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Abstract

Benefits of programmable digital technology have been well recognized and
employment of computer based systems in Indian PHWRs has evolved in a phased
manner, keeping in view the regulatory requirements for their use. In the initial phase
some operator information functions and control of on-power fuel handling system
were implemented and then some systems performing control and safety functions
have been employed.

The availability of powerful microcomputer hardware at reasonable cost and
indigenous capability in design and execution has encouraged wider use of digital
technology in the nuclear power programme. To achieve the desired level of quality
and reliability, the hardware modules for the implementation of these systems in the
plants under construction, have been standardized and methodology for software
verification and validation has been evolved. A large number of C&I functions
including those for equipment diagnostics are being implemented The paper
describes the various applications of computers in Indian NPPs and their current
status of implementation.

1. Introduction

The control and instrumentation in the earlier generation of PHWRs, up to
MAPS, in India have been implemented using general purpose, modular single loop
controllers, hardwired relay logics and conventional meters and recorders. The
advantages of using computer based systems in control and operator information
system applications is well recognized. Nuclear power plant control rooms are
characterized by high levels of information content. Advanced operator information
systems support operator cognitive functions in this environment by suitably optimizing
the amount of information presented to the operator. Such systems can also include
operator support functions which aid the operator in analyzing plant conditions in
normal and abnormal situations.

To exploit the advantages of computer based systems, a phased approach has
been pursued and it was decided to develop fairly complex but non-critical applications
in the initial phase. Subsequently, in the recently commissioned power plants several
control systems and operator information systems have been computerized.
Microprocessor based system has also been incorporated in a safety system to provide
advantages of self monitoring and resultant reduction in repair time, thus improving the
availability.

In these systems, the emphasis was mainly on providing enhanced flexibility,
improved man-machine interface and capability to incorporate sophisticated control
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algorithms. It is now being realized that microprocessor based systems can also offer
possibilities of acquiring useful data for monitoring the condition of various plant
subsystems to enable more effective maintenance. However, special efforts are needed
to ensure that the software based systems are reliable and that they do not reduce the
plant safety.

A brief description of various systems implemented in the existing PHWRs as
well as those being developed for the future power plants is presented in the paper.

2. System Design Considerations

While implementing computer based systems for such applications, one of the
main considerations is whether to adopt commercially available systems or to develop
tailor designed systems. The main factors to be considered while evaluating
commercially available systems are, availability of the state-of-the-art systems in India,
support available for long term maintenance in NPPs, possibility of obtaining sufficient
design details from the vendor to carry out failure mode analysis and the reviews by the
licensing agencies and the overall system cost. Based on these considerations, tailor
designed systems approach was found to be the better option for Indian NPPs.

As experience of usage of the tailor designed system in other similar
applications may not be available, integration and testing of a prototype system using
hardware modules from the same family as used for the final systems becomes
essential. For ensuring high reliability of these systems in various possible operative
conditions, full scale dynamic testing of prototype system using a real time simulator is
considered desirable.

In a tailor designed system, the control system hardware has to be implemented
using a family of microcomputer boards (modules). The selection of a suitable
hardware module family has to be carried out such that high system reliability as well
as long term availability of spares is ensured. The selection of a suitable microcomputer
board family was carried out based on several considerations. These modules should be
able to cater to the requirements of several safety related systems in the plant, should
have on-line fault diagnostic features in every module and should use components
which conform to MIL standards and are widely available. Derating policy for
components should be adhered to. The agency producing these boards should ensure
long term availability of spares.

To meet these requirements, a family of microcomputer modules was designed
in-house and the designs were transferred to the Electronics Corporation of India
(ECIL) for production. ECIL manufactures, supplies and installs C&I systems in Indian
NPPs and provides maintenance services.

3. System Classification and Quality Assurance

3.1 System Classification

The quality and reliability considerations for computerized C&I systems are
decided based on their safety functions. For the future NPPs, these systems are being
classified as per EEC-1226 [1] into Safety systems (class-A), Safety Related Systems
(class-B) and Information Systems (class-C). For the hardware and overall system
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aspects of these systems, well established practices are followed conforming to IEC-
987 [2].

3.2 Software Quality Assurance

For development and review of software a Software Quality Assurance Plan,
commensurate to the system's safety classification, is worked out based on the
guidelines provided by international organizations [3]. Extreme care is taken during the
software development cycle to minimize the chances of design and coding errors.
Necessary documentation is generated during each phase of software development
cycle to aid review by independent specialists.

The software is subjected to multistage review during design phase, static
analysis of code, module level testing and integrated testmg with the participation of
software engineers, not involved in the original design. This enables corrective actions
early in the development cycle and provides sufficient confidence during the phase of
integrated system testing. For the safety and safety related systems, dynamic testing of
the integrated system for various possible plant operating conditions is made possible
through the plant simulation facility.

3.3 Software Analysis Tools

To implement effective V&V, supported by tools wherever possible, an on-
going tools development program exists to develop automated tools for verification &
validation of software. In the first phase of this program code analysis tools known as
Static Analyzers have been developed and used for verifying code developed for safety
and safety related systems. These tools verify the control flow, check compliance to
structured programming rules, compute many software metrics and also impart
visibility to the code through their graphical user interfaces and help in planning of unit
tests.

One of the tools that has been developed and extensively used is Assembly
Language Program Analysis Tool (ALPS). ALPS performs control flow analysis of
assembly programs for Intel 8085, 8086 and Motorola 68000 processors in some
assembly language variants [4]. The tool has capability to perform many checks as per
IEC 880 standard [3] which has many recommendations on code design. The tool is
supported on IBM compatible PC platform. This tool has been applied to analyze
software of PDC system for KAPP, Reactor Regulating Systems of NAPS and
KAMINI reactors. A reverse engineering tool called C Language Program Analysis
System (CLAS) has been developed to handle code written in ANSI C language [5,6].
CIAS supports control flow analysis and entity-relationship analysis. It provides a
powerful graphical user interface for analysis and subsequent browsing of results and
report generation. The CLAS is supported on SPARC workstation.

Specifying the behavioral aspects of real-time systems and analyzing these
before design is undertaken can greatly reduce development time and result into
validated requirements. In order to achieve this a Programming Environment for Real-
Time Systems (PERTS) is under development using the Statecharts formalism.
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4. Computerized Safety Systems

4.1 Programmable Digital Comparator System

Programmable Digital Comparator System (PDCS) is a microcomputer based
facility installed at Kakrapar Atomic Power Project (KAPP). It compares plant signals
against set points to generate outputs which are used to perform the function of
reactor trip, reactor setback, interlocks for process equipment and alarm annunciation.
Earlier these functions were performed by about 360 Indicating Alarm Meters (IAM).
The PDCS is configured (Fig. 1) into two physically and functionally independent
units; the triplicated Alarm Unit (AU) and dual redundant Display Unit (DU) coupled
by isolated serial communication links. The AUs perform die protective functions
while DUs provide MMI functions.

Each AU handles 120 analog input signals which are filtered, checked for
rationality and then compared against set-points. It periodically communicates status
and signal values to DU. It implements set-point changes, signal enable/disable, set-
point values and diagnostic messages when requested by DU. All hardware and
software modules are periodically checked for their healthiness and a fault tolerant and
fail safe approach is taken on the system outputs.

The DU receives periodic information sent by AU and provides the operator
interface functions. The DU screen provides signal status information in 23 tables
grouped by subsystems, displays all alarm messages and provides the record of all set-
point changes and enable/disable operations performed under authorization.

An improved version of PDCS with enhanced faculties is being developed for
PHWRs under construction.

4.2 Shut down System Performance Monitors

Monitoring the performance and availability of shut down devices is an
important function from the point of reactor safety. A triplicated microprocessor based
system namely Primary Shutdown System Failure Sensing Units (PSSFSU) for
monitoring the scram performance of fourteen mechanical shut-off rods has been
incorporated. Similarly, another microprocessor based system to monitor the
performance of solenoids during surveillance checks of Secondary Shutdown System
and also log the performance, namely, Bank in Times during scram, has been designed
and put into operation in KAPS. The timing information from these systems help
station operations to asses the health of the system and assist in maintenance.

5. Computerized Safety Related Systems

5.1 Fault Tolerant Systems for Process Control and Reactor Regulation

Two distributed fault tolerant computer control systems based on Dual
Processor Hot-Standby (DPHS) configuration have been developed for NPPs under
construction. The DPHS-RRS is designed for reactor power regulation and DPHS-
PCS regulates five critical processes in the reactor heat removal systems, namely,
primary coolant pressure, steam generator pressure, bleed condenser pressure and level
and the fueling machine heavy water supply pressure.
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Both the reactor regulating system (RRS) and the process control system
(PCS) receive a large number of analog inputs from process measurement signals most
of which are triplicated. In addition, a sizable number of contact inputs, from operator
panels and other plant control systems are fed to each DPHS system. The control
outputs are sent to the final actuators.

In DPHS configuration (Fig.-2) high reliability is achieved by having a "main1

computer system (system-A) and an identical stand-by1 computer system (system-B),
each one generating all needed control outputs. Further, both computer systems
employ two identical processors, each with its own local memory and watchdog timer.
These processors perform essentially the same processing jobs on same inputs, in
parallel but with some time shift, enabling prompt detection of faults which manifest as
mismatches between the two processor outputs. In addition, these processors perform
exhaustive on-line diagnostic checks. As both the systems generate all the control
outputs, a failure detected in one system leads to automatic switch-over of control
output connections to the other healthy system through the action of a simple and
rugged Control Transfer Unit, which is based on electromagnetic relays.

To reduce the impact of control signal interruption during a switchover after
one computer system failure, the control signals for multiple actuators acting in parallel
on the process (e.g. multiple control rods, multiple control valves on the same fine etc.)
are distributed among the two computer systems in a balanced manner. There is also a
provision for the operator to transfer the entire control duty to any one system. This
would enable him to perform off-line diagnostics and maintenance on the other system.

To minimize the complexity of software in the control computers, a display
computer system has been interfaced to the control computers. The display computer,
in communication with the control computers, drives panel mounted display devices.
The control computers, thus freed from the display driving duty, have simpler software
structure and provide better response for control functions. A PC based operator
information system also forms a part of the control system. This screen based operator
information system provides an improved man-machine interface giving the operator
necessary information for process monitoring, system diagnostics and interactive
facility for permissible on-line parametric changes.

All the computers in the distributed configuration are connected through a high
speed Token Bus LAN which ensures that the timing specifications for updating
information to the operator are met. The system also provides facility to periodically
update the data in the plant-wide Computerized Operator Information System through
special network connections.

5.2 Controls for On-Power Fuel handling System

The fuel handling system handles radioactive spent fuel bundles from the
reactor and all operations are required to be done safely and remotely, as the
equipment is inaccessible. For the reactors at Rajasthan (RAPS) and Madras (MAPS),
the control system is hard wired. For subsequent reactors at Narora (NAPS) and
Kakrapar (KAPP), on-power fuelling is being carried out using a computerized control
system. The control system has been designed to provide maximum operation
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flexibility. Three modes of operation Auto, Semi-auto, and Manual modes are
provided. The control system is a dedicated network of one minicomputer as a master
and two microcomputers as slaves in a distributed control system configuration. The
salient features of the on line software are the cycle based executive and the
customization of application software. Easy to use structured programming real time
process control language (PCL) interface, tailored to application requirements,
provides flexibility and maintainability with high reliability.

Based on the experience gained during development and operation of the
control system at NAPS and KAPP, a control system with enhanced features is being
designed for the four reactors at RAPP-3&4 and Kaiga-1&2. The control system under
development enhances the existing configuration to include advanced operator
information features to increase ease of operation and to provide storage and
processing of operation logs on disks with automated extraction of performance data
of various components and subsystem as an aid to maintenance. The software strategy
adopted ensures transportability of software during hardware up gradation and follows
modular approach such that the enhanced features can be incorporated as back-fits in
the control systems of existing power plants. A PC based dynamic simulator is being
developed for PHWR fuel handling system, for testing the prototype control system
and also for validation of on-site software upgrades.

The software is tested using static simulator and dynamic simulator. A PC
based dynamic simulator has been developed for PHWR fuel handling system, for
testing the prototype control system and also for validation of on-site software
upgrades. A PC screen based soft console has also been developed for carrying out all
operations in manual mode.

5.3 Channel Temperature Monitoring Systems

The Channel Temperature Monitoring System measures coolant temperatures
at the outlet of all 306 fuel channels using RTDs. The system calculates various
temperatures, power output for each channel and also bulk reactor power output and
displays and prints records of channel outlet and zone mean temperatures, channel
power, etc., and generates alarms whenever any parameter exceeds a set value. For
NAPS-2, two computer systems, each catering to one RTD installation, were built and
commissioned in 1990. For KAPP, the two RTD installations are multiplexed onto one
computer; the KAPP-1 system was commissioned in 1991 and the KAPP-2 system in
1993.

An advanced Channel Temperature Monitoring System for NPPs under
construction is being developed such that in addition to the normal monitoring
functions, the system software generates setback when it detects temperatures beyond
limits at any channel outlet; it also generates outputs for flux tilt controL

The CTM system consists of two installations each of three microcomputer
units. The Alarm Unit (AU) acquires all COT inputs, processes these values, and sends
their status to the AU of the second installation; it also generates setback upon alarm
coincidence to cause reactor power to be reduced. The logging unit (LU) consists of
operator interface unit and control unit. The operator interface unit (OIU) collects all
COT values from AU, and displays these and several other parameters in various
formats including chromatic profile etc. The control unit acquires information on boiler
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differential temperature, sends it to OIU, and generates alarm outputs for flux tilt
control.

5.4 PLC Based Interlocks

A programmable logic control system is used for process logics in RAPP-3&4
and Kaiga-1&2. The system replaces relay based non-triplicated logics used in the
earlier plants. The programmable logic controllers (PLCs) are divided in two groups
for implementing logics of the redundant equipments in the respective groups. Each
PLC has 512 I/O capacity and is based on two processors in hot-standby configuration.
The PLCs are interconnected with dual redundant LAN. The system has a control
console for monitoring and configuring the logics.

6. Operator Information Systems
6.1 Disturbance Recording System

A Disturbance Recording system has been developed to perform three major
functions. It acquires and records 64 parameters every one second for five days for the
purpose of replacing strip chart recorders, and, every 200 msec, for five minutes (-2,
+3) for the purpose of recording any disturbance and 8 parameters every 5 msec, for 5
sec. for replacing a Visicorder. The system enables an operator to view past and
current information in a variety of formats and also obtain hardcopy. The system also
provides the data in a machine readable form for analysis at another she. Several
general utility software modules including a real time operating system, man-machine
interaction package etc. were developed.

The system consists of an Acquisition Unit and a Recording Unit. The
Acquisition Unit based on a microprocessor, scans and processes all signals and sends
the data to the Recording Unit through a high speed synchronous link for storing in a
non volatile memory and providing to the operator on demand. The Recording unit
comprises two PCs for redundancy. Six such systems have been fabricated; three
systems were commissioned at KAPP-1 and MAPS-1 & 2 in 1992, one at KAPP-2 in
1993 and two at NAPP-1 & 2 in 1994. An advanced version of this system is now
being developed for NPPs under construction to incorporate event sequence recording
of 448 parameters with a resolution of 1 msec.

6.2 Computer based Operator Information System

The computer based operator information system (COIS) monitors overall
plant status. The system is primarily designed as information system, with a limited
number of control features. It has resulted in reduction in number of recorders, meters
and annunciation windows. For important safety related parameters window-
annunciation, dedicated indicators and recorders are retained, with the COIS offering a
back-up.

The COIS system consists of main and standby computers, display stations and
input-output subsystems as nodes, connected by high speed Local Area Networks (Fig.
4). The network topology is fault tolerant, permitting a single break anywhere in the
network. This is achieved by having separate LAN for input output subsystems and the
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display terminals. The functions are taken over by the standby computer in the event of
failure of the main computer.

There are about 1200 analog inputs for alarm generation and about 1800 digital
inputs for alarm and status reporting. Visual display units (CRTs)provide formatted
tabular displays, bar-graphs, trends, mimics, etc. Alarms are displayed on two
dedicated alarm CRTs located on main control panel and operator console. A
dedicated alarm printer gives automatic log of alarms.

For the plants under construction the COIS will also be interfaced to the
computer systems like EDAS, RADAS, PDCS, DPHS, PLC, etc., to receive data from
these systems for presentation to operator through sophisticated MMI features of
COIS, and for on line performance analysis.

Besides performing operator information functions, COIS also provides
archival of surveillance carried out on various systems important to safety like
emergency core cooling system (ECCS). On demand, COIS also scans delayed
neutrons in the coolant samples from each coolant channel and reports channels
suspected to contain failed fuels.

6.3 Supervisory Control and Data Acquisition System

hi KAPP, a centralized electrical data acquisition system (EDAS) is used for
monitoring of all electrical data such as voltage, current, power, frequency, circuit
breaker status, etc. A supervisory control and data acquisition system (SCADA)
having distributed architecture is under implementation for RAPP-3&4 and
Kaiga-1&2. Since the signal inputs are spread over geographically distributed areas
like switchyard, turbine building and control equipment room, the system is built
around intelligent Remote Terminal Units (RTUs) at each location. The RTUs are
connected to the centralized operator information system on a dual redundant data
highway. Separate operator station is proposed in Switchyard Control Room. For
controls, each node can process data and issue control command to open or close
breakers, etc. The system accepts approximately 225 analog and 2500 digital inputs.

6.4 Radiation Data Acquisition System (RADAS)

The radiation data acquisition system performs radiation monitoring at the
reactor she. The system has three microprocessor-controlled interface units, one
covering inputs from unit-1, second for inputs from common areas of unit-1 and 2 and
the third covering inputs from unk-2. The interface units are connected to the rack
mounted PC based host system through serial communication links. Area radiation
monitors, ventilation duct monitors, environmental monitors, accident monitors in
reactor building, stack activity and heavy water loss monitoring system, process water
discharge activity monitors, tritium in air monitoring system are all covered by this
system. It has provision of four color monitors for display and a printer for hard copy.
One monitor is located in health physicist's office for quick assessment of plant
radioactivity levels and issue of work permits, etc. The system also gives contact
outputs for actuation of local flasher and hooter warning in areas having high radiation
fields.
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6.5 Integrated Distributed Control and Process TnfomMtion System for 500 MWe

In 500 MWe PHWR, an integrated approach is being adopted to use
microcomputer based system Distributed control and process information system
(DCPIS) is planned for operational C & I. DCPIS is divided in two levels, distributed
control system (DCS) level for process control and process information system (PIS)
level for operator interface (Fig. 5). DCS nodes are functionally distributed like
primary heat transport, moderator system, etc. Control tiles having push buttons are
planned so that control from either key-board or control tiles can be done.

Standalone systems are designed for RRS, CTM, RADAS, PDCS, SCADA,
etc., which can transfer data to PIS for centralized information.

6.6 Emergency Operating Procedures System

A prototype Emergency Operating Procedures System (EOPS) system based
on PCs has been developed to provide procedural support to the operator on a
computer screen in case of an emergency. Without such a system, the operator has to
monitor a large number of process parameters on CRTs and on panel instruments
spread all over the control room. He is also expected to follow emergency operating
procedures prescribed for various anticipated emergency situations. A computer based
EOPS system offers the advantages of monitoring all instruments quasi-instantaneously
and comparing measurements with fixed or dynamic criterion and also responds
instantaneously to the changes in situation through parallel monitoring. The system is
designed such that it can be programmed with the specific procedures at each site.

6.7 Vibration monitoring system for Turbine-generator

The turbine-generator unit is subjected to complex dynamic forces, some of
these acting, at times, simultaneously. Such dynamic effects get reflected in the
vibration signature of the rotor and/or supporting structures and proper recording of
these and their analysis can give a clear picture of the health of the machine. Using
these data and their trends, it is even possible to predict an impending trouble in the
machine so that preventive action can be taken in time and catastrophic failures can be
avoided. A continuous condition monitoring and analysis can give quick warning and
enable operator to take preventive measures. A Fast Data Acquisition System capable
of monitoring 30 channels at 5 K samples/sec, per channel has been developed and
planned for installation at KAPS.

6.8 On-Line Fatigue Monitoring System

An on-line Fatigue Monitoring System is being developed to assess the
structural degradation of components. This assists in planning in-service inspection and
maintenance and may also support future life extension program of a plant. The system
acquires the relevant plant process parameters for all the components every 5 seconds
and stores it on hard disk. Once in every 24 hours, OLFM system software on the PC
executes fatigue computational module based on finite element techniques for each of
the configured parameters. The module generates fatigue related information, and
updates the fatigue data base.
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The OLFM system facilitates user friendly MMI to enable the user to view the
component details i.e. geometry , finite element mesh, material properties etc. The
system also provides display of fatigue history curves and contours for, temperature,
pressure, fatigue usage factor, in elegant formats. The system also provides facility to
transfer the data on to a removable media for analysis. In addition the system also
provides most of the displays in DRS like trend, tables, bar graphs and history.

6.9 Diagnostics of motor operated valves

Degradation and failure of motor-operated valves (MOV) compromise
operational readiness of the safety related systems of a nuclear power plant (NPP).
Motor current signature analysis (MCSA) has been found to be a selective and early
indicator of any mechanical or electrical fault related to the valve actuator motor
(VAM) and the valve. Any knowledge of such faults enables proper preventive
maintenance. MCSA allows remote, unobtrusive sensing which is necessary as the
valves could be at inaccessible locations in the plant.

Development work on automatic extraction of the motor current signature and
its classification into fault classes using a statistical pattern recognition methods is
being carried out. Discriminant analysis is being used to classify the feature vectors
obtained from current signatures by fitting splines of suitable order into different fault
classes. The development of a software package for heath monitoring and fault
diagnosis of MOVs has also advanced considerably and work towards installing a
diagnostic system in one of the NPPs is in progress.

7. Summary

Use of computers in C & I systems has been of great hehx It facilitated in
providing instant values of related data like CTM readings, triplicated readings and
multipoint trends and records. It has also helped in post analysis of the initiating events
and identification of causes of failures. This has resulted in improved analysis and
system performance. Introduction of computerized systems for process control,
equipment diagnostics, etc., will improve overall availability.
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