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ABSTRACT
This article discusses the use of application-specific integrated circuits (ASICs) in nuclear plant
safety systems. ASICs have certain advantages over software-based systems because they can be
simple enough to be thoroughly tested, and they can be tailored to replace existing equipment. An
architecture to replace a pressurized water reactor pressure channel trip is presented. Methods of
implementing digital algorithms are also discussed.

INTRODUCTION

An important decision facing many operating nuclear power reactors is whether to upgrade their
safety systems or to continue maintaining existing analog and relay equipment. Factors affecting this
decision include installation and operating costs, licensing requirements, reliability, and equipment
age. This paper describes a method of designing safety system circuits that may help utilities to
upgrade safety systems. The method is demonstrated using as example a typical pressurizer trip
function. The method uses application-specific integrated circuits (ASICs) as the main element of the
channel. ASIC technology permits a designer to tailor a design to meet specific requirements. For
example, circuit boards can be fabricated to fit into existing modules and racks, and functions can
be distributed to minimize rewiring. Therefore, installation is simplified, and installation downtime
is reduced when compared to complete removal of old modules, modification of mounts, and
installation of new equipment.



Licensing is another important issue that may be simplified by the use of ASICs. Safety functions
are implemented digitally by ASICs, but not in the same manner as a general purpose computer. In
an ASIC, every function is hardwired similar to an analog and relay-based system. ASICs have the
computational and interface capabilities of computers, but they do not have the reliability problems
associated with software.

Computer software reliability is difficult to quantify with confidence. Exhaustive software
verification and validation (V&V) are required to convince safety experts and regulators that
software will perform reliably. Even with extensive V&V it is difficult to accurately quantify the
reliability of software used for safety critical applications. Methods of testing software are very
difficult to perform, but ASICs can be designed to make testing less difficult. ASICs can be made
simple enough that a reasonable set of test vectors can be developed to test every transistor and
every function. Design and testing are integrated such that the likelihood of human translation errors
is reduced. For these reasons, ASICs may significantly simplify digital safety system licensing.
Design and testing methods are discussed further in this paper.

This paper describes a typical pressurized water reactor (PWR) high- and low-pressure reactor trip
function using an ASIC. It also discusses associated components and interface modules. The
pressure trips were selected as a design example because of their relative simplicity. However, the
trips include a lead/lag compensator, which adds complexity. These functions demonstrate the
method and capabilities and show how computations can be performed in an ASIC.

The Advanced Neutron Source (ANS) is a research reactor proposed for construction at Oak Ridge
National Laboratory (ORNL). The conceptual design for this reactor includes two independent
reactor trip systems. This ORNL project is investigating the feasibility of using ASICs in one trip
system. Because the ANS will be a new plant with potential application for ASICs, it is desirable
for the ANS to have ASIC technology transferred to the nuclear industry.

This paper summarizes the ASIC design method and then discusses particular aspects of design
related to implementing high pressure trips in an ASIC. Some of the design issues involved in
implementing an adjustable lead/lag filter, bistable trip comparator with adjustable trip points and
hysteresis, and interfaces to other equipment are also discussed.

SYSTEM DESCRIPTION AND DESIGN METHOD

Providing a circuit that can initiate a reactor trip on high or low pressurizer pressure requires an
understanding of the trip requirements, the process requirements associated with converting the
analog signal, and interface requirements to ensure that the new equipment integrates with existing
and future plant systems. Our approach to the interface requirements is to design a plug-compatible,
modular system that is flexible enough to directly replace existing electronics with minor
modifications to racks, modules, and cables. Requirements for this system are based on those for a
Westinghouse four-loop plant that is currently using a Westinghouse 7100 protection system. ASICs
can be tailored to replace other systems also. A diagram of a typical pressure current loop is shown
in Fig. 1.
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Plug compatibility with existing equipment dictates that the ASIC design have a form factor like
those of the "shoe boxes" currently used. Because the ASIC-based design takes substantially less
space than existing analog electronics, multiple shoe boxes may be replaced with a single module
with appropriate jumpers and interconnections.

System Design. The reactor protection system (RPS) ASIC implements a lead/lag filter and two s
point comparators, along with their associated support circuitry, as shown in the block diagram in
Fig. 2. The support circuitry consists of the control logic, clock oscillator circuits, analog-to digite
converter (ADC) input register, input and output (I/O) registers, and I/O protocol logic.

Lead/Lag Filter: The transfer function of the lead/lag filter is implemented in the ASIC as a set of
multipliers, adders, and assorted number-conversion circuits. The primary elements of the circuit
are three multipliers and two adders—one multiplier for each multiplication in the transfer function
one adder for the add operation, and one adder that is used to implement the subtraction operation.
The multipliers are of the parallel-serial type, which, when used in conjunction with the other ciroi
blocks and with the available data formats for this device, represented the most efficient
implementation of the filter's transfer function. The adder that implements the subtraction operatic
is a parallel ripple-carry type, and the second adder is serial. Both adders and two of the multiplie
can perform their operations on both positive and negative integers. The lead/lag equation is
discussed in the next section (Algorithm).

Set point Comparators: There are two set point comparators—a high-level comparator, which
compares the ADC output with set points one and two; and a low-level comparator, which compar
the lead/lag filter output with set points three and four. Both comparators are parallel-serial type
that generate different outputs for the greater-than, less-than, and equal-to conditions. These outpi
conditions are decoded to produce a trip output. A trip output circuit is implemented as a state
machine to prevent glitches on the trip output and to select the appropriate set point as one of the
comparator inputs. The use of the state machine allows the comparator to use two threshold value
instead of one, which then allows each dual-set point comparator to be implemented with one
comparator circuit instead of two. The outputs of the two comparators are static and are updated i
the beginning of the computation cycle for the high-level comparator and at the end-of-cycle for th
low-level comparator.

I/O Section: The I/O circuits perform protccol logic for interfacing the ASIC to the outside
circuits, an input register for storing control data (comparator set points and filter constants), and ;
output register for reading status words from within the chip. The protocol logic incorporates
circuits to recognize a keyed header for data and to check the data for errors. When the protocol
circuit determines that the incoming data packet is valid and error-free, it passes the data to input
register 2. Once there, the data is available to the internal chip functions. The output register am
its protocol block verify the input data by implementing a read-back function for the input registe
It also reads out the values of x(n) and y(n).

A serial interface through an isolation device provides input/output for operator interface with a
minimum number of pins. In this design, the operations and maintenance interface is an off-line
computer, but this interface can be designed to the requirements of the end user. It can monitor
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ASIC performance, coniioi tiling, and load constants.

ADC Input: The ADC input section (input register 1) reads and stores x(n) from the serial-output
ADC. The ADC data is converted to parallel form and distributed to the lead/lag filter and to the
high-level comparator.

Clock Logic: The clock logic block contains the circuits necessary to generate the system clock
from a oscillator crystal. The clock signal is distributed throughout the chip and to an output pin
for use by the peripheral circuits.

Control Logic: The control logic block circuits are distributed throughout the chip. They generate
control and timing signals for the chip functions.

The RPS ASIC is pipelined, performing simultaneously serial operations, so that it requires - 85
clock cycles for each complete computational cycle. The cycle includes reading in the serial output
of the ADC, comparing the ADC output to the high-level trip set points, calculating the output of
the lead/lag filter, comparing the output of the filter with the low-level trip set points, rounding off
and storing the output of the filter for use in the next computational iteration, and preparing the
ASIC for the next ADC value. The maximum clock rate for the ASIC will depend upon the device
geometry, but should be no < 10 MHz. This will allow the ASIC to complete a computational
cycle in < 10 /us.

A serial architecture for the ASIC-based design provides the performance required while simplifying
the design. Primary limitations in an ASIC design are pin count for external interfaces, internal area
for functional circuits, and speed of the internal circuits. Using an external ADC with a serial
connection to the ASIC reduces the number of pins required compared to a parallel connection.
Internal functions can be implemented serially to reduce the area required for the circuit. Because
the number of transistors required for a serial interface is significantly fewer, circuit design becomes
much simpler. In this design, speed was traded for fewer internal and external interfaces. Several
internal and external functions are done serially to reduce the number of transistors and connector
pins. Because interconnections are a major source of problems in electronics, reliability will
improve.

Board Layout. External interfaces required for the ASIC dictate careful attention to issues
associated with compatibility, standards, electromagnetic interference, power, surge protection,
maintenance, and testing. Ensuring the reliability of the design while addressing these issues is
critical to the success of the ASIC implementation.

IEEE 472 surge suppression and isolation requirements are used to protect the ASIC and associated
components. Keeping all external signals isolated from the ASIC reduces the chances of
electromagnetic interference (EMI) pickup. Because ASICs are low power devices (milliamps), a
completely isolated power supply for the chip can protect it and control the potential failure modes.
Current loop power is provided separately with its own isolation and surge protection.



Test signal injection is performed as full end- to-end tests. Therefore, the switching element that
applies the test signal must withstand the external surges and common mode voltages. The serial
interface uses an isolated level converter instead of a UART (universal asynchronous
receiver/transmitter) because neither serial-to-parallel conversion nor 8-bit protocol are used in the
ASIC. The isolated level converter provides optical isolation and converts the RS-232 levels to
transistor-transistor logic (TTL) voltages for the ASIC.

Design Testing. The design method incorporates a plan for testing at all levels.' A hierarchical
approach to testing is used to verify each transistor, then each gate, then each functional element,
then the circuit, the chip, and finally the board. The ultimate goal is to develop a test suite proven
to identify component failures for known failure modes.

Hierarchical testing provides a means of first testing each component, then testing how those
components work in a circuit, and the circuit in the system. This provides assurance at each level
that the next higher level will uncover interface or system faults. In a transistor used in an ASIC, a
fault can occur in one of three ways: stuck-at-0, stuck-at-l, or stuck-at- last-value. Hence, the
minimum test suite for exercising all cases would be to switch each device from 0 to 1 and back to
0. By building all functions with NAND (not-AND) gates, a test suite can be developed that will
ensure that any internal transistor fault will exhibit itself as one of the three known conditions on the
output. If the entire circuit is constructed of gates for which all internal faults show up as external
faults, it is necessary to check only for external faults. This limits the number of building blocks
available to the chip designer, but because testing is so important for this application, the trade-off is
a good one.

ALGORITHM

The high pressure trip algorithm is a simple comparison of a high set point to the measured pressure
in a bistable circuit with hysteresis. This circuit is simple to implement, but the lead/lag filter in the
low pressure trip is more complex. Several of the design issues are addressed here.

The S-domain transfer function for a lead/lag filter is given in Eq. (1):

H(s) = G x (1 + T,S) / (1 + T2S), (1)
where

G = circuit gain,
"", = lead time constant (s),

2 = lag time constant (s).

This transfer function can be mapped into the Z-domain using the bilinear transformation. Because
an infinite impulse response (IIR) filter does not have a linear phase relationship to the analog
filter, the break points at T, and T2 must be prewarped.2 This transformation is used to implement
a lead/lag filter with an IIR digital filter. The time domain representation of the IIR filter is given in
Eq. (2).

y(n) = G x K x x(n) - G x K X a , , x xfn-1) + b0 x y(n-l), (2)



x(n) = current sample number of the input,
x(n-l) = previous sample number of the input,
y(n) = current sample number of the output,
y(n-l) = previous sample number of the output, and
K, ao, and b0 are derived using the bilinear transformation.

The prewarped time constants, Tw, and Tw2> which are functions of T, and T2, are calculated outside
the ASIC and entered through an interface computer into storage registers in the ASIC. Coefficients
for the HR algorithm are given in Eq. (3):

K = ( 1 + Twl) / ( 1 + T w 2 ) ,

ao = ( Twl - 1 ) / ( TWI + 1 ), (3)
and

b0 = ( Tw2 - 1) / ( Tw2 + 1 ).

Time constants T t and T2 range from 1- to 100 s in combinations that vary K from 0.1 - 100 and
ao and b0 from 0.904 - 0.999. The gain, G, may range from 0.1 - 20.

In the ASIC, it is preferable not to use floating point computations because of the complexity of the
circuits. Integer math is not complex to implement and easier to test. Multiplication by fractional
numbers is done by making the fraction a ratio of two integers, the denominator of which is a power
of two. The intermediate results require a minimum of 24-bit registers, and the number of registers
required for the multiplication by G and K may be 32. The number of registers required for
intermediate results depends on the accuracy and resolution needed to achieve an acceptable filter
response. Additional registers may be easily included in the ASIC design.

CONCLUSIONS

An application-specific integrated circuit employing digital computations and communications and
analog connections to existing equipment can be designed and built to meet the requirements for
safety system upgrades in nuclear power plants. ASICs perform like computers, but they are
hardwired like analog and relay-based systems. This makes ASICs powerful and should also make
them easier to license. An important cost consideration is that ASICs can be designed to fit into
existing modules and racks such that only a few modifications are required for their installation.
Designers can take advantage of the speed of ASICs to simplify the circuits. For example, many
functions can be done serially to simplify connections and internal circuitry. Also integer math can
be used in digital filters to reduce circuit complexity. Because the circuits are simple, and
standardized, extensive testing is feasible using hierarchical testing methods.
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