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ABSTRACT

New concepts continue to emerge for controlling systems, subsystems, and components
and for monitoring parameters, characteristics, and vital signs in nuclear power plants, The
steady stream of new control theories and the evolving state of control software
exacerbates the difficulty of selecting the most appropriate control technology for nuclear
power plant systems. As plant control room operators increase their reliance on
computerized systems, the integration of monitoring, diagnostic, and control functions into a
uniform and understandable environment becomes imperative. A systematic framework for
comparing and evaluating the overall usefulness of control techniques is needed. This
paper describes nine factors that may be used to evaluate alternative control concepts.
These factors relate to a control system's potential effectiveness within the context of the
overall environment, including both human and machine components. Although not an in-
depth study, this paper serves to outline an evaluation framework based on several
measures of utility.

1. INTRODUCTION

An effort to develop advanced control and information systems is underway by commercial
entities, academic institutions, and national laboratories.1 Such an effort is underway at the
Oak Ridge National Laboratory (ORNL) as a part of the Advanced Control Program funded
by the Department of Energy (DOE). ORNL has developed and evaluated several control
methods and systems.2'13 The purposes of an advanced control system are to bring about
improved performance, reliability, and maintainability both for the plant and the control
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control equipment. In many cases, advanced control systems directly help the plant
operator by providing automated operation and concise information about plant status.

Besides functioning to maintain control of the processes to which it is assigned, a control
system must interface and interact with other distinct environments including plant
maintenance and operations. Because of these interactions, selection of control techniques
and implementation of the control algorithms should be performed in consideration of
human and plant interactions. This stands in contrast with developing a control algorithm
as an isolated task.

Previous studies14 have concentrated largely on measures of dynamic performance but
have neglected other equally important considerations. The identification and definition of
additional measures of merit is the objective of this paper.

A control system's merit can be evaluated by applying a series of tests that measure its
utility.1516 A system's utility is an expression of its suitability for the intended mission,
which includes the notions of effectiveness, practicality, compatibility, and serviceability.
Measures of utility are quantitative and qualitative criteria that express how well the system
meets the mission requirements. The measures include the traditional quantitative
performance criteria (e.g., specific response to perturbation) as well as qualitative mission-
related factors. Such factors include reliability and availability of output generated, robust-
ness (e.g., tolerance to changes in the original characteristics of the plant or other
environments), requirements placed on computational and other resources, treatment of
downstream components and systems, and knowledge and training requirements placed
on the operating crew and other plant personnel.

This paper presents some of the issues that should be considered during the selfiction of
control technologies and the design of control functions and algorithms. Nine factors are
presented that can be used by a system designer to develop methods for measuring the
usefulness of a control technology. The methods that result may be used to assess a
control system's potential effectiveness within the context of the overall environment,
including both human and machine components.

2. BACKGROUND

The nuclear power plant control room is evolving into a more integrated and automated
management center for support of the operator and operation of the plant. To a large
extent, the efforts of many developers across the U.S and internationally are uncoordinated.
Since designers of controllers and control room equipment have not found a universal
control technology or system organization, engineering judgment and trade studies remain
part of the design process.

New control algorithms are emerging as analog electronic controllers are replaced with
digital controllers in existing plants. The capabilities of software-based systems to perform
more complex calculations and logical operations will clear the way for far more effective
control. However, early digital replacements were programmed as direct functional
replacements, including faithful emulation of the original control law. Developmental work
by the DOE has shown that improved plant performance is possible with advanced control
algorithms.1718



When considering control system development, some generalizations can be made. Real-
time control for power plants falls under two basic types: (1) continuous system and
(2) discrete event. A continuous system exhibits a continuous variation of states so that
variables can be proportionally controlled. In contrast, a discrete event system may
assume only discrete operational states (e.g., off or on) and thus may not be controlled
proportionally. An automated control system merges both control types to effect multiple
modes of operation and achieve coordination of multiple subsystems. Among the methods
of control for continuous systems, the current breadth and diversity of research and
development (R&D) on controller types and design methods at ORNL is presented in
Table 1.

Most practical control systems use a combination of various techniques to achieve the
desired results. The current generation of operating nuclear power plants relies almost
exclusively on single-loop PID techniques, which are easily implemented using analog
control hardware. Further discussion of these control techniques is available in the
literature.

3. MEASURES OF UTILITY FOR CONTROL SYSTEMS

A control system designer must choose the most appropriate control technique for each of
the processes to be controlled. However, determining what is appropriate may involve
broader issues than a traditional performance assessment such as time- and frequency-
domain response. Other factors may become important when comparing dissimilar control
architectures, especially when the control system's sphere of interaction includes other
machine and human systems. The designer should realize that there are additional
measures of utility by which to compare and select a control technique. These additional
measures of utility can be used as the basis of detailed cost-performance analyses for
objective evaluation of control technology and strategy choices.

Systematic analysis of the properties of control systems is possible by evaluating and
ranking their measures of utility. These measures are especially useful for comparing
alternative or competing equipment or software designs. Nine categories are proposed for
evaluating control systems. Although not exhaustive, this list represents a plausible means
of cross-comparing the benefits of similar equipment and designs. Measures of utility for
evaluation and comparison of control systems are shown in Table 2. No attempt has been
made in this paper to rank the importance of each measure relative to each other since the
significance and relevance of each measure depends on the specific control system
application. The summary discussions that follow describe each measure and consider
means of assessment.

3.1 COMPATIBILITY WITH HUMAN OPERATORS

Good design practice dictates that up-front analyses (e.g., user analysis, task analysis, and
allocation of functions) be performed to help determine the assignment of control functions
to machine systems.19 Allocation of control-related functions forms the basis for
establishing the operating staff's role. Once these allocations are made, issues of operator
compatibility can be addressed.



Meaninqfulness of Information

Information presented to the operator must be unambiguous and appropriate for the tasks
to be performed. The information format should organize and underscore meaningful
information for the human. The interface system must be able to integrate items so that
they are consistently meaningful.20 However, the effectiveness of control system/operator
interaction depends not only on the interface design but on the control techniques and
strategies employed and the degree of automation. In most instances, reporting
meaningful information to the operator is necessary to maintain confidence in the controller
and to maintain operator awareness of the system state in case human intervention is
required. More information is not necessarily better, however. Although a quantitative
measure for information reporting does not exist, the reporting aspect should be
considered in evaluating control algorithms and their means of implementation. The
following three information categories pertain to controller design.

Explanation of Controller Actions. An operator's trust in a controller is not solely a function
of its reliability. Among the factors that contribute to user acceptance is a controller's ability
to explain its actions. Two important facets of explanatory information are (1) what the
controller is doing now and why and (2) what the controller is about to do next, when its
next action is to occur, and why that action is planned (if asked). The importance of the
latter information should be stressed. The following account* of experience with an
automated aircraft landing system illustrates the point:

Some years ago, an aircraft landing system was developed that automated landing from
the point at which the aircraft passed the outer marker, through the inner marker, to
touchdown. The controller signaled the pilot at each checkpoint, indicating when it found
the outer and inner markers, respectively. However, at the point of flare (transition from
steep descent to parallel)-the most critical phase of landing-the controller gave indication
only at the moment of initiation. The pilot monitored progress through the checkpoints;
however, during the last 50 ft of descent, he became concerned that the controller might fail
to flare. Inevitably, the pilot intervened to manually flare the craft. This occurred in almost
all uses of the system because the controller did not indicate what it was intending to do
and when.

Observation of Unmeasurable States. Some model-based controllers may employ an active
plant model as an observer-filter to estimate unmeasurable states for full-state feedback.
Depending on how the plant is modeled, these states may provide useful information to the
operator about unmeasured parameters; for example, fuel temperature and a multitude of
other unmeasurable temperatures, xenon concentration, and heat fluxes.

Tracking Plant Parameters. Component parameters such as tank volumes and heat
transfer coefficients may change as the plant ages. Model-based controllers, which
periodically update their internal plant model, may be used to detect deviations from design

"Personal communication with H. E. (Smoke) Price, 1988.



basis specifications. This tracking capability can prove beneficial for trend analysis of
deposit buildup, fouling, leakage, wear, and other component degeneration.

Understandabilitv

Information presented to the operator must be simple, clear, and understandable. The
structure, format, and content of display dialogue must result in effective communication.
However, in the context of a control system, user understandability goes beyond structure,
format, and content of display. A criticism often heard in utility circles concerns the lack of
predictability of controllers during abnormal situations, especially transients. Operators,
sometimes as a matter of practice, revert to manual control at the onset of a transient. As
explained earlier, part of the problem relates to lack of explanation by the controller as to
what it intends to do next. Another part of the problem is the operator's lack of under-
standing or his misunderstanding of how the control strategy or technique actually works.
The potential is high for occasions in which the operator seizes manual control even though
the controller might have chosen the correct course of action.

Complexity. Even with training, education, procedures, and system drawings, operators
consider the controller untrustworthy during unexpected situations. Complex controllers
should not be designed to be black boxes. Operations personnel should be required to
communicate with and understand the functionality of the controller without being required
to understand complex mathematics or become computer programmers.21 Complexity
beyond that needed to undertake the control strategies or meet the system's goals must be
considered excessive and may lead to lack of trust.

Match to Operator Training and Education. Current operator and maintenance technician
training is focused on comprehending single-input, single-output (SISO) analog controllers,
which even nonscientific personnel find relatively easy to understand. However, as control
technology becomes software-based, additional technical training is required for personnel
to fully comprehend the internal functions and decision-making processes of advanced
control systems. This is especially true of multivariate controllers, which may perform
control actions that seem counter-intuitive at the time.

3.2 REAL-TIME QUANTITATIVE PERFORMANCE AND STABILITY

Dynamic Performance

Time-domain measures of performance are well known22 for SISO systems. Control
system dynamic performance can be evaluated by measuring rise time, overshoot, settling
time, and integral square error (or other quantitative error criteria). A rule-of-thumb classical
transient response criterion states that a controlled system should exhibit less than 30%
overshoot to a step change in set point. Other criteria are system dependent and must be
determined from plant or system requirements. These criteria may not have the same
meaning or usefulness for fuzzy-logic, neural network, or expert system controllers.



Frequency-Domain Characteristics

Frequency-domain measures of performance are well understood for SISO systems;23

however, for state-variable multiple-input-multiple-output (MIMO) systems the concept of
singular-value analysis must be used.* In general, graphical techniques are the mainstay of
frequency-domain performance analysis. Examples include Bode plot, Nyquist plot, root-
locus, and others. From the Bode plot, stability measures such as gain and phase margin
are calculated. For SISO systems, a 45° phase margin and a 6- to 12-dB gain margin are
desirable. Frequency-domain singular-value analysis is discussed further as part of the
robustness topic.

Static Performance (Accuracy and Precision of Results)

Steady-state performance of the controlled system is measurable in terms of closeness to
desired value, repeatability, and lack of hunting. For systems that require zero steady-state
error, an integral control action is often employed; in other cases, a small error is
acceptable. In any case, steady-state operation should be tested against a specific
requirement. Testing may also be performed to determine whether the control system's
response is repeatable, that is, whether it can return the system to the desired end point
from different starting points. Static friction as well as other nonlinear phenomena can
contribute to non-repeatable behavior.

3.3 RELIABILITY OF RESULTS OR CONCLUSIONS

In keeping with the theme of this paper, this discussion of reliability is focused specifically
on issues related to the theories or methods behind the algorithms usad in a control
system. A discussion of the overall control system reliability would necessarily include
concepts of fault-tolerant design approaches and hardware considerations, which is beyond
the scope of this paper.

One issue concerns unique errors that can potentially arise in algorithms that incorporate
decision points or employ branching logic, as would be the case in an expert system for
example. In this context, the notion of reliability is distinct from that of system stability,
which is elaborated in Section 3.2 above. Control systems that use rule-based logic can
arrive at improper conclusions concerning system status or the proper rule to apply for a
particular condition. It is, therefore, possible for a control system that allows for alternative
conclusions through "branching" to diverge onto a path that is incorrect for the mode of
operation. Improper operation of the controlled process results if a control system acts on
such incorrect conclusions. Further, because of the number of and complexity of rules in a
practical implementation, similar circumstances may not result in the same conclusions;

'The eigenvalues of a system matrix are not always a good indicator of how near the
matrix comes to being singular, hence unstable. A better measure of near-singularity is the
set of singular values, which are obtained from the square-roots of the eigenvalues of a
transformed system matrix that is the product of the transpose of the complex conjugate of
the original system matrix and the matrix itself. Singular values may be plotted in the
frequency domain like Bode plots (see ref. 23).



hence, the results are not entirely repeatable. Organizing rules into groups according to a
priority scheme can place limits on how far the branching can stray.

User and operator confidence that a control system will make correct decisions at
significant moments is important to maintain. To maintain such confidence, intelligent
controllers must produce a high percentage of credible conclusions and must be scrutable.
The hardware and software combination must exhibit reliability exceeding both the
requirements of the systems being controlled and the expectations of the operators.

3.4 TOLERANCE TO DEGRADED CONDITIONS AND ROBUSTNESS

Modeling Errors

The classic definition of a robust control system is one that is insensitive (i.e., maintains
performance and stability) to bounded plant parameter variations, disturbances, noise, and
high-frequency plant perturbations. The theoretical problem addressed by robustness is
the design of accurate control systems given plants that contain significant uncertainties,
some of which result from modeling errors. Because of imperfections in the mathematical
and conceptual models of systems, some dynamics are inevitably neglected. Even though
some dynamical effects are benign and may be neglected during design, the final design
must exhibit robustness to compensate for unmodeled dynamics and meet the
specification.

One approach to robust control system design being explored is the LQG technique with
loop transfer recovery (LQG/LTR).24 This technique, which can be applied to MIMO or
SISO systems, uses frequency-domain design techniques to determine the full-state
feedback and Kalman filter gains. The technique seeks a balance between robustness and
command following (i.e., rise time). The literature25 reports other techniques for solving
the robust control problem.

Noise Corruption

All systems will experience noise, which may be introduced by the process or by the
sensors and their associated electronics. Noise may be modeled as a random signal
added linearly to the control and measurement signals. Robustness to additive noise may
be examined through mathematical analysis or simulation. Through mathematical analysis,
the high-frequency attenuation of the maximum singular value for the combined linear
controller-plant matrix can be calculated and plotted against frequency. For power plant
control, the maximum singular value should exhibit small magnitudes for frequencies
beyond a few radians per second; for aircraft design (as a comparison), it should fall off
rapidly beyond 5 to 10 radians/s. By limiting the high-frequency response of the system
through controller design, sensitivity to high-frequency noise disturbances can be
minimized.

Simulation testing allows evaluation of noise effects by directly inserting noise into the
system. This test can be applied to both linear and nonlinear systems. A controller's
response to noise should not cause instability or obscure the true signals. A controller
should attenuate the noise at the output to a level that does not cause excessive wear in



downstream components. Adaptive controllers should not incorrectly adjust gains because
of deleterious noise.

Robustness to noise can be specified by the maximum magnitude of noise (over a
frequency bandwidth) that can be tolerated by the system under test. A Gaussian noise
process is usually assumed, although other noise sources can be used such as a spike
generator.

Process Parameter Variation

Control systems should exhibit reasonable robustness against parameter changes in the
actual process. This is especially true of controllers that utilize a mathematical model, either
during design or as an active part of the controller. Modeling approximations and
mismatches introduce time-variant errors into the control signals, which can lead to
performance degradation or instability unless external correction is provided. Component
parameter variation can be sudden or progressive in development owing to blockage,
buildup, or other causes.

To ensure robustness for fixed-gain controllers, a filter and feedback gains are chosen so
as to reduce sensitivity to parameter deviations. Time response may have to be sacrificed
to reach the insensitivity to parameter deviation required for some applications. For
adaptive (or self-tuning) controllers, the gains are adjusted by an adaptation mechanism
and the internal model is maintained current.28 Analytical assessment of robustness to
process parameter variation is possible for linear systems by examining the minimum
singular value for the controller-plant combination. Disturbance rejection and insensitivity to
parameter variations are improved by higher gains at low frequencies. This is analogous to
gain margin in SiSO systems.

Simulation of a nonlinear model of the plant is recommended for parameter robustness
testing. This entails calculating the worst-case deviation cf plant parameters based on the
physics of the components involved. Time-domain performance is analyzed by introducing
abnormal plant parameters.

One plant parameter of special note that affects robustness is process and measurement
time delay. While the controller may compensate for typical fixed delays found in the plant
and the sensors, the controller may not tolerate the maximum delay possible under worst-
case conditions. This could result in the closed-loop system becoming unstable. A recent
study27 has shown that a control system that may be robust to parameter variations,
disturbances, noise, and model uncertainty may not necessarily be closed-loop stable when
significant process delay is present. At this time, no formal analysis method is available;
thus evaluation of delay tolerance requires simulation.

Sensor and Actuator Failure

A comprehensive signal validation research program for advanced reactors28 is currently
under way at The University of Tennessee and at ORNL. Understanding the controller-plant
response upon loss of sensor signal remains an important issue, as not all controllers may
include a front-end signal validator. Additionally, the failure of the validator must be



considered. Except for redundancy of valves, motors and heaters, no means of
overcoming failed actuators may be possible.

Testing for loss of sensor data and actuator control should be performed using a simulation
environment based on nonlinear component models. Analysis of the failure modes of
sensors and actuators provides the basis for the events to be introduced into the
simulation. Some hardware implementations of fuzzy-logic algorithms possess the intrinsic
quality of graceful degradation under environmental stress.29 This quality may be useful in
sensor, actuator, or control electronics and should be considered when comparing
algorithmic techniques.

3.5 INTERACTIONS WITH NEARBY COMPONENTS AND SUBSYSTEMS

Actuators

Actuation devices (e.g., valves, relays, and motors) that receive commands from a controller
may be subject to wear-cut or other failure phenomena that can be accelerated or retarded
by the action of the controller. A controller that continually generates excessive control
actions may induce premature actuator failure compared with one that generates minimal
control actions. An algorithm's method of achieving control signals may affect actuator
lifetime and maintenance requirements. Usually, these effects are cumulative rather than
instantaneous.

While the primary objective of a control system is to govern process performance, a
sf3condary objective may be to preserve actuator integrity and limit stress cycles on
process components. Considering an actuator's stress factors—mechanical, thermal,
electrical, chemical, and radiation—only mechanical and electrical are under the direct
influence of a controller's actions. Typical contributors to excessive control action are noise
in the signal path, excessive gain, and control loop oscillations. Time-honored means of
prevention of excessive control are use of deadband and low-pass filtering.

A simple method to measure vaive stress would be to form a quadratic cost index in which
the square of valve motion is integrated. A further enhancement of the formula might be to
include a factor for thermal stress. The valve stress factors for several controller designs
can be compared under both steady-state (with typical noise) and transient conditions
using simulation techniques.

Subsystems

In a fashion similar to the actuator receiving direct commands from a controller,
consideration should be given to the manner in which a controller may affect downstream
and upstream subsystems, which may include other controllers. Generally, hierarchically
organized control systems address well the problem of disturbance propagation from
subsystem to subsystem.



3.6 ABILITY TO TUNE IN THE FIELD

A long history of tuning PID controllers has established a pattern and convention for loop
gain adjustment.30 Because of this, the capability to verify controller tuning and to actually
perform tuning in the field can be taken as a requirement for nuclear power plant
operations. Controllers are required to adapt to slowly varying component behavior
because long-term changes in plant conditions must be expected. A good objective might
be to design robust and adaptive controllers that minimize the amount of field tuning
required; however, the option of field verification and adjustment should continue to be
provided.

Tuning methods for multivariate controllers are different from those for SISO controllers.
The procedure for manual tuning of SISO PID loops is applied to each individual loop of a
system. Translation between tuning parameters and controller gains is minimal, which gives
the person performing the tuning a feel for the gain's effect on system performance. In
contrast, tuning an LQG/LTR controller represents a design-level effort. The complexity of
the procedure greatly increases over that which is required for the single loop case.
Individual gains in the feedback matrix cannot be adjusted independently because of the
interactive nature of multivariate control. Several layers of mathematical transformation are
required between statement of the performance objective and determination of the gains.
The LQG/LTR tuning parameters are expressed in terms of sensitivity and rejection margins,
which is different than the SISO controller. The complexity of the mathematics requires a
computer for the calculations. This implies a need to embed some minimum level of control
system development tools in the field controller. In this way, field tuning can be considered
a microcosm of the controller design process.

More R&D is needed to provide useful and acceptable tuning capabilities for advanced
control techniques. Reevaluation of the tuning problem, considering the capabilities of
microcomputers, may reveal an improved scheme for field tuning and an improved set of
tuning parameters than are now in use, including automatic tuning schemes with report
generation.

3.7 RESOURCE REQUIREMENTS

Several resources are affected by the choice of control strategy and control technique. A
short discussion follows.

Real-Time Computational Requirements

Generally, model-based control techniques are the most demanding on computer
processing speed and memory. Current generation digital controllers offer quite significant
computing power; however, some techniques present a challenge to this level of computer
technology. Faster-than-real-time simulation, used as a control technique, poses a great
computational burden that may require several more development generations of computer
hardware for effective implementation. Increased computational power incurs higher cost
and may decrease reliability. Computational burden is a consideration in comparing control
techniques.



Sencor Count, Accuracy, and Bandwidth Requirements

The number of sensors (especially critical signals) needed for control and their accuracy
requirements vary depending on the strategy and control technique chosen. One criterion
for selecting a controller may be to find the one that requires the minimum number of inputs
to accomplish the control objective. However, this may not be an entirely realistic criterion
because it does not consider which sensor is required. Some sensors are more expensive
than others, some are more prone to failure, and some may be chosen already (e.g., in a
retrofit installation). Also, some controller designs may force stringent accuracy or noise
requirements on some measurements, and this aspect must therefore be considered in
evaluating controller strategies and techniques. Keep in mind that the number of ssnsors
can exceed the number of inputs because of redundancy.

Communication Network Requirements

The data highway that interconnects controllers has a significant effect on the performance
of the overall control system. The recent failure of CEGELEC's ControBloc P20 control
system communication network to pass inter-process data without interruption shows the
importance of data highway speed and reliability/1 Some distributed hierarchical control
architectures require large amounts of inter-module communications, thus placing heavy
demands on the network resource. The choice of control technique and strategy may
therefore be limited by the performance and availability of a high-speed data highway.

3.8 DEVELOPMENT CONSIDERATIONS

Design Resources and Effort

Since the technical expertise required of the algorithm design team varies widely depending
on the control technology chosen, some technologies may be beyond the resource scope
of some organizations to develop and implement. This limitation applies as well to
development tools and computing resources. Recent developments in computer-aided
control system design (CACSD) environments have made feasible rapid control algorithm
development for many emerging techniques.32 Many of these development tools also
support a simulation environment.

Verification. Validation, and Testing

Nuclear industry conservatism and requirements of the Nuclear Regulatory Commission
(NRC) and other regulatory bodies impose a high degree of analysis and quality checking
on the design and implementation of the instrumentation and controls (I&C) that go into a
nuclear power plant. Many rigorous standards and guides apply to the reactor protection
system and other safety-related equipment; however, fewer NRC regulations apply to
control systems. Although the full orb of software verification and validation (V&V) and
testing may not be necessary for control and information systems, reliability and cost
effectiveness may be enhanced through the application of V&V. This being the case, the
choice of control algorithm and the entire control system should balance ease of performing
V&V and testing with other factors.



3.9 LONG-TERM CONSIDERATIONS

Flexibilitv/Upqradabilitv

Digital control systems inherently offer a high degree of flexibility for modification of
parameters and algorithms, and systems designers should plan on future upgrades. The
control software package (including the algorithm) should offer capability for future
sxpansion with minimal detrimental side effects.

Maintainability

The software and hardware package should be field maintainable, since coding errors and
other problems are sometimes discovered only during real plant operation. Also, as
equipment is replaced in the course of time, software may need maintenance in order to
function on the replacement hardware.

Ironically, the time-to-obsolescence of computer hardware may be shorter than the analog
equipment being replaced. The time span from introduction to obsolescence for discrete
analog and logic circuit components may extend to 25 years. By contrast however,
microprocessor and memory components have a span of typically 10 to 15 years. This
shorter computer product lifespan underlines the need for creating long-term standards for
manufacturing I&C systems. Such a standardized environment would reduce the risk that
equipment developed at some future time may be incompatible with earlier generations.

Compatibility

Increasingly, digital-computer-based equipment will replace analog-electronic-based
equipment as electric utilities seek to ensure continued power plant operation beyond
original design life. Many equipment suppliers will be providing hardware and software as
upgrades continue. However, digital computer equipment from different vendors may be
incompatible in many ways. Each vendor's I&C equipment have unique features,
proprietary communications protocols, non-interchangeable software, and distinctive
hardware configurations. The compatibility issue should be considered when selecting
control system technologies.

4. CONCLUSIONS

The function and design of nuclear power plant control systems is evolving owing to the
flood of new ideas, software, and equipment, the potential improvements these offer, and
other factors such as the need to reduce operator error ana an emphasis on reducing
maintenance costs. Systematic evaluation of various alternative control system design
concepts must be performed to help designers integrate the concepts for maximum benefit.
At best, such integration and coordination will be a compromise. The measures of utility
described here and the surrounding issues provide an initial framework for comparing
control system properties. Further work is necessary to expand and refine the measures of
utility so as to create a comprehensive testing procedure for systematic and objective



evaluation of control technology and strategy choices. The author is aware that a case
study would clarify application of the measures. A benchmark problem is being developed
that can be used as a test for evaluating control systems according to the measures of
utility described.
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Table 1

CONTROLLER TYPES AND DESIGN METHODS CURRENTLY UNDER STUDY
OR IN USE AT ORNL

Controller or Design
Method

Use of Mathematical
Process Model

Recent ORNL Activities
(with References) Comments

Proportional-irrtegral-
derivative (PIO)
feedback and
feedforward

Linear quadratic
Gaussian (LOG)
regulator

Nonlinear optimal
control with
compensation for
unmodeled dynamics

Adaptive control

Fuzzy-logic control

Reconstructive control
[inverse dynamics]

Learning Algorrihms

Neural networks

Predictive control

Expert systems

Model used only for
simulation testing.

Commonly used in plant control.
Operators very familiar with PI
loops. Can be made multivariate
to small degree. Introduction of
feedforward allows reduction of
closed-loop gains for stability.

Model used in the
calculation of feedback
gains and as an
estimator-filter for
calculating unmeasurable
variables

Model used to formulate
the state-space equations
and adjoint?

Developed improved integral
windup prevention algorithms.
Nonlinear gain compensators
applied to valve control.
Combined feedforward and
feedback to control reactor and
feedwater systems.41"27

Experimented with robust design Successful applications in
techniques, compensation for time balance-of-plant systems. Lack of
delay in multiple-input-multiple- robustness is an issue,
output systems, gain scheduling,
and inclusion of feedforward

Nonlinear state-space controllers
constructed through nonlinearized
application of Maximum
Principle.2*10

Model is active within the
controller, adapting gains
to changing or nonlinear concepts:
conditions

Evaluating adaptive feedforward
and self-tuning regulator

5,8

Technique applicable to
numerous reactor subsystems.
Robust and inherently adaptive.

Operators want authority over a
controller's adaptation.

Model used in simulation
testing

Model used directly to
form feedback
compensator

Learning algorithms use
model to iterate on gains
and offsets

Model used to train
network

Developed hierarchical application Direct hardware implementation
of fuzzy rules.Wi8'12 of fuzzy rules has potential

benefits.

Applied reconstructive dynamics
technique to several nuclear
power systems.51*18

A generalized learning algorithm
was developed for an
application.13

Applied neural network to power
plant start-up.5iB

Developing object-oriented
simulation methods.

Model directly predicts
future conditions based
on current control actions

Model used to test expert Developed expert systems for
system effecting supervisory control.810

Technique developed at ORNL
shows good results on nonlinear
systems.

Another application employed the
2-D Roesser Equation to start-up
of EBR-II reactor.

The governing rules are implied
in the nodes. More work has
been done in signal analysis than
control.

A computationally intensive
technique.

Rules are explicit. Can be
combined with other control
methods.



Table 2

MEASURES OF U7IUTY FOR CONTROL SYSTEMS

1. Compatibility with human operators
• Meaningfulness of information

Explanation of controller actions
Observation of immeasurable states
Tracking of plant parameters

• Understandability
Complexity
Match to training and education

2. Real-time quantitative performance and stability
• Dynamic performance
• Frequency-domain characteristics
• Static performance (accuracy and precision

of results)

3. Reliability of results or conclusions

4. Tolerance to degraded conditions and
robustness

• Modeling errors
• Noise corruption
• Process Parameter Variation
• Sensor and actuator failure

5. Interactions with nearby components and
subsystems

• Actuators
• Subsystems

6. Ability to tune in the field

7. Resource requirements
• Real-time computational requirements
• Sensor count, accuracy, and bandwidth

requirements
• Communication network requirements

8. Development considerations
• Design resources and effort
• Verification, validation, and testing

9. Long-term considerations
• Flexibility/upgradability
• Maintainability
• Compatibility
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The Function and Design of Nuclear Power Plant I&C Is
Evolving Due to a Flood of Technology

• Monitoring, Diagnostics, Control, and Protection

• Component Obsolescence, Equipment Maintainability, and
Plant Availability,

• Many Organizations Are Developing New Plant Monitoring
and Control Systems ... Little Coordination at the
Developer's Level

• Choice of Many Alternative Designs and Configurations ...
No Universal Technology or System Organization
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process disclosed, or represents that its use would not infringe privately owned rights. Refer-
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A Systematic Means of Verifying the Usefulness of
Proposed I&C Systems is Needed

Sometimes I&C Developers Fixate on a Particular Attribute
of a Technology

Engineering Judgement is Still Part of Design Process

Go Beyond Performance Analysis to Consider the Overall
Mission of a System

Consider Notions of Effectiveness, Practicality,
Compatibility, and Serviceability

o



Measures of Utility Can be Created for Major Systems
Categories

Control (Algorithms and Hardware)
• Subsystems (Loops)
• Integrated Systems (Automation)

Interface
• Control Panels
• Displays
• Human Input Devices

Monitoring and Diagnostics
• Status Monitoring Software
• Sensor Validation

o
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The Control System Lifecycle Incorporates
Modeling, Design, and Simulation Tasks

Refine
Requirements 1

Develop Performance Requirements

Determine I/O Requirements

Algorithm
| Develop Models [ D e v e l o p m e n t

Alternatives and
Refinements to I F
Design

Process

I Devise Control Strategy Prototype I

Simulate

Analyze Results

I Construct Control System Prototype I

Test Hardware and Software Using Simulator

i



The Prototype-Simulate-Analyze Design
Paradigm \s Efficient for Developing New
Control Systems

Alternatives and
Refinements to
Design

Devise Control Strategy Prototype

Simulate

Analyze Results



A Systematic Means of Assessing the Usefulness of Control
Systems and Algorithms Is Becoming More Important

Wide Selection of Control Techniques Is Available

Various Control Algorithms Offer Unique Characteristics

No Control Systems or Algorithm Functions in Isolation from
Other Systems



The Measures Form a Framework for Assessing a Control
System's Potential Effectiveness

Performance Requirements

Reliability Requirements

Maintenance Requirements

Operational Environment

Development Environment

Equipment Limitations

Need for Future Upgrades



The Measures of Utility Concept is Especially Useful when
Comparing Competing Algorithm Designs

Compares Effectiveness Against Hard and Soft Criteria

Consists of Criteria, Tests, Questions, and Benchmarks

Identifies Distinctions between Alternative Designs to Allow
for Informed Judgement and Decision-Making

o



Many Controller Types and Design Methods Are Currently
in Use or Under Study at ORNL

Controller or
Design Method

Recent ORNL Activities Comments

| PID feedback/
[feedforward

Improved integral windup [Operator familiarity. Not
Imultivariate

I LQG regulator
[and tracking

|Robust design, time delay
| compensation

Lack of robustness is
issue

| Nonlinear
| optimal

[Application of Maximum
| Principle
I Adaptive feedforward

|Still under development

(tuning
jFuzzy-iogic

I Operators want command
lover adaptation

| Hierarchical application | Benefit from direct
i implementation

o



Controller or
Design Method

Recent ORNL Activities Comments

| Re-constructive
| (inverse
Idynamics)

[Applied technique to
|several nuclear power
[systems

!Shows good results on
!nonlinear systems

| Learning
[Algorithms
[Neurai networks

I Developed generalized
I learning algorithm
lApplied to power plant
| start-up

|2-D Roesser equation
jused on reactor start-up
| implicit rules. Signai
| analysis
|A computationally
(intensive technique
j
I Explicit ruies. Combines
iwith other methods

I Predictive

i Expert systems

I Developing object-
|oriented simulation
I methods
Developed expert
systems for supervisory
control



Measures of Utility can be Quantitative or Qualitative

1. Compatibility with human operators

2. Real-time quantitative performance and stability

3. Reliability of results or conclusions

4. Tolerance to degraded conditions and robustness

5. Interactions with nearby components and subsystems



Measures of Utility can be Quantitative or Qualitative
(continued)

6. Ability to tune in the field

7. Resource requirements

8. Deveiopment (environment) considerations

9. Long-term operability considerations

o
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Operator Compatibility Is Considered after Up-Front
Analyses and Allocation of Functions Are Made

Compatibility with Human Operators

Meaningfulness of information
• Explanation of controller actions
• Observation of unmeasurable states
• Tracking of plant parameters

Understandability
• Complexity
• Match to training and education

o



Traditional Performance Measures Must Be Considered

Real-Time Quantitative Performance and Stability

Dynamic performance

Frequency-domain characteristics

Static performance (accuracy and precision of results)



User and Operator Confidence That Control Systems Will
Make Correct Decisions Is Important to Maintain

Reliability of results or conclusions

Opportunity for branching to incorrect path

Repeatability



Control Systems Must Operate Satisfactorily Under Adverse
Conditions

Tolerance to degraded conditions and robustness

Modeling errors

Noise corruption

Process Parameter Variation

Sensor and actuator failure

0



Effects on Downstream Components and Subsystems May
be Cumulative or Instantaneous

Interactions with nearby components and subsystems

Actuators

Subsystems

o



Field Tuning and Optimization Are Fundamental to Control
Systems and Go Beyond Operator Compatibility

Ability to tune in the field

Ability to verify controller tuning

Complexity of tuning process

Disruption to the process

o



Real Limitations Are Placed on Control Algorithms by the
Resources Required for Support

Resource requirements

Real-time computational requirements

Sensor count, accuracy, and bandwidth requirements

Communication network requirements



Further Limitations Are Encountered by the Design
Environment

Development considerations

Design resources and effort

Verification, validation, and testing

o
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Potential Lifetimes of Modern Software-Based Control
Systems Focus Attention on Long-Term Considerations

Long-term considerations

• Flexibility/upgradability

• Maintainability

• Compatibility



Who Should Use the Measures of Utility?

Develop Measures

System Users (Including
Maintenance)

Requirements Developers

Test Specification Writers

Apply Measures

Software (Algorithm) Developers

Hardware Specifiers

Project Managers

0



Further Work Could Improve the Usefulness of the
Measures

Review by other practitioners

Expand and Refine

Case Study

Benchmark Problems

o


