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ABSTRACT

A goal of the U.S. Nuclear Regulatory Commission (NRC) is 
to ensure safety in the application of digital equipment 
upgrades to nuclear power plant control rooms and local control 
stations. One of the areas of specific interest is the 
integration of digital technology into existing analog control, 
display, and information systems and the implications of such 
integration for operators in regard to their use of this new 
equipment to safely operate the plant. This paper is a 
discussion of human performance issues related to the 
introduction of such digital equipment into operating nuclear 
power plants.

I. INTRODUCTION

The application of digital technology in nuclear power 
plant control rooms and local control stations has resulted from 
a combination of factors, including the degradation of analog 
electronic systems, the difficulty obtaining replacement parts 
for such systems, and the enhancements offered by digital 
technology (e.g, greater flexibility and self-test features). 
One of the areas of specific interest to NRC is the integration 
of digital technology into existing analog control, display, and 
information systems and the implications of such integration for 
operators in regard to their use of this new equipment to safely 
operate the plant.

The NRC staff has had experience with the review of digital 
systems for current operating reactors. This experience 
includes the following. (1) Review of initial operating license 
applications under Section 50.34 of Title 10 of the Code of 
Federal Regulations (10 CFR 50.34). (2) Review of applications 
for amendment of license or construction permit under 10 CFR 
50.90. (3) Audits of changes to the licensee facility under 10

CFR 50.59. (4) Review of operational events at licensee 
facilities.1

With respect to the currently operating reactors, the NRC 
staff would review the application of digital technology if the 
introduction of such technology posed an unreviewed safety 
question, or if the digital technology was identified as a 
potential factor in an event at an operating reactor.

This paper gives an overview of some of the staffs human 
performance findings as a result of reviews of operating reactor 
events. Five operating reactor events are discussed in an 
attempt to (1) identify what humanrsystem interface (HSI) 
characteristics contributed to these events and (2) determine 
if any generic weaknesses in the design implementation process 
contributed to the events.

II. OPERATING REACTOR EVENT REVIEWS

A. Event 1 - Reactor Trip During Operation of Full- 
Range Digital Feedwater Control System (FRDFCS)

During a 1993 refueling outage, a licensee installed an 
FRDFCS on one of its units to replace its analog predecessor 
which was prone to control system-inducedtransients. During 
the power ascension activities after the refueling, a reactor 
trip occurred at approximately 3% reactor power as a result of 
low steam generator (SG) level. Before the trip an operator had 
placed the FRDFCS in manual mode after observing divergent 
oscillations in water level indication. In an attempt to 
control level manually, the operator was not able to maintain 
water level above the low SG level trip setpoint and the reactor 
tripped.
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Subsequent root cause analysis showed that aspects of the 
feedwater modification process, including operator training, 
simulator modelling of the expected FRDFCS response, 
communications between persons in different disciplines 
involved with the modification, and the control system HSI 
design contributed to the event.

Factors contributing to the event included the 
following.

(1) Operator training on manual operation of the feedwater 
bypass valve controller under low power conditions was 
inadequate.

(2) The simulator model did not adequately represent the 
expected large SG level oscillations experienced during the 
initial startup testing or post-refueling power ascension.

(3) The operators did not have an adequate understanding of the 
response characteristics of the digital controller in that he 
attempted to "bump" the valve open using short intermittent 
keypresses, which translated into negligible changes in valve 
position demand (each keypress is equivalent to 0.1 % demand)

(4) Personnel involved in the initial startup testing of the 
system did not adequately communicate their observations of 
large oscillations SG level at low power levels.

(5) Operators perceived that the new digital controller did not 
provide as fine a feedback of incremental manual manipulations 
as the "floating needle" indication of the old analog system.

(6) Although the digital controller was capable of providing an 
alpha-numeric readout of the valve demand signal in a secondary 
display mounted on the side of the controller, it would have to 
be placed in an abnormal operating configuration in order to 
access this information. Operators were not trained to use this 
secondary display.

B. Event 2 - Loss of Digital Overhead Annunciator 
(OHA) System

In 1992 a licensee installed a microprocessor-based OHA 
system during a scheduled refueling outage to resolve human 
engineering discrepancies identified during the licensee's 
detailed control room design review. New design features 
resulting from the installation included relocation of alarm 
windows, modification of auditory annunciators, and 
modification of the function of approximately 30 alarm windows. 
Additionally, a silence button was added to decrease the 
extraneous control room noise during multiple reflash alarm 
events.

In December 1993, the nuclear control operator (board 
NCO) received an alarm on the auxiliary alarm printer regarding 
the restoration of the "Chilled Water Expansion Tank Level - Low 
to Normal" indication. The board NGO observed that the 
corresponding OHA system window did not alarm as expected and 
further noticed that the clock on the OHA system cathode ray 
tube (CRT) display was not updating. The board NCO notified the 
other shift NCO of the situation. The second NCO, who believed 
he knew how to reset the system, relieved the board NCO and reset 
the system without procedural guidance. The operators then 
discussed the situation with shift management, who notified 

. additional licensee personnel. An OHA system engineer performed 
additional diagnostic tests to ensure the operability of the 
system. Subsequently, the licensee completed a test procedure 
to check the functionality of the system. The test confirmed 
that the system functioned properly; however, it also revealed 
that the system could be "locked up" if an operator initiated a 
specific input twice while the system was connected to the wrong 
computer port.

Subsequent review of the event showed that inadequate 
system design (e.g., lack of indication of system status), 
inadequate procedural guidance on normal operation and abnormal 
performance of the OHA system, and lack of adequate operator 
training on the use of the system were key contributors to the 
event. The most plausible root cause was determined to be 
keyboard entry errors coupled with a mispositioned system panel 
switch.

Factors contributing to the event included the 
following.

(1) Procedural guidance for operation of the OHA system was not 
followed when an operator attempted to obtain historical



information from the system. The action probably led to 
the failure of the OH A system.

(2) Procedural guidance to mitigate a loss-of-annunciator 
condition or use of alternated control room indications was 
not developed prior to the event.

(3) Operator training on loss of annunciation was not conducted 
as part of system implementation.

(4) Operators were not cognizant of indications of OH A system 
failure and were not trained to routinely verify proper 
system operation.

(5) Operators had no guidance on what alternative control room 
indications should be used or what compensatory measures 
should be taken during such an event.

(6) Training lesson plans and system descriptions were not 
developed as part of the OH A implementation process.

(7) The HSI did not provide adequate indication of system 
failure (i.e. no indication of system status after keyboard 
input and failure of alarm windows designed to detect 
system faults to perform intended function).

C. Event 3 - OH A System Failure

In October 1995, while the unit was shut down and 
defueled, a failure of the digital OHA system occurred that was 
not readily apparent to the operating crew. The OHA system was 
inoperable for approximately 30 minutes before an operator, 
verbally informed of a high sump level, recognized that the 
applicable OHA system window had not illuminated and that a 
problem existed. The crew used normal and abnormal operating 
procedures for the OHA system in an attempt to reset the system 
with limited success. After about 3 hours the licensee declared 
an alert. Subsequent actions by the OHA system engineer to 
reset the system and perform some diagnostic testing were 
successful, the system was returned to service, and the alert 
was terminated.

Subsequent review of the event showed that inadequate 
OHA system operating procedures, lack of operator training, and 
inadequate response of the system contributed to the event.

Factors contributing to the event included the 
following.

(1) Operator training on the OHA system did not adequately 
coverall indications of system failure (e.g., incomplete 
failure of sequential event recorder (SER) A to transfer to 
SER B).

(2) Expected indications of system failure were not presented 
(e.g., clock on the CRT used for alarm processing did not 
stop updating as a result of system failures).

(3) The HSI design was modified because of a previous failure 
of the OHA system. The modifications included adding a 
panel annunciator and auditory alarm. These modifications 
did not perform their intended function during the event

(4) Procedures for recovering the OHA system after failure of 
the SER were inadequate (i.e., procedure directed operators 
to reset the SER instead of manually switching to the 
alternative SER).

(5) Procedural tests to determine system status were cumbersome 
and lengthy. Operators resorted to using the "lamp test” 
to determine system status, which was not adequate for the 
circumstances.

D. Event 4 - Reactor Trip on High Torus Level (Digital 
Indication of Process Parameters)

On October 9,1995, during normal power operations with 
the reactor at 100% power, the engineered safety feature (ESF) 
automatically actuated when the pump suction path swapover on 
the high pressure coolant injection system portion of the 
emergency core cooling systems occurred as a result of a high 
torus water level. Operators were apparently unaware of the 
need to reduce torus level primarily because they believed 
sufficient margin existed before the trip setpoint 199.39 
centimeters (cm) (78.5 inches). The operators were relying on 
a digitally displayed level indication that is part of the 
safety parameter display system (SPDS) system because they 
believed the display, with output to 0.25 cm (1/10 inch) in 
alphanumeric readout, was more accurate than its analog strip 
recorder counterpart, which displayed to within 2.54 cm (1.00 
inch). At the time of the ESF actuation, the SPDS readout was



195.58 cm (77.0 inches). However, what the operators apparently 
did not recognize was that the digital readout from the SPDS was 
actually an average determined from the wide-range 
instrumentation, and that, in reality, the SPDS information was 
possibly less accurate than the analog-narrow range indication. 
In addition the control room simulator fidelity did not include 
"total loop" accuracy allowances. Through training, the 
operators were led to expect both the narrow- and wide-range 
indicators to read the same 199.39 cm (78.5 inches). The 
simulator did not accurately model the effect that drywell 
nitrogen makeup would have on torus water level. These 
simulator fidelity issues apparently contributed to operators 
relying on less accurate instrumentation for plant operation.

Factors contributing to the event included the 
following.

(1) Operators tended to rely too much on the digitally 
displayed information because it provided apparent 
indication with a finer scaling increment of 0.25 cm (1/10 
inch) than its analog counterpart of 2.54 cm (1 inch).

(2) The simulator did not accurately model torus water level 
under the conditions present.

(3) Operator training did not include information on the source 
of input for instrumentation in the control room.

E. Event 5 - Reactor Trip During Operation of Digital
Electrical Hydraulic (DEH) System

During the outage in the spring 1994, a licensee 
installed a new DEH panel in the control room. A similar panel 
was installed in the plant simulator to match plant 
configuration and to be used for operator training. The new 
panel was designed to maintain the functionality of the 
predecessor system and to appear nearly identical to the 
previous interface from the operators' viewpoint.

In October 1995 during routine overspeed surveillance 
testing of the turbine, an operator inadvertently mispositioned 
the " Overspeed Protection Controller " (OPC) keyswitch to the

"Overspeed Protection Controller Test" (OPCT) position instead 
of the ''Overspeed Test Permissive” (OTP) position. The 
mispositioningof the switch caused the turbine governor and 
intercept valves to close. The operator realized the error and 
restored the switch to the "In Service" (IS) position, which 
reopened the turbine governor and interceptor valves increasing 
steam flow and causing steam generator levels to swell to the 
high level turbine trip setpoints. This resulted in a turbine 
trip followed by a reactor trip.

Subsequent review of the event showed that aspects of 
the DEH panel modification process, including operator training 
and the control system HSI design, contributed to the event.

Factors contributing to the event included the 
following.

( 1 ) In adequate operator training on the modified HSI design 
resulted in the operator believing the OTP switch position 
was an indication only and not an actual system switch 
setting.

(2) During simulator training the other two switch 
positions(i.e., OPC and OPCT), which are used more often, 
were explicitly reviewed and operators were trained on 
their use.

(3) Operators were not cognizant of the expected turbine 
response when the OPC switch is placed in the OPCT position 
or switched from the OPCT position to the IS position.

(4) The operators did not confer with shift supervisors 
regarding their decision to return the OPC switch to the IS 
position after it was inadvertently placed in the OPCT 
position.

(5) Review of the modified DEH panel using the guidance in 
Revision 1 of NUREG-0700, "Human-System Interface Design 
Review Guideline, " (NUREG-0700, Revision 1) revealed 
several design characteristics which did not meet the 
intent of the NUREG guidance (e.g., labelling and control- 
display relationships).2

F. General Observations
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Weaknesses in human performance were evident in the 
events reviewed. Factors that appeared to contribute to these 
performanceweaknessesincludedthe following. (1) perceived 
overreliance or tendency to use or bias operators on digital 
indication over other sources of information, (2) lack of 
simulator fidelity regarding system function, (3) lack of 
operator understanding of plant conditions, (4) lack of 
comprehensive operator training on all aspects of system 
operation, (5) Weaknesses in HSI design, and (6) weaknesses in 
normal and abnormal operating procedures (Table 1).

These factors suggest the need for a comprehensive 
approach to the implementation of new or modified digital 
systems that takes into account the human factors issues related 
to such implementation. Operator training, including simulator 
modifications, procedural development, and HSI design should be 
considered an integral part of the system design process. The 
discussed events focus attention on the fact that the finest 
details of system implementation, such as minor modifications 
to the HSI and operating procedures or subtle indications of 
system abnormalities, are often overlooked during operator 
acclimation to new systems. These subtleties however have led 
to plant transients and delays in the mitigation of such 
transients.

1. U.S. Code o f Federal Regulations, Title 10 "Energy," U.S. 
Government Printing Office, Washington D.C. (revised 
periodically).

2. U.S. Nuclear Regulatoiy Commission, NUREG-0700, Revision 1, 
Human-System Interface Design Review Guideline, Washington,
D.C. (1995).

IV. CONCLUSION

The NRC’s staff been reviewing the human factors aspects of 
the implementation of digital systems at currently operating 
plants (e.g., initial applications, digital upgrades, and 
analysis of events involving digital systems). The staff has 
attempted to identify issues related to the introduction of 
these systems that have contributed to unanticipated reactor 
trips and other system complications (e.g., loss of indication 
and controls). The root causes for these operational events 
have implications for operator training, procedure development, 
and HSI design. Factors identified from these event 
investigations are useful reminders of the importance of a 
deliberate and thorough approach to the introduction of these 
systems into existing and future nuclear power plants.
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Table 1 - Synopsis o f Human Performance Factors Contributing to Events

Factor Event 1 Event 2 Event 3 Event 4 Event 5

Operator
bias

Operators perceived 

feedback from 
digital controller 

to be less precise 
than that from old 
analog system.

Operator relied too 
much on the digitally 
displayed information.

Simulator
fidelity/trainin

g

The simulator model 
did not adequately 
represent system.

Operators were not 
trained in the 
simulator to look for 
other signs o f a 
system failover.

The simulator did not 
adequately model torus 
water level.

Operation o f the switch was 
not part o f simulator 
training.

Operator's
plant/system
paradigm

Operator lacked an 
understanding of 
system response 

characteristics.

Operators lacked an 
understanding of 
actual plant 
conditions.

Operators lacked an 
understanding of system 
response characteristics.

Operator
training

Operators were not 
trained on 
alternative 
controller 
functionality.

Manual operation of 
controller was not 
included in 
training.

Operator training on 
loss of annunciation 
was not conducted.

Operators were not 
trained on indications 
o f OHA system failure.

Training lesson plans 
and system 
descriptions were not 
developed.

Operator training 
narrowly focused on 
previous failures.

Other credible 
failure indications 
were not reviewed.

Operator training on 
input to level 
indications was 
lacking.

Operator considered the 
OTP position to be an 
indication only.

HSI HSI was not easy to 
use given, 
configuration of 
panel.

HSI did not provide 
adequate indication of 
system failure.

Modifications to HSI 
design to help 
identify system 
failures were 
inadequate.

Panel design did not meet 
several NUREG-0700, 
Revision 1, guidelines 
regarding labeling and 
control-display 
relationships.

Procedure use/ 
development

Procedural guidance 
was not followed.

Procedural guidance on 
loss-of-annunciator 
condition was not 
developed.

Procedures were 
written incorrectly.

Procedural guidance 
for troubleshooting 
was cumbersome and 
lengthy.
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