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The Reactor Protection System (RPS) is critical to the operation of
nuclear power plants as it monitors essential reactor parameters and
initiates automated shutdowns when necessary. The human-machine
interface (HMI) of the RPS is pivotal for enabling operators to efficiently
monitor, analyze, and respond to complex data. This study aims to
simulate the signal or data flow in the RPS of HTR-10, a high-temperature
gas-cooled reactor (HTGR) with a thermal power output of 10 MWith,
which contributes to deeper understanding of RPS functionality and to
enhance the awareness of operators regarding the plant parameters status.
The HMI panels, as well as sensor input data, were generated using
Python programming language. The HMI of RPS successfully and
comprehensively displays the values of key sensor inputs and their trip
setpoints (neutron flux, helium temperature, primary coolant pressure)
both on panels and real-time graphs. Moreover, it also shows the reactor
status (normal or trip) based on the existence of an initiation trip signal in
the RPS. Alarm panels are generated when the reactor is tripped. The RPS
simulator can be used to guide future enhancements in reactor safety
systems.

© 2024 Tri Dasa Mega. All rights reserved.

1. INTRODUCTION

Nuclear power plants are equipped with

for human physical and cognitive processes within
the plant, playing a critical role in ensuring safe and
efficient plant operation [5, 6]. Reference [5] also

Reactor Protection Systems (RPS) to ensure reactor
safety by preventing unsafe conditions and
mitigating potential accidents [1]. The RPS
continuously monitors reactor parameters and
initiates protective actions if the parameters exceed
the predefined safety limit, either by shutting down
the reactor or initiating other safety measures to limit
the impact [2, 3, 4].

Operators of NPP monitor and control the
reactor through the human-machine interface (HMI)
of a main control room. The HMI serves as the basis
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emphasizes function analysis in HMI design, which
identifies necessary information and controls for
operational objectives that ensure safe and effective
tasks and execution.

In addition, operator awareness of the reactor's
operational state is increased by HMI's real-time
data visualizations, warnings, and status indicators
[7]. HMI helps operators make prompt and accurate
decisions by displaying complicated data in an easy
and accessible way, particularly in unusual
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situations, thus enhancing situation awareness [8, 9].
Operators learn to respond effectively to alarms,
diagnose issues, and take corrective actions, which
leads to more effective and error-free operations due
to ergonomic and user-friendly HMI design [10].

Modeling and simulation provide a
comprehensive approach for RPS evaluation,
enabling the assessment of the entire system
response under diverse operating scenarios.
Developing a detailed model of the RPS signal flow
allows engineers to simulate its behavior during
normal operation and anticipated transients, offering
valuable insights into several crucial aspects of RPS
performance.

The purpose of this study is to simulate the
signal or data flow within an RPS into the graphical
user interface (GUI) of HMI so that operators or
users understand the functionality of the RPS,
increase their awareness of the plant parameters
status, and help them making decision and taking
action based on the alarm generated on the HMI to
mitigate the impact of the anomalies. The HMI was
designed following the requirements. The RPS
model and the sensor inputs used are for HTR-10,
which has 3 channel redundancy and 2 out of 3
(2003) voting logic to generate the actuation trip
signal. The GUI of the HMI, as well as the
generation of sensor input signals, presentation of
sensor inputs on the panel and real-time graphs, and
generation of alarm, were created using Python
programming language.

2. RPS DATA FLOW

The signal flow in a RPS is a critical aspect of
ensuring safe operation of a nuclear power plant. The
RPS is designed to monitor the reactor's status and
execute protective actions when necessary to prevent
unsafe conditions. Figure 1 provides a detailed
breakdown of the signal flow process in an RPS.

2.1. Sensor Inputs

The RPS relies on various sensors to
continuously monitor key reactor parameters. These
sensors detect abnormal conditions that might indicate
a potential hazard. The main types of sensors include
neutron flux sensors, temperature sensors, and
pressure sensors [11, 12].

2.2. Data Acquisition and Preprocessing

The signals from the sensors are transmitted to
the data acquisition system. This system performs
initial preprocessing tasks such as filtering noise,
signal conditioning, and converting analog signals to
digital formats for further processing.

*neutron flux
sensor

N *helium temperature
inputs

*coolant pressure

ADC *Analog to digital
conversion
bistable sthreshold
processor *comparison
local
coincidence *decision
logic processor making
actuation PR "
control trip signal
system *initiate action

Fig. 1. Data flow in RPS [13]

2.3. Signal Processing and Control Logic

The preprocessed signals are then fed into the
control logic units of the RPS. These units are
responsible for interpreting the sensor data and making
decisions based on predefined algorithms and
setpoints. The control logic typically involves
comparing sensor readings against predefined
setpoints to detect any deviation from normal
operating conditions. Moreover, utilizing multiple
sensors and redundancy checks to ensure accurate
detection and to mitigate false alarms. Voting logic
helps determine the correct action when different
sensors provide conflicting information.

2.4. Decision-Making and Initiation of

Protective Actions

Once the control logic determines that a
protective action is necessary, it generates initiation
signals. These signals can trigger a variety of
protective actions, including reactor scram, coolant
system activation, pressure relief, and alarm systems.

2.5. Actuator Responses

The initiation signals are sent to actuators, which
execute the physical protective actions. Actuators inan
RPS include control rod drive mechanisms, valve
actuators, and pump motors.

2.6. Feedback and Monitoring

After the protective actions are initiated, the
system continuously monitors the reactor parameters
to assess the effectiveness of the response. The
feedback loop involves continuous sensor monitoring,
control logic updates, and operator intervention.
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3. METHODOLOGY

The methodology for data visualization in the
HMI of RPS simulator involves several key steps:
HMI design requirements, modeling the HMI of
RPS, HMI of RPS development using Python
programming language, integrating and testing the
models, and analyzing the simulation results. These

4. RESULTS AND DISCUSSION

4.1. HMI Design Requirements

One of the requirements that is commonly used
in HMI design is NUREG-700, Revision 3:
“Human-System  Interface  Design  Review
Guidelines” [14], which provides comprehensive
guidelines for designing and evaluating human-
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steps are summarized in Fig. 2.

system interfaces in nuclear power plants. Specific
parts of NUREG-7000 that are directly relevant to
the HMI design requirements for an RPS simulator
are provided in Table 1.

HMI design Identification standard and
requirements requirements for HMI design
Modeling of Diagram of placing frames and
HMI of RPS the contents
HMI of RPS Python-based HMI design
development
Testing and Testing and evaluating the
evaluation functionality of the HMI of RPS

Fig. 2. HMI data visualization of RPS design methodology

Table 1. HMI of RPS simulator requirements

No Part of NUREG-700

Description

1 Information display
2 Use of color
3 Parameters

4 Status indication
5 Alarm presentation

6 Real-time monitoring
7 Control mechanism

Display information clearly and consistently to support operator tasks, and
the use of appropriate coding techniques (e.g., color, symbols).

Effective use of color to convey information and to avoid misinterpretation.
It is important for indicating alarms and trip signals.

Ensures that all critical parameters (like neutron flux, helium temperature,
and coolant pressure) are displayed accurately and timely.

ensuring that the current state of the system is conveyed to the operator.
alarms should be presented to the operator, including visual and auditory
alerts

system provides real-time monitoring capabilities for critical parameters.
Design of control mechanisms (e.g., start/stop buttons, emergency
shutdown) to ensure they are easily accessible and operable.

4.2. Modeling the HMI Design
Based on the requirements information
gathered in the previous step, the layout of the HMI
of RPS is created as can be seen in Fig. 3. Focus of
the HMI design is how to visualize the flow of RPS
data so that it can make it easier for operator or user
to read and to understand. The HMI design layout
consists of several frames:
o Alarm panel. This panel provides information on
trip status and variable inputs that cause the trip.

e Sensor inputs and setpoint panel. It will display
the value of sensor inputs (neutron flux, helium
temperature, primary coolant pressure) and the
trip setpoints.

e Logic processing and trip signal panel. It shows
the existence of the initiation trip signal and the
trip status.

e Control panel. It contains a START button to start
the application or to run the program, a STOP
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button to stop the program, and a CLOSE button
to close the application.

e Real-time graph panel. This panel shows the
trends of variable inputs in all RPS channels, as
well as the setpoints.

Sensor inputs data

The HMI of the RPS simulator is intended to be
used for all types of reactors including SMR.
However, in this study, the sensor inputs and the trip
setpoints are taken from inputs and trip setpoints
data from the HTR-10 reactor. HTR-10 is an HTGR
with a power of 10 MWth developed by Tsinghua

University, China. HTR-10 is used for experimental
and research reactor, specifically designed for
technology development and testing. Table 2
provides the sensor inputs and trip setpoint data for
the HMI of the RPS simulator. For simulation
purposes and simplification, and due to the sensor
input values being generated randomly within a
specific range in the Python code, the sensor inputs
and setpoint values were set in Table 2. However,
the sensor input values and the setpoints are still in
the range of plant values.

Alarm panel
Sensor Sensor Sensor Real time graph input channel 1
input input input trip set-
channel channel channel points . ]
1 2 3 Real time graph input channel 2

Logic processing and trip signal

Real time graph input channel 3

start stop close

Fig. 3. Layout of HMI of RPS simulator

Table 2. Sensor inputs and trip setpoints data for RPS simulator [12, 13, 15]

No Sensor inputs Plant Simulator
Range Setpoint  Range Setpoint
1 Flux neutron (cm2s-1) 5x108-5x108 >200%  5x105—12x10% 11x10°
2 Helium temperature 0 -850 > 740 0 -850 740
(°C)
3 Primary coolant 3-4 44 2-6 4.4
pressure (MPa)
4.3. Python-based HMI Development e Real-Time Graphs: Plots showing neutron flux,
The HMI was designed using Python helium temperature, and coolant pressure over

programming language and various libraries such as
the normal library to generate the sensor inputs, the
tkinter library to create the graphical user interface,
and the matplotlib library to produce the real-time
graphs. Key components of the GUI are as follows:
o Frames: Different sections of the GUI for sensor
inputs, logic processing, alarms, control, and
graphs.
e Labels, Entries, and Buttons: GUI elements for
displaying and interacting with sensor values,
setpoints, initiation signals, and alarms.

time.

Table 3 shows the Python codes for
developing the components of the HMI. It can be
seen, for example, for generating the sensor
inputs, the “generate sensor _inputs(self)” class
of Python is used. The code is used to generate
the random values for neutron flux (range: 5x10°
— 12x10°% cm?s-1), helium temperature (range: 0
— 850°C), and coolant pressure (range: 2 — 6
MPa). Below is a part of the code:



def generate_sensor_inputs(self):
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"""Generate random sensor inputs for neutron flux, helium temperature, and primary_coolant_pressure."""

return {

"neutron_flux": random.uniform(5e+6, 12e+6),

"helium_temperature": random.uniform(0, 850),

"coolant_pressure™: random.uniform(2, 6)
}
Table 3. HMI components and Python code
No HMI Python code Description
components
1 Sensor Input  generate_sensor_inputs(self): Generates random values for neutron flux, helium
Generation temperature, and coolant pressure
2 ADC adc_conversion(self, analog_value):  Converts an analog sensor value to a digital value
Conversion (integer).
3 Setpoint compare_with_setpoints(self, Compares a digital sensor value with the setpoint
Comparison  digital_value, setpoint): value to determine if the initiation signal should be
triggered.
4 Actuation determine_actuation_trip_signal(self, Determines if the actuation trip signal should be
Trip Signal  init_signals): triggered based on the initiation signals
5 Updating update_sensor_inputs(self): If the simulation is running, it generates new sensor
Sensor inputs, updates the display, and checks if the
Inputs initiation signals and actuation trip signals should be
triggered.
6 Blinking blink_button(self, button) Blinks the button to indicate an alarm
Alarm
Buttons
7  Program start_program(self) Starts stops, and closes the protection system
Control stop_program(self) simulation
close_program(self):
8 Updating update_graphs(self, frame) Updates the graphs with the latest data
Graphs
9 User init_ui(self) Initializes the user interface components, including
Interface frames, labels, entries, buttons, and real-time graphs.
Initialization
10 MainBlock if _name_ =="_ main_ "™ Creates an instance of the Tkinter root window.
Initializes an instance of the HTGR Protection
System class with the root window.
Starts the Tkinter main loop to run the application.
f HTGR Reactor Protection System SIMULATOR = o x
Sensor Inputs and Setpoints 3t
Neutron Flux (cm-2s-7) — —— — ??tn?ulgtuao g:
Helium Temperature (°C) 740
Primary Coolant Pressure (MPa) 4.4 -0.04 -0.02 _;guw 0oz 004
O e loiaon St FALSE
Craml 3 ntaten S FALSE

REACTOR STATUS: NORMAL

Program Control

START STOP

CLOSE

-0.04 -0.02 000 vz 04

me (s}
Primary Coolant Pressure

Fig. 4. Main view of the HMI of RPS
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4.4. Case Study

In order to ensure that the HMI design is
working properly, some functional and performance
testing have been conducted. Functional testing was
performed to verify that all features and controls
operate as intended, while the performance testing
was conducted to ensure smooth operation of the
HMI.

Starting the application

The application is initiated when the START
button on the control frame is clicked. This action
triggers the generate_sensor_inputs(self): script to
randomly generate sensor inputs (neutron flux,
helium temperature, primary coolant pressure) for
each channel within the predefined ranges. The
results are displayed in the sensor inputs and setpoint
frame as illustrated in Fig. 5. As an instance, at a
specific time, the values of primary coolant pressure
were 5.31 MPa (channel 1), 3.31 MPa (channel 2),
and 3.71 MPa. The primary coolant pressure value
in channel 1 exceeds the setpoint, indicating that the
primary coolant pressure signal in channel 1 is
considered an initiation signal.
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Sensor Inputs and Setpoints

Channel 1 Channel 2
Neutron Flux (cm™2s7") 10477649.02 9565223.45
Helium Temperature (°C) 795.25 611.94
Primary Coolant Pressure (MPa) 5.31 33

Channel 3
11756307.41
308.62
372

Setpoint
11000000.0
740

44

Fig. 5. Sensor inputs and setpoint values

Additionally, the generated sensor inputs are
presented in real-time graphs, as shown in Fig. 6.
The three graphs display the trends of sensor input
values for neutron flux, helium temperature, and
primary coolant pressure across three channels:
channel 1 (blue line), channel 2 (orange line), and
channel 3 (green line). The graphs illustrate that the
signals fluctuate within a defined range. At certain
times, the signal values exceed the setpoints
(indicated by dashed lines) established by the
bistable processors in each channel. These data
visualizations demonstrate how sensor input signals
are generated, processed, and compared to the
setpoints to produce initiation trip signals in the
bistable processors of the RPS.

Neutron Flux

“ —— Channel 1
Channel 2

—— Channel 3

——- Setpoint

T T
0 5 10

Helium Temperature

15 20
Time (s)

¥ 400 4

200

8004 _ _ N fR
600 .

—— Channel 1

—— Channel 3
——- Setpoint

Channel 2

0 5 10

Primary Coolant Pressure

Time (s)

I
Channel 1
Channel 2
Channel 3
Setpoint

Reactor Status

To improve safety and dependability, reactor
protection systems frequently employ the "2 out of
3" voting logic design. The same parameter (such as
neutron flux, temperature, or pressure) is usually
monitored by three redundant sensors or detectors in
this system. Before sending out a trip signal to shut

Time (s)
Fig. 6. Trend of sensor input values for all channels

down the reactor or perform other protective
measures, the protection system  requires
confirmation from at least two of the three sensors
regarding an abnormal state (such as a high neutron
flux). This logic ensures that the system is less
vulnerable to false alarms caused by a single sensor
malfunction. If only one sensor identifies an
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abnormality, no action is taken. If two or three
sensors detect the condition, the system interprets it
as a true event and activates the protective response.

The HMI of the RPS simulates the reactor status
into two (2) conditions: normal operation and trip
operation. Normal operation involves conditions
where there are no initiation trip signals in all RPS
redundancy channels or if there are two channels
without an initiation trip signal. On the other hand,
trip operation occurs when there are initiation trip
signals in all channels or 2 out of 3 channels have
initiation trip signals. On the HMI of RPS, the
absence of an initiation trip signal is indicated by the
term “FALSE” while the initiation trip signal is
indicated by the term “TRUE”.

Figure 7 simulates the RPS during normal
operation. It illustrates that all three channels have
FALSE trip signals, indicating that none of the
sensor input values exceed the trip setpoints in any
RPS channel. The normal operation condition is
further depicted in Fig. 8. In this scenario, despite
one initiation signal being TRUE, meaning one
sensor input value exceeds the trip setpoint in one
channel, the reactor remains in normal operation.

Fig. 9 displays the HMI of the RPS during a trip
operation. In this figure, there are two TRUE
initiation trip signals, causing the alarm panel to turn
red and blink. The alarm also identifies which sensor
input values have exceeded the trip setpoints,
leading to the reactor trip. Table 4 summarizes the
potential of initial trip signals in all channels and the
reactor trip status.

[

ALARMS

Sensor Inputs and Setpoints
Channel 1
815485455 7387382.18

Channel 2 Channel 3  Setpoint

Neutron Flux (em™25°7) 7456318.40  11000000.0

Helium Temperature (“C) 428.32 624.47 281.78 740
Primary Coolant Pressure (MPa) 4.18 3.20 212 4.4
Logic Processing and Trip Signals

Channel 1 Initiation Signal; FALSE

Channel 2 Initiation Signal: FALSE

Channel 3 Initiation Signal: FALSE

REACTOR STATUS: NORMAL

Fig. 7. Normal operation (3 FALSE initiation signals)
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f HTGR Reactor Protection System SIMULATOR

ALARMS

Sensor Inputs and Setpoints

Channel 1 Channel 2 Channel 3 Setpoint
Neutron Flux (cm™?s°1) 7133675.18  6682834.57 11675393.45 11000000.0
Helium Temperature (°C) 569.55 89.76 572.29 740
Primary Coolant Pressure (MPa) 2.18 593 4.38 4.4

Logic Processing and Trip Signals
Channel 1 Initiation Signal: FALSE
Channel 2 Initiation Signal: TRUE
Channel 3 Initiation Signal: FALSE

REACTOR STATUS: NORMAL

Fig. 8. Normal operation (2 FALSE initiation signals)

"t

ALARMS

Neutron_flux in Channel 2

Neutron_flux in Channel 3

Sensor Inputs and Setpoints

Channel 1 Channel 2 Channel 3  Setpoint
Neutron Flux (em™2s°7) 9305489.27 11969617.47 11302762.50 11000000.0
Helium Temperature (°C) 67.88 264.29 281.18 740

Primary Coolant Pressure (MPa) 3.80 5.50 5.96 4.4

Logic Processing and Trip Signals

Channel 1 Initiation Signal: FALSE

Channel 2 Initiation Signal: TRUE
Channel 3 Initiation Signal: TRUE
REACTOR STATUS: TRIP

Fig. 9. Trip signal operation (2 TRUE 1 FALSE)

Table 4. Potential conditions in RPS

Channel Channel Channel Reactor
1 2 3 status
FALSE FALSE FALSE Normal
FALSE FALSE TRUE Normal
FALSE TRUE FALSE  Normal
Initiation TRUE FALSE FALSE Normal
signals TRUE TRUE TRUE Trip
TRUE TRUE FALSE Trip
TRUE FALSE TRUE Trip
FALSE TRUE TRUE Trip

Based on the case study, several points can be
summarized from the HMI of the RPS simulator
design, as follows:

a. The design can visualize the flow of data or
signals in the RPS, including generating and
processing sensor inputs, creating initiation and
actuation trip signals.

b. The design facilitates users or operators to
understand the functionality of RPS.

c. The design enhances the situational awareness of
operators regarding the status of the plant, aiding
them in making decisions and taking actions after
a reactor trip based on the sensor inputs that cause
the trip, thus preventing reactor core melting and
the release of radioactive materials into the
environment.

Coolant_pressure in Channel 2
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5. CONCLUSION

The modeling and simulation of signal flow in
Nuclear Reactor Protection Systems provide
valuable insights into the system's functionality and
reliability. The results demonstrate that the HMI of
RPS can generate the sensor inputs and display them
on panels and trend graphs. Additionally,
information on reactor status (normal or trip) is
presented, along with a blinking alarm panel that
indicates the sensor inputs initiating the reactor to
trip. The results contribute to a deeper understanding
of RPS functionality and guide future enhancements
in reactor safety systems.

In the future, the HMI of RPS design should be
enhanced, particularly in the method of generating
the sensor input data, and by adding scenarios of
anomalies.
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