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THE USE OF MODERN CONTROL METHODS TO IMPROVE
LIQUID-METAL REACTOR SAFETY AND AVAILABILITY

The development of metal fuel for fast reactors has created a new opportunity for
innovation in plant control. By exploiting the superior neutronics properties
of metal fuel, the reactivity burnup swing can be made zero, obviating the need
for control rod reactivity addition over life. This result can be used to
simplify elements of the plant control and protection system, the goal being
improved plant safety and availability. These simplifications, however, depend
on the development of methods for improved reactor inlet temperature control and
reactivity feedback monitoring. The use of modern control theory to develop
these methods is described.

BACKGROUND
1. The potential safety advantage of

metal fuel is evident in the response of a
metal fueled pool-type liquid-metal reactor to
unprotected upset events. The response of the
core is dependent on just three external
agents - reactor inlet temperature, reactor
flowrate and external reactivity. In turn the
behavior of these quantities is encompassed by
five classes of unprotected upsets - reactor
inlet temperature increase via loss of balance
of plant (BOP) heat sink, reactor inlet
temperature decrease via BOP overcooling,
primary system loss of flow, primary system
over flow and reactivity insertion via rod
withdrawal or seismic motion. By proper
choice of core design and primary system
layout, these events can be safely
transitioned when taken one at a time (ref. 1
and 2).

2. This result, while rather
remarkable, is one step removed from practical
application since it applies to the open-loop
plant. It remains to be seen what the
closed-loop behavior of the plant is, that is,
the plant operating under a control system.
A control system is needed to meet changes in
electrical demand. In particular, it remains
to be seen whether a plant and power control
system combination can be developed that
cannot override the safe self-regulating
characteristic of the open loop plant as
evidenced by its safe response for the five
upset events above. The complicating factor
in the case of the closed-loop plant is the
hierarchical relationship of the control
system to the actuators; a control system

failure can initiate through actuator motion
simultaneous occurrence of more than one of
the five upsets. Designing for safety for
certain combinations of these upsets will be
a challenge.

3. One obvious way to reduce the
potential for control system override is to
eliminate the need to use control rods to
maneuver at load. If rods are net inserted,
then the positive reactivity associated with
them, a potential upset initiator, has been
eliminated.

4. In this paper we review the
implications for the control and protection
systems of operation without control rods. We
find that there are safety and availability
benefits, but that they are contingent on the
development of methods for improved inlet
temperature control and for monitoring of
reactivity feedbacks. We describe the unique
role modern control has to play in the
development of these methods.

INNOVATIONS TO IMPROVE
SAFETY AND AVAILABILITY

5. Various innovations associated with
the use of metal fuel hold promise for
improving plant safety and availability.

Control Without Rods
6. Sackett (ref. 3) suggests reducing

or eliminating the need for control rods to
compensate for reactivity loss with fuel
burnup. In his approach, the high conversion
efficiency of metal fuel is used to engineer
a core having a zero burnup swing over life.
This has the potential to improve safety by
eliminating the reactivity addition associated



with uncontrolled rod withdrawal. Along this
same line, Planchon (ref. 4) suggests adding
the reactivity needed for power maneuvering
required at load not through rods but by
controlled changes in reactor inlet
temperature and primary flowrate.

7. The essential feasibility of control
on primary flowrate and reactor Inlet
temperature was investigated for the EBR-II
plant using a simple analytic approach. The
steady-state conservation equations were
differentiated with respect to power about the
full power operating point yielding a linear
approximation for the dependence of
temperature on power over the load range.
Using this approach, a load map can be
calculated in a few tenths of a second on a
SUN work station making the method ideal for
optimization studies. Comparison with EBR-II
test data shows that the approach provides
results that are sufficiently accurate for use
in scoping studies.

8. There are varying degrees to which
inlet temperature and sodium flowrates can be
used to control power. The simplest scheme
involves adjusting only the steam turbine
throttle valve position to deliver the steam
power demanded and then letting the plant
passively respond. The load map for EBR-II
operating in this mode is shown in Fig. 1.
The main disadvantages of this approach are
the large primary system temperature swings
over load, possibly requiring over design of
primary system structures.
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9. These deficiences can be remedied by
varying primary and intermediate flowrate over
the power range in a way that minimizes these
temperature swings. Solving for the flow rate
dependence on power that minimizes reactor
inlet and outlet temperature swings gives the
load map shown in Fig. 2. The temperature
swings over load are improved, but at a price.
Primary and intermediate pump speeds are now
variable and are coordinated through a
controller which introduces a new failure
mode.
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Figure 2. Temperature as a Function of Power for Sodium Flowrate
Control in EBR-II.

10. The above control schemes represent
the two extremes. The results, however,
suggest load control without rods is feasible
in EBR-II, and by implication in other metal
fueled pool-type liquid-metal plants.

11. Control of reactor power without
the use of rods requires precise control of
inlet temperature since rod reactivity is not
available to compensate for unwanted
variations in inlet temperature. As we shall
see, this requirement is probably best n«et
using modern control methods.

Power-to-Flow Trip
12. Singer {ref. 5) has proposed a new

trip to be used in conjunction with power
control schemes that do not use rods. His
approach improves reactor availability by
taking advantage of the fact that power
follows flow closely and so remains at safe

Figure 1. Temperature as a Function of Power far Steam Flow
Control in E3R-1I.



levels for many primary system flowrate upset
events. While conventional wisdom calls for a
primary system low flow trip setpoint just
below full flow, Singer suggests substantially
reducing this setpoint and adding a
power-to-flow trip. This eliminates those low
flow scrams where power-to-flow remains near
unity and core temperatures are safe, such as
a primary pump binding event.

13. The power-to-flow trip, however,
requires that during primary flowrate
disturbances, inlet temperature be maintained
at a value close to the load map value for the
then current power. The effect of the flow
disturbance on the cold pool temperature field
can be rapid and dynamic and so a fairly
sophisticated form of inlet temperature
control is needed to achieve this. Again, this
requirement is probably best met using modern
control methods.

Reactivity Feedback Monitoring
14. Vilim (ref. 6) has proposed that it

be shown from measurements that the feedbacks
necessary to transition safely those upset
events for which credit will be taken in the
safety analysis upon which the reactor is
licensed be present in the as built plant.
Before the plant is permitted to continue
operating, tests must demonstrate that this is
the case. Because the plant measurements used
to determine this contain noise, the
determination is statistical. Methods from
modern control theory are ideally suited to
this problem.

15. Inlet temperature changes during
these tests, inadvertently introduced by
intended perturbation of primary flow, must be
kept to a minimum.

SUPPORT FOR INNOVATIONS
16. Elements of modern control theory

appear to have a role to play in supporting
two aspects of these innovations.

Inlet Temperature Control
Using State Feedback

17. While it is clear from the above
that inlet temperature will have to be
precisely controlled, there is some doubt as
to whether the degree of precision required

can be achieved using classical control
methods. The main evidence comes from tests
performed in EBR-II aimed at controlling
reactor power through flow without the use of
rods and while holding reactor inlet
temperature constant via a classical
controller. Specifically, in one test where
power was taken from 100 percent to 60 percent
in a quasi-static manner, unwanted variations
in reactor inlet temperature occurred causing
a seven and one-half percent peak-to-peak
variation in core power (ref. 7).

18. Modern control theory appears to
offer the potential for significant
improvements over classical control for the
inlet temperature control problem. This stems
mainly from the use of unmeasured state
variable information. This information,
generated from a model of the process being
controlled, is not used in classical control.
Specific advantages over classical control
include the ability to explicitly treat the
temperature stratification phenomenon known to
occur in the primary system tank and the
ability to minimize the effect on regulated
inlet temperature of changes in reactor outlet
temperature and primary flowrate which we
assume cannot be controlled.

19. A controller that explicitly
accounts for thermal stratification was
designed using state feedback methods (ref.
8). Secondary flowrate is varied so that
reactor inlet temperature tracks a setpoint
while changes in reactor outlet temperature,
primary flowrate and secondary cold leg
temperature are treated as disturbances and
are free to vary. A disturbance rejection
technique (ref. 9) minimizes the effect of
these disturbances on inlet temperature. The
speed of the inlet temperature response is
increased through a gain matrix calculated
using the theory of the linear quadratic
regulator (ref. 10).

Measurement-Based Upset Prediction Using
Maximum Likelihood Identification

20. The scope and complexity of
demonstrating that the feedbacks required for
safe transition of unprotected upsets are in
place is simplified by the following two
observations. First, the region of space over
which measurements need to be collected and



processed is limited to the envelope
surrounding the core. The reason is as
follows. The behavior within this envelope is
affected by only three boundary conditions ~
reactor flowrate, reactor inlet temperature
and external reactivity. In turn the behavior
of these boundary conditions is encompassed by
the five upset classes described earlier. For
each class, simple methods exist for
determining a priori the limiting behavior of
the boundary conditions. Therefore, if a
model for the processes within this envelope
can be obtained from current measurements,
then the current response of the core for
these five upset classes can be calculated
on-line yielding the safety status of the core
for unprotected upsets. The present task then
reduces to one of obtaining a model for the
processes inside the envelope using
measurements obtained by non-intrusive means.

21. The second observation is that the
important safety related features of the
reactor response — temperature rise and power
-- correlate, at least to the first order,
with just a few parameters. The values of
these parameters can be determined from
measurements in an empirical manner without
having to decompose the parameters into their
underlying constitutive components. The
nature and origin of these parameters is made
more clear by separating the behavior of the
core into quasi-static and dynamic components
as follows. On the time scale that primary
flow, rod position and inlet temperature
change during the five upset classes, all
reactivity feedbacks with the exception of the
one group neutron precursor population behave
quasi-statically. The coolant temperature,
the cladding temperature, the fuel
temperature, the temperature of core
structures (hex can and load pads) and the
grid plate temperature all remain essentially
in instantaneous equilibrium with the power,
the flow rate and the inlet temperature.
(Actually, the control rod time constant lies
between 10 and 30 seconds, which is decidedly
not quasi-static. However, treating it as
quasi-static only increases the width of the
confidence bands on the core response
prediction, but does not invalidate the
method.) When all reactivity feedbacks but

the precursor population are in equilibrium
with the instantaneous power, flow and inlet
temperature, the net reactivity can be written
as

p =A(1 -P)
+p

ext

where

P = normalized power,

W = normalized flow rate,

5Tj = reactor inlet temperature, and

pext = external reactivity,

and where A, B and C are integral parameters
that are functions of the reactivity feedback
coefficients for fuel temperature, cladding
temperature coolant density and structure
temperatures. The dynamic behavior of the
plant is then well approximated by

dt

where

A = one group neutron precursor decay
constant.

Thus, the current state of the reactor,
including those phenomena we have a difficult
time calculating accurately ~ fuel-cladding
mechanical interaction, number density
dependence on burnup and reactivity effects
associated with radiation induced swelling —
are embedded in the measured values of the
four integral parameters A, B, C and A.

22. At the heart of the method is a
technique, developed from the theory of
stochastic systems identification, for
estimating these integral parameters from
measurements taken from the operating reactor
(ref. 6). The values for these parameters and



the variance of their uncertainty are chosen
to maximize the likelihood that the above
equations produced the measurements. In
locating this maximum, a search over the
parameter space is performed. To make the
search more tractable and to guarantee a
unique set of parameter values, the
optimization is decomposed into several
optimization subproblems. First, a
quasi-static transient is used to identify
values for the subset of parameters A, B and
C. Once these values are known, a dynamic
transient provides the value for A. Second,
for each transient, these values are gotten
using a least squares criterion that does not
depend on the variances. These estimated
values are then held fixed and their
associated variances are estimated by
maximizing the likelihood that the above
equations generated the data.

23. The stochastic model obtained by
this method is used to predict a confidence
level for the core power and temperature
response for an unprotected upset event. If
the prediction lies within safe limits, then
one may conclude that the reactor can safely
transition the upset event.

SIMULATION RESULTS

Inlet Temperature Control
24. The ability of the reactor inlet

temperature controller to reject primary
flowrate disturbances, preventing them from
affecting the controlled variable, reactor
inlet temperature, was demonstrated through
simulation. In this test the controller
setpoint is held constant while the primary
flowrate is step increased 5 percent. The
predicted reactor inlet temperature shown in
Fig. 3 indicates that the controller
successfully rejects the primary flowrate
disturbance.
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Figure 3. Reac1")r Inlet Temperature for 5 Percent Primary
Flowrate Sttp Change.

Measurement-Based Upset Prediction
25. To provide a starting point for

testing and demonstration at the EBR-II plant,
the measurement-based prediction method was
evaluated by processing simulated measurements
of the EBR-II reactor. The rimulations were
limited to the study of tie effect of primary
flowrate on reactor behavior; the effect of
external reactivity and inlet temperature are
to be studied in future work. Even though the
simulation was relatively simple -- it
consisted of the point kinetics equation with
one precursor and the prompt jump
approximation and a lumped parameter equation
for the control rod ~ it predicts quite well
the core response measured in EBR-II during
loss of flow tests.

26. The method was applied to these
simulated measurements with the problem
partitioned as described earlier. The
quasi-static transient involved ramping
flowrate from 100 to 85 percent and back again
over a period of one hour. The dynamic
transient was driven by this same flow with a
10 percent peak-to-peak pseudo-random binary
signal superimposed on this.



27. The success with which the
methodology correctly identified the core
dynamics is evident in Fig. 4. The figure
compares for a loss of flow event the
prediction generated by the core model
containing the A, B, C and it identified from
measurements, termed the "identified" model,
with the "actual" plant response. The dotted
lines show the three-sigma confidence level
predicted by the identified model; the solid
line is the actual plant response, that is,
the response from the model used to generate
the simulated measurements. The solid line is
seen to generally fall within the dotted lines
as it should.

Times
Figure 4. Three-Sigma Power-to-Flow Uncertainty Prediction

for Flow Coastdown.

FUTURE WORK
28. Efforts are underway to test the

i n l e t temperature control and
measurement-based upset prediction
capabilities in the EBR-II reactor.
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