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This paper presents a robust control structure for wide-
range operations of nuclear power plants, which is built upon
the feedforward and feedback concepts and provides guaran-
teed robust stability and performance. Nonlinear programming
and the p approach are applied to synthesize the optimized
feedforward and robust feedback control policies, respectively.
The results of simulation experiments are presented to demon-
strate efficacy of the proposed control structure for a large
rapid power reduction or scheduled shutdown.

Operational safety and high performance are the impetus
for automation and control of nuclear power plants.! The
proposed automatic control strategy is conceptually similar to
the sequence of actions taken by an experienced human oper-
ator and would significantly reduce the risk of human errors.

From the perspectives of automatic control, the prescrip-
tive operator-based approach can be viewed as a combination
of both the feedforward control (FFC) and the feedback con-
trol (FBC). The procedures followed by the human operator
are analogous to the FFC, which steers the plant from the ini-
tial operating point to the final desired operating point under
nominal conditions. In addition to the prescribed inputs, the
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corrective actions taken by the human operator based on the
sensor data are analogous to the FBC.

Since the FFC (whether automatic or manual) is based on
off-line design, on-line FBC actions are necessary to fine-tune
the control system to compensate for any possible deviations
of the plant response from the desired trajectory. Figure 1
summarizes the combination of these two control policies,
where the main function of the FEC is to provide good nom-
inal performance, and the objective of the FBC is to achieve
both stability and performance robustness. The FFC is synthe-
sized by nonlinear programming? to achieve optimized perfor-
mance under specified constraints. The H,,-based structured
singular value (u) approach is adopted to synthesize the FBC.
The specific advantage of this u approach is that it allows a
systematic evaluation of the robust performance measure of
the synthesized control system.3

To examine its efficacy, the FF/FB controller was designed
to regulate the reactor power in the 100 to 25% range with a
good temperature response.* Furthermore, in response to the
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Fig. 1. The proposed feédforward/feedback control system.
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Fig. 2. Reactor power (top) and fuel temperature (bottom)
response for a rapid cutback from 100 to 25% power
using a proposed FFC/FBC, feedforward control alone
(FFC), and an OBLQR.
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operational and safety requirements, the reactor power was
rapidly reduced to lower the core temperature. Safety systems,
independent of automatic control, are incorporated in nuclear
plants to shut down the power generation; however, the stress
resulting from their activation may significantly reduce plant
service life® and require a prolonged outage to restart the reac-
tor from the hot-standby condition. An efficient automated
system to rapidly maneuver the plant to a safe intermediate
power level in a controlled manner is thus desirable.

CONCLUSIONS

Extensive simulation experiments have been conducted to
compare the performance of the proposed FF/FBC with that
of the previous work using an observer-based linear quadratic
regulator’** (OBLQR). The plant under consideration is a
pressurized water reactor (PWR) and is modeled with six
delayed neutron groups and temperature feedback based on
the lumped fuel and coolant temperature.! As compared in
the simulation results of Fig. 2, the FF/FBC system reaches the
desired equilibrium power level much faster than the OBLQR
system. The two major advantages of FF/FBC are summarized
as follows: .

1. significantly superior performance in contrast to that
solely based on feedback

2. guaranteed robust stability and performance under
specified uncertainty bounds are guaranteed.
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