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1. Introduction

Instrumentation and control (I&C) systems in nuclear
power plants (NPPs) are important in the reliability
analysis of an NPP. Operators in a plant are provided
the plant information and perform the required controls
through 1&C systems. In addition, safety systems such
as a reactor protection system (RPS) generate a reactor
trip signal when the trip parameters are over the trip set
points.

Recently, 1&C systems have undergone digitalization.
Deterioration and an inadequate supply of components
of analog I&C systems have led to inefficient and costly
maintenance. Moreover, since the fast evolution of
digital technology has enabled more reliable functions
to be designed for NPP safety, the transition from
analog to digital has been accelerated. Owing to the
distinguishable characteristics of digital I&C systems, a
reliability analysis of digital systems has become an
important element of a probabilistic safety assessment
(PSA). Digital 1&C systems have unique characteristics
such as fault-tolerant techniques and software. However,
these features have not been properly considered yet in
most NPP PSA models [1-4].

The effect of digital I&C systems should be evaluated
by comparing them to that of analog 1&C systems.
Before installing a digital I&C system, even though it is
expected that the plant safety can be improved through
the advantageous features of digital 1&C systems, it
should be validated whether the total NPP safety is
better than analog systems or is the same at least. In this
work, the fault-tree (FT) technique, which is most
widely used in a PSA, was used to compare the effects
of analog and digital I&C systems. From a case study,
the results of plant safety were compared.

2. FT Models of Analog and Digital RPS

In this work, core damage frequency (CDF), which is
one of the measures representing plant safety, was used
for a comparison method. Partial fault tree models to
evaluate the CDF were developed for analog and digital
1&C systems for a case study. In these simple models,
the top event is the CDF, which is estimated based on
the reactor trip signal generation failure of an RPS.

For simplicity, the CDF of a plant with analog 1&C
systems is defined as Equation (1).

P(CDF)=F(IE) * P(RF) * P(MF) (1)

where

- P(CDF): probability of CDF

F(IE): Initiating event frequency

P(RF): Probability RPS failure (unavailability)
- P(MF): Probability of manual backup failure

If a digital RPS is considered, other factors
representing the characteristics of the digital RPS are as
shown in Equation (2).

P(CDF)=F(IE) * P(RF) * P(MF)
=F(IE) * (P(HF)+ P(SF))*(1-P(FD))* P(MF) (2)

where,

- P(CDF): Core damage frequency

- F(IE): Frequency of an initiating event

- P(RF): Probability RPS failure (unavailability)

- P(MF): Probability of manual backup failure

- P(HF): Hardware failure probability of RPS

- P(SF): Software failure probability of RPS

- P(FD): Failure detection probability of fault-
tolerant techniques of RPS

- P(MF): Probability of manual backup failure

Simple comparison FT models were developed with
consideration of only one reactor trip parameter
(pressurizer pressure high trip), as shown in Fig. 1.
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Fig. 1. Top event of the FT models.

The following assumptions were made for the digital
RPS model to consider the characteristics of the digital
RPS.

- Failure detection functions such as component
self diagnostics, online status diagnostics, and
automatic periodic testing were considered. From
the experiment result using a fault injection
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technique, the total failure detection probability
was evaluated at about 97% [1]. In this model,
the  failure  detection  probability = was
conservatively assumed as 90%.

- In addition to hardware failure probability,
software failure probability was considered. It
was assumed to be 1E-6.

- Common cause failures (CCFs) of RPS hardware
and software were considered.

- Input and output modules were modeled with a
card-level.

- In the case of failures of trip signal generation
and a mechanical failure of trip circuit breakers,
manual backup of the operators was considered.

- Except a part of the FT model related to digital
systems, the other part is the same as that of an
analog system.
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Fig. 2. Manual backup in case of trip signal generation
failures.
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Fig. 3. A part of the digital RPS FT model

3. Results

In the evaluation results, the digital system showed a
lower CDF than the analog system as follows:

- CDF of analog model: 1.743E-6
- CDF of digital model: 2.195E-7

When only a part of the trip signal generation is
considered, the unavailability of a digital RPS is much
less than that of an analog RPS. This is because the
main contributors of the CDF are a failure of the sensors
and trip circuit breakers, which occupy around 70%.
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Fig. 4. Minimal Cut-Set of the digital RPS FT model

4. Conclusions

In this work, the effect of a digital RPS was evaluated
by comparing it to that of an analog RPS based on the
FT models. In the evaluation results, it was observed
that digital RPS has a positive effect on reducing the
system unavailability. The analysis results can be used
for the development of a guide for evaluating digital
1&C systems and reliability requirements.
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