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Abstract 

Studies made of Japanese PWR operating expe
riences have revealed that failures in th«* 
control system are the primary causes of un
scheduled shutdowns. An attempt has, there
fore, been made to improve the reliability 
of the control system in order to raise the 
plant reliability. The followings are the 
procedures app^ad to solve the issue; study 
of operating experiences, fault tree analysis 
and failure mode and effects analysis. 
Improvement measures are developed for the 
control system whose failure threatens to 
cause the plant trip during the plant life. 
These systems are the main feedwater control 
system, rod control system, pressurizer con
trol system and main steam control system in 
the primary control system. 
As a result, the plant unavailability is ex
pected to be reduced significantly by apply
ing the improvements. The improvements are 
applied to the plants under construction and 
the operating plants in co-operation wi'.h 
utilities and vendors. 

I. INTRODUCTION 
It has been reported over the past several years that the fail
ure of the control system is the primary cause of unscheduled 
shutdowns experienced at PWRs both in Japan and the United 
States. Different from the safety system, the redundant design 
is not applied to the control system. As a result, a failure 
of a single component/subsystem could lead to loss of control 
functions assignee to the system. The shutdown probability is 
particularly high when the transient associated with the loss 
of control function is too rapid for operators to take appro
priate manual actions within a given time. 
As the share of nuclear power in the electric power generation 
is rising, requests for an improved availability of PWRs have 
been growing. Therefore, it is vitally important to enhance 
the reliability of the control system and reduce shutdown oc
currence caused by their failures. 
This paper describes a collaborative effort made by hardware 
manufacturers and a utility to enhance the reliability of con
trol system by identifying critical equipments/components and 
examining countermeasures to reduce the occurrence of loss of 
their functions. 
The following are the procedures used for the study: 
Study of Operating Experiences 
A survey is made of both Japanese and the US PWRs' operating 
records to identify shutdown experiences caused by the fail
ure of the control system. 
FMEA 
To screen out less reliable components whose failure are like
ly to cause plant trip, Failure Mode and Effects Analysis 
(FMEA) is done. 
FTA 
Shutdown probabilities are estimated by means of Fault Tree 
Analysis(FTA). 
Examination of Improvement measures 
Various countermeasures are examined for the components which 
are found less reliable. In addition, the reduction in shut
down probability expected to be achieved by the each improve
ment measures is estimated by analyzing the fault tree. 
The following are mainly the description about the improve
ment of reliability of the primary control system. 



II. STUDY OF OPERATING EXPERIENCES 
Experiences at PWRs operating in Japan 
Figure-1 shows percentage contributions of failed com
ponents/systems which are identified from operating 
records as the outright cause of unshceduled shutdown. 
It is apparent from the figure that 30% of the shutdowns 
are attributable to the control system. 
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Figure-1 Contribution of Failed Components 
to Unscheduled Shutdown on PWRs 
- Japan 
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Experiences at PWRs operating In the United States 
NUREG-0200 1/ was surveyed to identify unscheduled shut
downs experienced at PWRs designed by Westinghouse. A 
survey of Nuclear Power Experiences(NPE) 2/ was also 
made. It turned out that the main feedwater control and 
the rod control system are less reliable among the primary 
control system. Failure distribution of components which 
are calculated from the experienced records are found to 
be similar to those obtained from the Japanese records. 
(Figure-2) 

Figure-2 Failure Distribution of Components 
Constituting the Control System 
- NPE Data 

3. These results suggest that the control system should be 
examined whether to cause shutdown or not by their con
stituent components' failures and that improved measures 
should be studied for the control system. 

III. FAILURE MODE AND EFFECTS ANALYSIS 
Figure-3 shows a work sheet used in FMEA. The following are 
the explanation of the work sheet. 
1) Component identification 

The name of each component used in the system under re
view is filled. 

2) Failure mode 
Failure mode is specified for each component. The fol
lowing are typical failure modes: 

Control valve and 
Solenoid valve: full-open, or full-close 
Sensor, Controller, 
Converter and 
Positioner: high output or low output 
Switch, Relay, and 
Comparator: fail to actuate or spurious 

actuation 



3) Effects on the control system 
For each component, effects on the performance of the con
trol system associated with its failure are assessed and 
described. 

4) Effects on the plant 
For each component, effects on the plant operation asso
ciated with its failure are assessed and described. 

5) Plant event 
Plant events initiated by the failure are described in ac
cordance with time-sequence. 

6) Time period 
The time elapsed from the initiation of failure to the 
plant trip is described. 

7) Information available for operator 
Information available on the main control board during the 
event, e.g., annunciator, indicator, and other display, is 
described. 

8) Operator action 
Expected operator's action is described. 

9) Method of failure detection 
Read out information necessary for the operator to diagnose 
the failure is described. 

10) Failure rate 
The failure rate of each component is assessed and filled 
in. Domestic experiences data, hardware manufacturers' 
data, IEEE Standard 500 V . WASH-1400 4/, and MIL-HDBK-
217C S/ are consulted. ~ 

11) Improvement measures 
Candidate measures for improving the component whose fail
ure causes plant trip, or whose failure is hardly detected 
are described. 

IV. FAULT TREE ANALYSIS 
The probability of plant trip caused by a component failure is 
evaluated by FTA using the result of FNEA. A typical fault 
tree for the mair> fe«dwater control system is shown in Figure-4. 
During the course of evaluating the probability, recovery by 
operators are taken into considerations. 

ANS-58.8 6/ was referred to the determining operator's recovery 
factors. Plant shutdown probability obtained from FTA is pre
sented in Figure-S. 
Probabilities of the main feedwater control system and the 
rod control system dominates more than a half of the total 
plant shutdown probability. This tendency is also seen in oper
ating experiences. 
The reason for the significant contribution from these two 
systems could be the rapid transient caused by their failure 
and a large number of components in these systems. 
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Figure-5 Reliability of Control Systems 

V. EXAMINATION OF IMPROVEMENT MEASURES 
One of the criteria for determining the application of improve
ment measures is the cost evaluation. If the cost necessary 
for implementing the improvement measure is lower than the cost 
for running an alternative power station during the plant shut
down, this countermeasure is acceptable. 
These improvement measures that are applied or are going to be 
applied to the plant under construction and the operating plants 
are shown in Table-1. Figure-5 indicates that the plant unavail 
ability is expected to be reduced significantly to less than 
10~*/R.Y. for each control systems. 
Among them, the improvement measures for the main feedwater con
trol system and the control rods drive mechanism-control system 
(CRDM-CS) are to be described in detail. 

Control System Improvement 
Feedwater Control 

i J 

o Redundant system with automatic transfer 
for pneumatic subcontrol system of control 
valve 

o Mode change from normal energized to normal 
de-energized for the isolation solenoid of 
control valve 

o Backup system with a u -computer for analog 
control system 

i Rod Control 
i * 

o Double holding by stationary and movable grip-
per coil of control Sod drive mechanism. 

j Pressurizer Control o Redundant pressure sensor 
o Manual close switch for spray valve 

> Main Steam Control 
i 
i 

J . 

o 2 out of 3 logic for relief valve quick open 
circuit 

o Fault detection by plant computer for steam 
dump actuation circuit 

Table-I Sureary of the Improvement for the primary control systum 

Backup System for the Main Feedwater Control System 
The conceptual architecture of the backup system is shown 
in Figure-6. A feature of this backup system is that the 
micro-computer is utilized for diagnosis and the backup 
of the analog control system. 
1) Objectives of the backup system 

The objectives of the backup system are the realiza
tion of the detection of component failures, and auto
matic transfer to the backup control system without 
significant transient. 

The backup systems are provided for the following} 
(1) 

(2) 

analog control 
subsystem 

sensors 

PI controller, function gener
ator, and filter 
feedwater flow, steam flow, SG 
water level, and turbine first 
stage pressure 

(3) pneumatic con
trol subsystem - pneumatic control section of 

the main feedwater control 
valve (positioner, I/P conver
ter, and booster relay) 
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2) Backup Systems 
The analog control subsystem, sensors and pneumatic con
trol subsystem are provided with backup sys
tems. When the diagnostic logic identifies a failure 
in these systems, it generates the switchover signal to 
transfer the .'unction to a backup system automatically. 
(1) Backup system for the analog control subsystem 

The analog control system is backed up by a micro-
computerized diagnostic system which simulates the 
function o r the analog control subsystem. 
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(2) Backup system for the sensors 
Two(2) sensors continuously monitor the same pro
cess variables. If the sensor used for control is 
failed, it is backed up by the remaining one. 

(3) Backup system for the pneumatic control subsystem 
Redundant electrical pneumatic converter(I/P), 
positioner(P/P) and booster relay(BS) are installed 
as backup for the pneumatic control subsystem. 
One channel is operating the control function, and 
another is in standby. When the former fails, the 
control function is transferred to the latter back
up system automatically. 

3) The following considerations are taken into account when 
designing the diagnostic system. 
(1) The diagnostic system shall not be affected by either 

fluctuations in process variables or electrical noise. 
This is done by determining thresholds for difference 
signals described below in such a way that they bring 
about neither frequent occurrence of false diagnosis 
nor large fluctuations in process. 

(2) The diagnostic logic for the analog control subsys
tem, sensors, and pneumatic control subsystem are 
independent. 

4) Diagnosis for the analog control subsystem 
The basic functions of the diagnosis for the analog con
trol subsystem are as follows: 
ID The computer (backup system) simulates control func

tion done by the analcg control subsystem. Differ
ence between the analog control subsystem output and 
the computer output is monitored. 

(2) Differences between the following process variables 
are monitored. This monitoring is assigned to the 
analog base hardware, not to the computer. 
(a) difference between the feedwater flow and the 

steam flow 
(b) difference between SG water level and SG water 

level reference 
(3) The analog control subsystem is regarded as failed 

when the difference signals defined above (4)-(l) 
and (2)) exceed predetermined thresholds coinci
dent ly. 

Other means to improve accuracy of the diagnosis is de
scribed below: 
(4) Improvement of simulation accuracy 

There is a problem that the computer continues to 
accumulate the input error and it brings difference 
between the analog control subsystem output and the 
computer output. To eliminate this problem, the 
computer is tracking the analog control output with 
a certain time delay. 

(5) Monitor the outputs of two analog controllers 
Outputs of the water level controller and the flow 
controller are monitored to Increase accuracy of 
diagnosis. 

(f) Coincidence of polarity 
The analog control system is regarded as failed only 
when polarities of deviations in the control system 
'.itputs and differences in the process variables are 

coincident each other. 
For example, the low output failure of the analog control 
system is shown in Figure-7. 

Computer output -
Analog Control Output > e. 

Steart flow -
Feedwater flow > t-, 

SG water level reference 
- SG water level > d 

Low Failure of 
Analog Control 
Subsystem 

Ct SET POINT 

Figure-7 A Diagnostic Logic for Analog Control Subsystem 



S) Diagnosis for the sensors 

This diagnostic system is for the feedwater flow, steam 
flow, SG water level and turbine first stage pressure. 

(1) 

<2) 

(3) 

(4) 

Redundant sensors are installed for the same vari
able. The difference between the two(2) sensors 
is monitored. 

The difference between the sensor and the following 
reference signal is monitored. 

. Feedwater flow - steam flow in the same loop 
, Steam flow - steam flow in the other loop 

. SG water level - SG water level in the same loop 
that is used only in the protec
tion system 

Turbine first 
stage pressure The low output is regarded as 

failed, so that there is no 
reference signal. 

The sensor is regarded as failed when the difference 
signals defined above (S)-(l) and (2)) exceed pre
determined thresholds coincidently. 

The diagnostic logic is blocked during the plant 
transient, "'his is done, because the reference 
signals are not in steady condition. 

A diagnostic logic for the feedwater flow is presented in 
Figure-8. 
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High failure of 
Feedwater Flow II 

E : SET POINT 

Figure-8 A Diagnostic Logic for Feedwater Flow 

6) Diagnosis for the pneumatic control subsystem 

This diagnostic system is for the pneumatic control sub
system of the main feedwater control valve. The posi
tioner, I/P converter and booster relay are subject to 
this diagnosis. 

(1) The difference between the controller output and 
the valve lift is monitored. 

(2) Differences between the feedwater flow and steam 
flow, and between SG water level and SG water level 
reference are also monitored. 

(3) The failure of the pneumatic control subsystem is 
regarded as failed when the difference signals 
defined above (6)-(l) and (2)) exceed predetermined 
thresholds coincidently. 

(4) When the main feedwater control valve is closed by 
an isolation signal initiated under SG high water 
level condition, this diagnostic logic is blocked. 

The logic for diagnosis is presented in Figure-9. 
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7) Validation 

The improvement measures have been shown to have proper 
functions through a validation test using prototype 
equipment and the plant simulator. 

2. Improvement Measures for CRDM-CS 

Associated with each rod is a drive mechanism that contains 
a group of three coils; a stationary gripper coil, a movable 
gripper coil, and a lift coil. In the hold position, only 
the stationary gripper is energized to grasp all rods. When 
rods are in selected mode and being inserted or withdrawn, 
all these three coils are energized. However, the movable 
gripper coil is energized only for rods which are in selected 
mode. Rods which are not in selected mode are held by the 
stationary gripper only, and will therefore drop when fail
ures of the stationary gripper coil control circuits or power 
fuses occur. While rods which can in selected mode may slip 
in this case. Because, it takes time before the movable 
gripper coil is energized to grasp the rods. It is evident 
from the above discussions, that unavailability of CRDM-CS 
can be reduced when the mechanism at the holding position is 
improved. This is done by grasping rods at holding position 
with both stationary and movable grippers regardless to the 
selection modes. 

This countermeasure can prevent the followings; drops of 
rods in non-selected mode, and slips of rods in selected 
mode. The conceptual circuit of the improvement measure is 
shown in Figure 10 and 11. 

This improvement measure has been shown to be able to pro
vide the proper functions through a validation test using 
the prototype equipment and the control rod drive mechanism. 
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V I . CONCLUSION 

As measures to reduce unavailability caused by the failure in 
the control system, backup systems for the main feedwatur con
trol system and the double holding mechanism by a stationary 
and movable gripper coil for CRDM-CS are developed. 
These improvement measures are applied or are going to be ap
plied to the plants under construction and the operating plant 
in co-operation with utilities and vendors. The plant unavail
ability is expected to be reduced significantly by applying 
the improvements. 
As a method to screen out components whose failures will cause 
a plant shutdown, FMEA technique is used. Failure probabilities 
estimated by FTA are found to be very similar to ones calculated 
from operating records so these results are regarded as credible. 

REFERENCES 
1/ NUREG-0020 (NRC Operating Units Status Reports) 
2/ Nuclear Power Experience(NPE) 
2/ IEEE Standard-500 (IEEE Guide to the Collection and Pre

sentation of Electric, Electronic, and Sensing Component 
Reliability Data for Nuclear Power Generating Stations) 

4/ WASH-1400 (Reactor Safety Study, An Assessment of Acci
dent Risks in U.S. Commercial Nuclear Power Plants) 

5/ MIL-HDBK-217C(Military Handbook: Reliability Prediction 
of Electronic Component) 

6/ ANS-58.8 (Time Response Design Criteria for Safety-related 
Operator Actions) 


