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Abstract: Nuclear power plants (NPPs) are globally important sources of clean energy. However, high
operation and maintenance (O&M) costs are one of the factors hindering the development of NPPs. In
this study, we focused on the development of a digital algorithm for ex-core instrumentation systems
(EISs) to reduce O&M costs, given that the digitalization of EISs is not progressing compared with
other instrumentation and control systems in NPPs. Specifically, we developed a digital algorithm
for pulse signal processing in EISs, which traditionally require a significant amount of hardware and
maintenance efforts. Our purposes were to simplify the configuration and reduce the O&M costs
associated with pulse signal processing. To validate the algorithm, we used a detector emulator and
a research reactor. Additionally, we explored a new approach to reduce the workload associated with
a discrimination characteristics test (DCT) in EISs. The results of this study demonstrated that the
proposed algorithm is effective in achieving good linearity within +5% of the span and response
performance with a delay time of 5 ms, which are required for EISs. Furthermore, the proposed
method for the DCT shows promising results in reducing the time required for the test compared
with conventional methods.

Keywords: nuclear power plant; instrumentation and control system; digitalization; field-programmable
gate array

1. Introduction

Nuclear power plants (NPPs) are globally important sources of clean energy that do
not emit greenhouse gases. According to the International Atomic Energy Agency (IAEA),
global electricity consumption is increasing annually, and it is predicted that by 2050, it will
be approximately double that of 2022 [1]. Nuclear power is expected to contribute to both
the rapid increase in electricity consumption and the mitigation of global warming, and the
construction of new NPPs is planned around the world [2]. While there are multiple types
of NPPs, many use pressurized water reactors (PWRs), and most of the plants planned
for future construction also use PWRs. Additionally, most of the small modular reactors
(SMRs) currently being developed are also based on PWR technology.

From an economic perspective, NPPs face the challenge of higher operation and main-
tenance (O&M) costs compared with other power sources such as coal, oil, and liquefied
natural gas-fired thermal power. The O&M costs of nuclear power are approximately twice
as high as those of thermal power generation [3]. Reducing the O&M costs of NPPs is a
problem that needs to be solved for the planned expansion and stable operation of NPPs.
In the United States, grants have been provided for research on using digital technology to

Appl. Sci. 2024, 14, 2445. https:/ /doi.org/10.3390/app14062445

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14062445
https://doi.org/10.3390/app14062445
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0001-9081-9364
https://orcid.org/0009-0008-9304-3507
https://doi.org/10.3390/app14062445
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14062445?type=check_update&version=2

Appl. Sci. 2024, 14, 2445

2 of 14

reduce O&M costs to one-tenth of the conventional level, specifically targeting innovative
reactors [4]. It is anticipated that the utilization of digital technology will be essential for
reducing O&M costs.

In this study, we focus on ex-core instrumentation systems (EISs), which are essential
for PWR plants, both currently in operation and planned for future construction. An EIS
monitors the state of the reactor core by detecting neutron leakage from the reactor core
with neutron detectors installed outside the reactor and issuing trip signals in case of
abnormal conditions, making it a crucial component for PWR operation. However, the
digitalization of EISs has been lagging behind other instrumentation and control (1&C)
systems. The advantages of digitizing the 1&C system include the ability to replace multiple
hardware components with software, enabling miniaturization, reducing the number of
degraded parts, and facilitating easy replacement. Additionally, utilizing digital technology
allows for self-diagnosis, where the system itself can detect faults, leading to significant
improvements in maintainability and reliability. While existing 1&C systems are being
replaced with digital systems, many EISs still remain analog. This is believed to be due
to the unique neutron measurement required in nuclear power, as well as the high-speed
operation for a safety system. In particular, EISs require rapid response performance
compared with other 1&C systems [5].

There are several examples of digitalizing EISs. One example is the SPINLINE system
developed by Rolls-Royce, which utilizes a calibrated pulse acquisition board with a
microcontroller [6,7]. The SPINLINE system processes pulse signals from the neutron
detector by combining the calibrated pulse acquisition board with the UC25 N+ processor
board [6]. Another example is the DWK250 system developed by Mirion Technologies,
which incorporates the NI 21 module to discriminate pulse signals derived from neutrons
from other signals such as gamma rays and electrical noise, as well as the NZ21 module for
signal processing to generate the count rate [8]. These examples demonstrate the ongoing
progress in digitalizing pulse signal processing for EISs.

As previously mentioned, there are few examples of digitalizing pulse signal process-
ing for EISs, all of which use multiple modules for pulse measurement and microprocessors.
The IAEA mentioned that techniques utilizing microprocessors have replaced analog tech-
niques used in NPPs because microprocessors have many advantages compared with
analog devices. However, microprocessors now have short product life cycles, and appli-
cations may become obsolete in a relatively short time due to a lack of replacement parts
and support [9]. These indicate that there is room for improvement in terms of reducing
hardware quantities and ensuring the continuity of production. Additionally, EISs have
redundancy required for the safety system. By digitizing EISs, it is possible to achieve
significant cost-savings through reduced hardware requirements. In this study, we aim to
further reduce the hardware required for pulse signal processing in EISs by developing
a newly devised digital algorithm with a field-programmable gate array (FPGA). FPGAs
have attracted attention for their low design and verification costs, resistance to cyber-
security threats, and production continuity. We will explain this algorithm and present
the validation results using a detector emulator and a research reactor. Additionally, we
will discuss the feasibility of a new approach to reduce the workload associated with the
discrimination characteristics test (DCT) for the maintenance of EISs.

2. Previous Research

There have been studies regarding the digitalization of EISs [10-12]. Kim et al. [10]
proposed methods for processing pulse signals and the mean square value output of a
fission chamber (FC) in the digital-signal-processing unit. Mjzoob et al. [11] aimed to
digitalize the Intermediate Range (IR). However, the main topic of these studies was the
validation of an algorithm for digital processing of an EIS using simulations, and they did
not experiment on the basis of actual detector signals. Joo et al. [12] demonstrated the
performance of the digital wide-range neutron power measurement channel, including
pulse signal processing, using a research reactor. However, the feasibility of achieving the
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required high-speed response in an EIS using digital circuits has not been discussed. It
is essential to validate the safety functions required for an EIS to be used in commercial
power reactors. Therefore, we believe that the verification conducted in this study will be
beneficial for advancing the digitalization of EISs.

Figure 1 shows the traditional EIS configuration for PWRs. An EIS has three different
ranges, i.e., source range (SR), IR, and power range (PR), to monitor a wide measurement
range spanning 12 digits from reactor shutdown and startup to normal operation [13]. The
IR and PR process the signal output from the compensated ion chamber (CIC) or uncompen-
sated ion chamber (UIC) by using a logarithmic amplifier or summing amplifier, whereas
the SR processes the pulse signal output from the proportional counter (PC) by using
several analog modules, i.e., a preamplifier, pulse amplifier, pulse shaper, and logarithmic
amplifier. Using many analog modules increases O&M costs and has the potential to limit
the continuity of production. Thus, digitalization will greatly benefit the SR in terms of
reducing modules and continuing production for plant operation. Another advantage of
digitalizing the SR is to improve its maintainability because the number of SR maintenance
tests is higher than that for other ranges, e.g., the V-I characteristics test, plateau charac-
teristics test, and DCT. The purpose of the DCT is to set a discrimination level that can
distinguish pulse signals derived from neutrons from other signals. The discrimination
level may vary due to environmental factors such as noise and the degradation of the detec-
tor. Typically, a graph of discrimination characteristics is created by plotting pulse counts
at various discrimination levels to determine the appropriate threshold. In a traditional EIS,
the pulse shaper includes a discrimination function and generates a rectangular pulse when
the original pulse signal exceeds the discrimination level. The scaler-timer then counts the
number of rectangular pulses within a specified period to create the graph. However, this
traditional method requires multiple changes in discrimination levels and pulse counts to
compensate for the loss of pulse height information. To address this issue, we explored an
alternative method with digital techniques, which incorporates a peak hold function to
capture the maximum pulse height of each original pulse and a software function to create
a discrimination characteristics graph directly using the acquired pulse height information.

SR J—l_
N N N\ n

Scaler-timer

PC Pr.e. > Pu1§§ > Pulse > Logari?h.mic —> Bistable, etc.
amplifier amplifier shaper amplifier
IR
CIC Logarlt.h.mlc ——— > Bistableetc.
amplifier
PR
UIC
(Upper) l Summing .
e >
amplifier Bistable etc.
UIC
(Lower)

Figure 1. Traditional EIS configuration.

3. Design of Algorithm
3.1. Requirements

In this study, we will confirm the basic performances of an EIS required for the
operation of NPPs, i.e., linearity and response time. The requirements of the digital
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algorithm for pulse signal processing in this study are as follows. These requirements are
referred to in the latest NPP, AP1000 design control document [5].

Measurement range is 6 decades of neutron flux: 1 to 10° counts per second (cps);
Accuracy is within £10% of the span;

Response time at reactor trip is within 600 ms;

In addition to the above, the following points should also be considered:

The algorithm should be implemented on an FPGA;

The resource utilization of the algorithm should be kept below 80%.

As mentioned in Section 1, microprocessors, which were traditionally dominant in
digital systems, are now considered obsolete technology when considering component re-
placement. Therefore, it is advisable to utilize the latest technology, such as FPGA. Another
advantage of using FPGA is the consideration of Common Cause Failure (CCF), which is
one of the requirements to be considered in safety systems of NPPs. Countermeasures for
CCF using FPGA have already been recognized by the nuclear regulatory commission [14].
Furthermore, since this study focuses on the basic functionality of EISs as the target of
digital algorithmes, it is important to design with some margin in resource utilization to
anticipate future functional expansions.

3.2. Configuration

FPGAs are important in digitalizing 1&C systems in NPPs since they enable high-speed
calculations with parallel processing and can be easily replaced when an FPGA device has
been discontinued. We used the Digilent (Pullman, WA, USA) FPGA evaluation board
Eclypse Z7 [15] equipped with Xilinx’s (San Jose, CA, USA) Zynq-7000 combined with
the Digilent (Pullman, WA, USA) analog-to-digital converter (ADC) Zmod ADC1410 [16]
for the digital algorithm design. Figure 2 shows the configuration of digital pulse signal
processing. Since the pulse signals output from a detector such as an FC are extremely
short (e.g., 200 ns), the ADC for EISs must have an adequate sampling rate. Table 1 shows
the features of Zmod ADC1410. We aimed to convert the analog signal to a digital signal
after the preamplifier so that the SR can have a simple configuration with the minimum
analog modules. This improves cost-effectiveness, scalability, and maintainability because
it reduces modules such as a pulse amplifier, pulse shaper, and logarithmic amplifier
indicated in Section 2, and enables easy modification with only code changes. Zyng-7000
consists of a system-on-chip-integrated processing system (PS) and a programmable logic
(PL) unit. The PL is equipped with FPGA, and the PS is equipped with a processor. As
shown in Figure 2, most processing functions are achieved in the PL, and the PS is only
used for communication with the PC.

Analog Digital
Ecl z7 |
Neutron Pr.eA BN Zmod N clypse PS I PC
detector amplifier ADC1410
PL .
Pulse height
LLD LLD setpoint Count rate
v
Counter [ Count-rate —> Integrator
converter
Zero BN Time-constant
counter selector

Figure 2. Configuration in this study with ADC and FPGA evaluation board.
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Table 1. Features of Zmod ADC1410 [17].
Resolution  Input Range Sample Rate Input Impedance Analog Bandwidth
14-bit 1V 105 MS/s 1 MQ 70 MHz @ 3 dB

3.3. Algorithm for Pulse Signal Processing

In the PL, we have designed six function blocks: the lower-level discriminator (LLD),
counter, count-rate converter, zero counter, time-constant selector, and integrator.

The LLD receives the digital signal that has been converted by the ADC. It discrimi-
nates the pulse signal derived from neutrons from other signals, such as gamma rays or
electrical noise, using a logic function. This discrimination is based on determining whether
the pulse height exceeds a preset threshold. If the pulse height exceeds the threshold, the
LLD identifies the signal as being derived from neutrons. The LLD then outputs rectangular
pulses depending on the number of signals that exceed the threshold. The LLD also has a
peak hold function and outputs the maximum pulse height at each inputted pulse to use in
creating the discrimination characteristics graph at the PC.

The counter counts the pulses that are output by the LLD when the signals exceed the
threshold every 1 ms.

The zero counter counts the periods when the counter’s count is zero every 1 ms to
select a time constant in the case of a low count rate.

The count-rate converter converts the pulse counts to a count rate (X) by multiplying
a constant coefficient of 1000 (coef.onst) and preset variable coefficients (coefyar) in lookup
tables (LUTs) shown in Figure 3 with the latest counter’s output (C,) as represented in
Equation (1). The preset variable coefficients are used for inhibiting the fluctuation of
neutron and disturbance signals, such as electromagnetic noise, and are controlled with C,
and the previous counter’s output (C,,_1), as shown in Figure 4. The variable coefficients are
set with 14 values, ranging from 0.05 to 1, and are selected on the basis of the relationship
between C and C,,_1. The initial value is set to 0.05, and if Cy, is equal to or greater than
10% but less than 10 times C,,_1, the variable coefficient increases to the next value, which
is 0.2. If this condition continues, the variable coefficient increases up to its maximum
value of 1. If Cj, is less than 10% or greater than or equal to 10 times C,,_1, it is reset to the
initial value.

X =coefconst-coefyar-Cn (1)
1.2
1L ‘
=
v 08
=
>
a:_,. 0.6+
‘Ai: :\
~ 04t
02t :}“
é
“ 1 1 1 1 1
0 5 10 15 20 25 30 35

Operation c.\.‘vlu [ms]

Figure 3. Variable coefficient multiplied by the counter’s output.
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Figure 4. Flow chart of selecting variable coefficients.

The time-constant selector automatically selects a preset time constant from the LUTs
to be used for the first-order lag calculation implemented in the integrator. The time
constants need to be long during a reactor shutdown when there is a relatively low count
rate to ensure measurement reliability, but they need to be short under startup to normal
operations when there is a relatively high count rate to quickly detect any abnormal change
in reactor power. The time-constant selector contributes to this responsiveness by selecting
a time constant on the basis of the output from the count-rate converter. Figure 5 shows
all time constants set for this study, totaling approximately 200. Time constants 10% to 10°
cps, when an output from the count-rate converter will be non-zero, were set on the basis
of Equation (2), and time constants for other count-rate ranges when an output from the
count-rate converter will be zero or non-zero were set on the basis of Equations (2) and (3).

=1 @)

2-n-02’
where T is a time constant, n is a count rate, and o is the relative standard deviation.

N 1000
N Co+17

)

where Cj is the period during which the output from the count-rate converter is zero.
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Figure 5. Relationship between time constants and count rate.

The integrator implements a first-order lag calculation using Equation (4) with a count rate
and time constant from the count-rate converter and the time-constant selector, respectively.

i+ (1 — eTTi> X, 4)

where Y; is the output at the i-th sampling time, Y;_; is the output at the previous i-th
sampling time, X; is the output from the count-rate converter at the i-th sampling time, T is
the sampling time, and T; is the i-th time constant.

The resource utilization which includes six function blocks and ADC control logics is
shown in Table 2. The resource utilization was approximately 30%, indicating that there
was sufficient margin available.

A4

Yi = Yi_l-e

Table 2. Resource utilization.

Site Type Used Available Utilization
Slice LUTs 6999 53,200 13.16%
Slice registers 6809 106,400 12.85%
DSPs 7 220 3.18%

3.4. Application of Discrimination Characteristics Test

Our proposed method for the DCT is to create a discrimination characteristics graph
using collected maximum pulse heights output from the LLD. The Zmod ADC1410 converts
pulse signals into 16-bit digital signals. The LLD outputs the maximum value of the
pulse signal converted into a digital signal to the PC via the PS. The graph is created by
running software developed using MATLAB (R2023a) on the PC. The software lists the
maximum values of the pulse signals obtained during a specified period. Next, it searches
for addresses, pre-assigned from 1 to 65,535, that match the maximum value of the pulse
signal and increments the count value stored at each address whenever the address and
maximum value match. After performing the search and count for all data in the list, it
generates a total count value by summing up the count values for all addresses. The graph
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is created by subtracting the count values stored at each address from the total count value
in ascending order of addresses.

4. Results and Discussions
4.1. Validation Using Detector Emulator

Figure 6 illustrates the configuration for validation using a detector emulator. The
CAEN NDT6800D [18] was used to generate the simulated pulse signals shown in Figure 7.

Emulator-manipulation signal

Zmod ~N
NDT6800D > ADC1410 —> Eclypse 27 PC
Figure 6. Experimental configuration with detector emulator.
035
0.3
0.25
0.2
>
éﬁ 0.15
°
>
0.1
0.05
’ M
-0.05
-15 -1 -0.5 0 0.5 1 15

Time [s] x10
Figure 7. NDT6800D output pulse signal.

In this experiment, we validated linearity and response time performance. To validate
linearity, the pulse signals generated by the NDT6800D with a range of 1 to 10° cps and a
constant or random signal frequency were inputted to the FPGA evaluation board. The
random signal frequency was based on a Poisson distribution. The result of linearity
validation is shown in Figure 8. We confirmed that FPGA outputs are within +5% of the
span. The result satisfies the requirement mentioned in Section 3.1, indicating that the
proposed algorithm demonstrates good linearity performance.

To validate response time, we assumed the trip set point is 10° cps in this experiment,
referred to as the traditional PWR [13], and set the input signal by varying the count rate
from —10% to +10% of the set point. The result of the response time is shown in Figure 9.
The FPGA outputs reached the set point after approximately 5 ms, within the required
performance response time mentioned in Section 3.1. This indicates that the proposed
algorithm demonstrates rapid response performance.
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Figure 8. FPGA output for emulator output.
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Figure 9. Response characteristics of the developed algorithm.

4.2. Validation Using Research Reactor

In this experiment, we validated linearity using the UTR-KINKI Research Reactor designed
and produced by the American Standard Corporation (Mountain View, CA, USA) [19] at
Kindai University, with the FC as a neutron detector. The configuration of the experiment
is shown in Figure 10. The reference signal for a true count rate to be compared with
FPGA outputs was measured using the Amptek (Bedford, MA, USA) Digital Multichannel

Analyzer MCA-8000D.
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Figure 10. Experimental configuration with UTR-KINKI Research Reactor.

The result of linearity is shown in Figure 11. FPGA outputs are within £2% of the
span. The result satisfies the requirement mentioned in Section 3.1, indicating that the
proposed algorithm demonstrates good linearity performance. However, for a reactor
power of 0.01 W, there is a difference between the FPGA output and MCA output. We
suspect that this is due to the limited number of time constants available in the count-rate
converter because the number of time constants in 10 from 10° cps is lower than the rest of
the range. To investigate this hypothesis, we created a simulation model using MATLAB
(R2023a) Simulink and added one additional time constant in the range of 10* to 10° cps.
We then conducted verification using this simulation model. Figure 11 shows the results
of comparing the original algorithm with the improved algorithm using the simulation
model created in MATLAB Simulink. The results of the original algorithm align well with
the verification results using the research reactor, confirming the validity of the simulation
model. Furthermore, the results of the improved algorithm align well with the values
obtained from the MCA-8000D at 0.01 W, demonstrating that the addition of time constants
can improve linearity.
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Figure 11. FPGA output with respect to reactor output.

4.3. Feasibility of a New Discrimination Characteristics Test Method

In this experiment, we used an FC as a neutron detector. The FC is coated with UO,,
a fissile material. When a neutron interacts with the UO,, it produces fission fragments.
Since the UO, emits alpha particles for alpha decay, pulses derived from alpha particles
become background noise [20]. Figure 12 shows the discrimination characteristics graph
created using the proposed method with pulse heights collected at 0.01 W reactor power. In
Figure 12, a region where the counts remain constant between 0.03 V and 0.08 V is obtained,
indicating the separation of pulses from alpha particles and neutrons. Figure 13 represents
the spectrum of the FC obtained with the MCA-8000D, and the pulses from alpha particles
and neutrons are separated around 0.05 V, indicating the validity of the discrimination
characteristics graph shown in Figure 12.

10° = . . ; ;
]

10'F | 1

10° b ~— 1

Counts

10° +

lﬂl‘ I n L I
0 0.05 0.1 0.15 0.2 0.25

Discrimination level [V]

Figure 12. Discrimination characteristics graph obtained using the proposed method.
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Figure 13. FC spectrum obtained using MCA-8000D.

In conventional methods, obtaining the discrimination characteristics graph required
changing the discrimination level and collecting counts, which took a considerable amount of
time. However, with the proposed method, the graph can be created in a very short time, en-
abling a reduction in workload for maintenance through the utilization of a digital technique.

5. Conclusions

The digitalization of instrumentation and control systems plays a crucial role in
reducing operation and maintenance (O&M) costs of nuclear power plants (NPPs). In this
study, we focused on ex-core instrumentation systems (EISs), which are essential systems
for the safe and secure operation of pressurized water reactor plants. Traditional EISs
used in many existing NPPs are composed of multiple analog modules, and particularly in
pulse signal processing, many analog modules are required. Therefore, there is a need for
digitalization to simplify the configuration and improve maintainability. There are several
examples of digitalizing EISs, but they use a microprocessor that is now obsolete. Therefore,
state-of-the-art technology is required to digitalize EISs.

We conducted a demonstration study using a field-programmable gate array (FPGA)
combined with a high-speed analog-to-digital converter to develop and validate a digital
algorithm for efficient pulse signal processing, and explored a new method to enhance
the efficiency of maintenance work associated with the discrimination characteristics test
(DCT). The validation was conducted using a detector emulator and research reactor. As a
result, we confirmed that the proposed algorithm can achieve linearity within +5% of the
span and response performance with a delay time of 5 ms, which are required for EISs, with
a simpler configuration than a traditional EIS. Additionally, by creating a discrimination
characteristics graph using pulse height information, we expect to be able to conduct the
DCT in a shorter time compared with a conventional method. As for the validation of the
digital algorithm, we compared the results obtained in the research reactor to simulated
outputs using MATLAB Simulink. The simulated outputs align well with the values
obtained from the experiment using the research reactor, and we proved that adding a time
constant improves linearity.

In conclusion, the digitalization of EISs significantly contributes to reducing O&M
costs. The proposed digital algorithm can satisfy the requirements for commercial power
reactors and achieve a simpler configuration to improve maintenance. Furthermore, the
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advanced DCT method can reduce workload. In addition, the digitalization of EISs has
the potential to further reduce O&M costs and improve convenience for users. We plan to
conduct further investigations to determine the potential advantages of digitalization, such
as advanced pulse discrimination and condition-based monitoring. These advancements
have the potential to further enhance the efficiency and effectiveness of EISs, leading to
even greater cost savings and operational improvements in NPPs. This study is a crucial
first step towards realizing the potential benefits of digitalizing EISs. The progressing of
digitalization in EISs, based on this study, will contribute to significant advancements in
the developments of NPPs and the mitigation of global warming. On the other hand, the
potential disadvantages of digitalization must also be considered. One such disadvantage is
the need to address electromagnetic compatibility (EMC). Digitalization can make systems
more susceptible to external noise and can also introduce noise from within the system
itself. While this study focused on the development and validation of digital algorithms for
EISs, it is necessary to conduct EMC mitigation considerations during the stages of system
design and detailed circuit design.
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