressure (kPa) from the Systems Thermalhydraulic Module.  

 All inputs are to be entered into the Microsoft Excel cells. The cells act as global 

variables with inputs and outputs being read from the ñInput_Outputò worksheet. Once 

the user clicks on the run button, each row of the ñInput_Outputò worksheet is scanned 

for inputs, and outputs are written onto the same rows in the appropriate cells, before 

moving to the next row. The simulator will run as long as rows in ñInput_Outputò 

worksheet have values. Note that all the appropriate cells in a row have to be 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 with given 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 the time of future ñfine tuningò and integration with other modules. 

Examples of such constants are the trip, stepback, and setback setpoints defined in the 
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ñTrips_Stepbacks_Setbacksò worksheet, and power error verses reactivity data in 

ñReactivity Modelò worksheet. Last but not least, ñPower_Errorò worksheet was 

originally created for debugging purposes, and does not require any user changes. 

However some values such as ñModule Periodò, and ñRate of Change of Reactor Powerò 

could be changed, to either try different rates or periods, or to integrate 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 demonstrate the response of 

the Control Module to simulate power transients, manoeuvres, trip annunciations, 

stepback and setback situations. The 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 tested to determine the response to small power 

transients around the setpoint, as shown in the first test case. The second and third test 

cases demonstrated small power manoeuvres, first decreasing and then increasing reactor 

power, respectively. The subsequent sections describe how these test cases were 

developed and Section 11 summarizes the results of all 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 power to 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. Initialize the control module to 100% FP  

2. Change Setpoint to 95% FP using the Change Setpoint option 

3. Decrease actual power to 95% FP at 0.2% FP/sec 

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

5. HTS pressure 11 MPa (constant) 

6. SG pressure 5000 kPa (constant) 

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

1. Initialize the control module to 100% FP  

2. Change Setpoint to 95% FP using the Change Setpoint option 

3. Decrease actual power to 95% FP at 0.2% FP/sec 

4. Once stabilized at 95% FP , Change Setpoint to 100% FP using the Change 

Setpoint option 

5. Increase actual power to 100% FP at 0.2% FP/sec 

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

7. HTS pressure 11 MPa (constant) 

8. SG pressure 5000 kPa (constant) 

10.2 Trip Annunciation s 

 Trip Annunciation parameters can be found in Appendix B, Table 3. These tests 

were developed to determine if the Control Module would generate a trip flag, which 

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

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

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

1. Initialize the control module to 100% FP  

2. 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. Initialize the control module to 100% FP  

2. Increase power to 102% FP at 0.4%/sec  

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

4. HTS pressure 11 MPa (constant) 

5. SG pressure 5000 kPa (constant) 

6. Manually trip the reactor 

10.2.3 Test Case #7: Actual Power Rate Trip  

1. Initialize the control module to 100% FP  

2. Increase power to 100.8% FP at 0.4%/sec and then to 103% FP at 2.2%/s 

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

4. HTS pressure 11 MPa (constant) 

5. SG pressure 5000 kPa (constant) 

6. Reactor Power High Rate Trip (>2%/s  ï can be changed by user) 

10.2.4 Test Case #8: Heat Transport System (HTS) Low 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. SG pressure 5000 kPa (constant) 

5.  Decrease HTS pressure to 10.9 MPa 

6. HTS Low Coolant Pressure trip 

10.2.5 Test Case #9: HTS High 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. SG pressure 5000 kPa (constant) 

5.  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. Initialize the control module to 100% FP  

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

3. HTS pressure 11 MPa (constant) 

4. SG pressure 5000 kPa (constant) 

5. Decrease HTS flow to 6400 kg/s 

6. HTS Low Coolant Flow trip 

10.3 Stepback Annunciation s 

 Stepback parameters can be found in Appendix B, Table 4. These tests determine 

if the Control Module is able to generate a stepback flag which would be passed to the 

Reactor Physics module to implement the reactivity correction. The stepback flag would 

reduce power to 60% F.P. , and if the user changes the power setpoint, then it would take 

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

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

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. SG pressure 5000 kPa (constant) 

5.  Increase HTS pressure to 12.6 MPa 

6. Heat Transport Pressure High Stepback 

10.3.2 Test Case #12: Manual Stepback 

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. HTS pressure 11 MPa (constant) 

5. SG pressure 5000 kPa (constant) 

6. Manual Stepback 
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10.4 Setback Annunciation  

 There is only one test case applicable for a setback annunciation which is 

dependent on a high steam generator pressure signal. This signal is not currently part of 

the UN0803 Reactor Simulator; however, it was tested to demonstrate the Control 

Module setback annunciation. In 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  

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

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

4. HTS pressure 11 MPa (constant) 

5. Increase SG pressure to 7000 kPa  

6. Steam Generator Pressure High Setback 

11 Analysis  of case results 

 Section 11 summarizes the results of power transients, manoeuvres, trip 

annunciations, stepback, and setback test cases. The graphical results from reactor power 

versus time, the dynamic response of reactivity with respect to power error, a 

simultaneous comparison of power error and reactivity versus time and the total 

cumulative reactivity due LZC versus time are for each test case  presented in Appendix 

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

11.1 Power Transients and Manoeuvres  

 The first two test cases demonstrated the response of the Control Module to a 

power transient. The third and fourth test cases demonstrate the response of the Control 

Module to small power manoeuvres. The 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 of Figures 7-10, and Table 7, the reactor power was 

subjected to a reactor transient at the one second interval, i.e. 99.8 and the reactivity was 
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adjusted to correct power to a steady state of 100% FP in one iteration. This was repeated 

at the two and three second interval. As 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 of reactivity. The total cumulative reactivity initially increases due to the 

decrease in reactor power to 99.8% FP at the one second mark, and then decreases as the 

power increases to 100.2 %F.P. A the end of the test, the cumulative reactivity change 

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  

 Figures 11-14 illustrate the results of a power transient from a steady state of 

100% FP to 98% FP.  Table 8 shows the power was decreased in three seconds.  The 

power error of -2% FP resulted in a reactivity increase from 0.0 mk and when the power 

error reached -1% FP or more, the reactivity increased by the maximum allowable 0.05 

mk/iteration. The total cumulative reactivity increase was 0.5212 mk.  

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

 Test Case #3 was intended to demonstrate the response of the Control Module to a 

power maneuver from 100 %FP to 95% FP.  As shown in Figure # 15, the setpoint was 

changed to 95% FP at 1.5 second mark.  As shown in Figures 16-19 and Table 9, the 

power was ramped down in 12.5 seconds starting at three and a half seconds into the test 

case.  The maximum power error was 1.227 % F.P. at nine seconds with 97.8 % Actual 

F.P.  The maximum total negative reactivity peaked at -2.571 mk at 15 seconds. The 

power error was eliminated at 16 seconds and total reactivity decreased to 0.00 mk 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 to demonstrate the response of the Control Module to changing 

reactor power setpoint from 100% to 95% FP and then back to 100% FP.   As shown in 

Table 10 and Figures 20-24, the total duration of the power manoeuvre was 29 seconds 

starting at 3.5 seconds into the simulation.  The power error initially increases to 0.837 % 

FP at 10 seconds.  After this point, the power error decreases and the actual power also 

continues to decrease until it reaches the setpoint of 95% FP at 16 seconds.  The total 
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reactivity at this point is -0.6948 mk having reached a maximum value of -1.754 mk at 

14.5 seconds.  These reactor power is stabilized and remains at 95% FP for 4 seconds.  

Then at 20.5 seconds the reactor power begins to increase to the second setpoint of 100%.   

The largest power error occurs at 25 seconds with a value of -1.49 %FP with actual 

power at 97% FP.  The total reactivity peaks at 31.5 seconds with a value of 2.40 mk.  

After one second, the Control Module successfully eliminates the power error and at 32.5 

seconds, the reactor power reaches the setpoint of 100% FP.  

11.2 Trip Annunciation s 

 For all trip annunciations generated by the Control Module, it is expected that the 

Control Module graphical user interface (GUI) will display a red annunciation showing 

one of the six trip conditions, a ñTrip!ò dialogue pop-up box, and an automatic ñReactor 

Tripò stepback annunciation. The sections below present the result of the trip 

annunciation test cases and the flow and pressure values at during the trip test cases. Note 

that all reactor trips would also cause a reactor stepback, in keeping with tradition of 

CANDU designs. 

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

 When the Reactor Power error increases to 123 %FP, the reactor trips due to 

ñReactor Over Powerò.  The Control Module GUI shows the both the ñReactor Over 

Power Tripò and the ñReactor Stepbackò annunciation as shown in Figures 25 and 26.  

The ñTripò pop-box is also displayed. 

11.2.2 Test Case #6:  Manual Trip  

 The Control Module can be tripped manually.  The results of the Manual Trip test 

case are shown in Figure 27.  The GUI shows ñManual Tripò highlighted in red, the 

ñReactor Tripò annunciation is highlighted in orange and the ñTrip!ò pop-up box was also 

generated. 

11.2.3 Test Case #7: Actual Power Rate Trip  

 As shown in Figures 28and 29, the reactor tripped on Actual Power Rate being 

too high.  When the rate of change of the power exceeded 2% FP/sec, the Control Module 



UN 803 Nuclear Reactor Safety Design Control Module Team Report 

Page 37 of 82 

tripped the reactor.  This resulted in the ñActual Power Rate Tripò being shown as red, 

the ñReactor Tripò annunciated in orange and the ñTrip!ò pop-up box was also generated 

for the GUI. 

11.2.4 Test Case #8:  HTS Low Coolant Pressure Trip  

 Figures 30 and 31 illustrate 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 Module GUI displayed the ñHTS Low Coolant Pressure Tripò in red, ñReactor 

Tripò in orange and ñTrip!ò pop-box was displayed.   

11.2.5 Test Case #9:  HTS High 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 GUI performed as expected.  The ñHTS High Coolant 

Pressure Tripò, ñReactor Tripò annunciations were displayed in red and orange 

respectively and trip alert were also generated as shown in Figures 32 and 33.   

11.2.6 Test Case #10:  HTS Low Coolant Flow Trip  

 If HTS flow decreases below 6.46 x 10
3
 kg/s, the Control Module is designed to 

trip the reactor. As shown in Figures 34 and 35, the reactor was tripped when flow 

dropped from 7.00 x 10
3
 kg/s to 6.4 x 10

3
 kg/s.  This resulted in the proper response of 

the GUI with ñHTS Low Coolant Flow Tripò, ñReactor Tripò stepback and ñTrip!ò alert.   

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 

annunciation, but also a ñReactor Stepbackò. The Control Module uses this ñReactor 

Stepbackò annunciation and prevents the reactor power setpoint from exceeding 60% FP. 

The stepback parameters used by the Control Module also include HTS high pressure and 

the ability to manually perform a reactor stepback. The following sections describe the 

test case results in these two scenarios.   



UN 803 Nuclear Reactor Safety Design Control Module Team Report 

Page 38 of 82 

11.3.1 Test Case #11: Heat Transport Pressure High  Stepback 

 Figures 36 and 37 demonstrate the response of the Control Module to a simulated 

high HTS pressure.  The 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 38 illustrates the manual stepback response of the Control Module GUI.  

When the user presses the ñManual Stepbackò button, the GUI displays the ñManual 

Stepbackò condition in orange and the reactor power setpoint is limited to 60% F.P. 

11.4 Setback Annunciation  

 The final test case demonstrated the Control Moduleôs ability to handle a 

parameter which would result in a setback condition. This 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 ñSteam Generator Pressure Highò Stepback annunciation was displayed 

in yellow as shown in Figures 39 and 40, the routine limited the power setpoint to 10% 

FP. Once this Control Module is integrated, this routine will also send negative reactivity 

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

12 Discussion 

 The tests results demonstrate the performance of the Control Module is as 

expected. The Control Module controls power errors, and therefore addresses deviations 

from the setpoint by addition or reduction or reactivity both instantaneously and 

cumulatively to eliminate the power error and return power to the setpoint as in the test 

cases 1 and 2 for power transients. The dynamic response show the Control Module 

corrected power errors resulting from transients and brings the reactor power to 100% FP. 
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The test results from the power manoeuvres, test cases 3 and 4 show the Control Module 

is able to correct the power error resulting from a change in the setpoint and eliminates 

power error by addition of positive or negative reactivity.   

 The Control Module also demonstrated the ability to output trip flags when 

signals exceeded the trip parameters as show by test cases 6-10. The power error was 

controlled by the module by a stepback if the reactor tripped for any of the six conditions 

and prevented the power setpoint from being greater than 60% in this situation. The GUI 

displayed both trip and stepback annunciations and responded to both high and low 

disturbances in HTS pressure or low HTS flow. The Control Module allowed for both 

automatic and manual stepback to be successfully implemented. In addition, if the 

simulator presented a condition which required a setback, the Control Module was able to 

display this and reduce power to 10% F.P. while preventing any further increase to the 

reactor power setpoint.   

 Thus, it can be seen the VB application developed by the UN0803 Reactor 

Simulator Control Module team was able to meet the required scope and provide 

additional capabilities. The Control Module also includes several features, such as the 

ability to control power error in power manoeuvres, transients, initiate reactor trips or 

stepback flags and setback the reactor in a dynamic manner. These features allow for a 

more realistic simulator development and it is hoped this will be continued in the next 

phase of development of the UN0803 Reactor Simulator.  

13 Proposed suggestions from next development phase  

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

Á Complete integration with the reactor physics and system hydraulic routines 

allowing for continuous input and outputs between modules, 

Á Make necessary adjustments to the reactivity model and controller gains to 

accurately reflected the dynamics of integrated modules,  

Á Expand the set of trip, stepback and setback parameters, and.  

Á Graphs generated 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 (CANDU) University Network of 

Excellence in Nuclear Engineering (UNENE) UN0803 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 CANDU reactor.  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 user interface panel in order to 

provide real-time 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 maintain reactor power 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 incorporation of 

several key concepts of nuclear reactor safety design acquired over the duration of 

UN0803 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 

UN0803 Reactor Simulator builds on this unique Control Module and future UNENE 

students tasked with enhancing and improving this module have been ñset up for 

successò. 
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15 Appendices  

15.1 APPENDIX A: Figures 
 

 

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

 

 

 

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 versus Power Error Model  

  


















































































