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Integrated Robust and Resilient Control of Nuclear
Power Plants for Operational Safety and
High Performance

Xin Jin, Student Member, IEEE, Asok Ray, Fellow, IEEE, and Robert M. Edwards

Abstract—This paper presents an integrated robust and resilient
control strategy to enhance the operational safety and performance
of nuclear power plants. The objective of robust control is to min-
imize the sensitivity of plant operations to exogenous disturbances
and internal faults while achieving a guaranteed level of perfor-
mance with a priori specified bounds of uncertainties. On the other
hand, the role of resilient control is to enhance plant recovery from
unanticipated adverse conditions and faults as well as from emer-
gency situations by altering its operational envelope in real time. In
this paper, the issues of real-time resilient control of nuclear power
plants are addressed for fast response during emergency opera-
tions while the features of the existing robust control technology
are retained during normal operations under both steady-state and
transient conditions. The proposed control methodology has been
validated on the International Reactor Innovative & Secure (IRIS)
simulator of nuclear power plants.

Index Terms—Emergency operation, nuclear power plant, oper-
ational safety, resilient control, robust control.

ACRONYMS
BIBO Bounded-input bounded-output.
FSM Finite state machine.
IRIS International reactor innovative & secure.
LFT Linear fractional transformation.
LOFA Loss-of-flow accident.
MIMO Multi-input multi-output.
RCP Reactor coolant pump.
SISO Single-input single-output.

NOMENCLATURE

The variables that are used in the controller design procedure,
described in Sections II and IV-B, are listed below.
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Low pass filter.

Field of complex and real numbers.
Disturbances and uncertainties.
Tracking error.

Lower LFT of plant P and controller K.
Strictly proper transfer function.
Robust controller.

Minimum-phase stable transfer function
matrix.

Nominal plant.
Augmented plant.

Solution of algebraic Lyapunov equation.

Reference Signals.

Temperatures of the nuclear power plant.
Sampling time.

Controller outputs.

Outputs of robust and resilient controllers.
Disturbances.

Sensor noise.

Uncertainty input of P(s).

Control action weighting function.

Sensor noise weighting function.
Tracking error weighting function.
Uncertainty in plant modeling.
Measurement of plant output and its estimate.
Output estimation error

Desired plant output following a desired
model.

Weighted control action.
Weighted tracking error.
Uncertainty output of P(s).

H.-norm of a transfer matrix operator.
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1. INTRODUCTION

with many variables that require dynamical adjustments
to achieve safety and efficiency over the entire operational enve-
lope because their stability and performance could be severely
limited by a wide variety of safety requirements, operating con-
ditions, internal faults, and exogenous disturbances. To achieve
the specified goals, multiple control variables are simultane-
ously manipulated for generating the required power and en-
abling the plant to exploit alternate decision and control strate-
gies. These strategies are often dictated by economy and safety
of plant operations. For example, feedback regulation of non-
linear dynamics (e.g., control of reactor power and thermal hy-
draulics in the balance of plant) could lead to static bifurcation,
which is linked to degeneracy in the system’s zero dynamics [1].

When faced with unanticipated situations, such as equipment
failures or large exogenous disturbances to the plant control
system, the human operators are required to carry out diag-
nostic and corrective actions. Even experienced operators could
be overwhelmed by the sheer number of display devices and
sensor outputs to be monitored. An intelligent decision and con-
trol system with a large degree of autonomy could enhance the
operational safety and performance of nuclear plants by allevi-
ating the burden of human operators and simultaneously miti-
gating the adverse consequences at an incipient stage.

Several researchers have reported intelligent decision and
control methods (e.g., optimal control [2], fuzzy logic [3],
neural networks [4], and model predictive control [5]) to en-
hance operational safety and performance of nuclear power
plants. Along this line, robust control techniques have also been
investigated [6], [7], where the role of a robust controller is
to achieve disturbance rejection by reducing sensitivity of the
plant control system (i.e., plant plus controller) to exogenous
disturbances and internal faults. The task is to synthesize a
robust decision and control law on an infinite-time horizon by:

» Mitigation of the detrimental effects of uncertainties and

exogenous disturbances;

» Trade-offs between plant stability and performance within

specified bounds of uncertainties [8].

However, stability and performance robustness of such con-
trol algorithms may not be assured beyond the a priori speci-
fied bounds of uncertainties and disturbances; usually larger are
the bounds, lower is the plant performance and plant instability

N UCLEAR power plants are complex dynamical systems
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is less likely. Therefore, the bounds of structured and unstruc-
tured uncertainties are usually specified design parameters for
trade-off between stability and performance, and are often based
on nominal and off-nominal plant operations that may include at
most a few anticipated abnormalities. In the event of a plant acci-
dent, the deviations from the nominal plant operating conditions
may significantly exceed these uncertainty bounds. Hence, im-
mediate actions beyond the regime of robust control are needed
for operational safety and subsequent restoration of normalcy to
the original operational mode or to a gracefully degraded mode.

Guo et al. [9] have investigated resilient propulsion control
of aircraft to determine on how engine control systems can im-
prove safe-landing probabilities under adverse conditions. The
key idea is as follows: In emergency situations, the conserva-
tive procedure of engine control may not be suitable for aircraft
safety; it may be advantageous to compromise the engine health
to save the aircraft. The aim of their research is to develop adap-
tive engine control methodologies to operate the engine beyond
the normal domain for emergency operations to enhance safe
landing at the expense of possibly partial damage in the aircraft.
Motivated by this idea, resilient controllers can be designed for
nuclear power plants to ensure the operational safety by “sacri-
ficing” performance under adverse conditions. Recently, Hov-
akimyan and coworkers [10] have reported a control algorithm
called £ -adaptive control to address the issues in Integrated Re-
silient Aircraft Control (IRAC) that is an active area of research
in National Aeronautics and Space Administration (NASA). It
is noted that the notion of resilience, introduced in the present
context, is entirely different from being non-fragile or insensi-
tive to some errors in the nominal state-space matrices of con-
troller during implementation [11].

The role of the proposed resilient control in a nuclear power
plant is to enhance recovery of the control system from unan-
ticipated adverse conditions and faults as well as from emer-
gency situations by altering its operational envelope in real time
[12]. Resilient decision and control laws are synthesized on a
finite-time horizon as augmentation of robust decision and con-
trol with the objectives of:

* Reliable and fast recovery from adverse conditions and

emergency situations;

» Restoration of the control configuration upon returning to
normalcy or upon graceful degradation within design spec-
ifications.

This paper addresses the issues of real-time resilient con-
trol of nuclear power plants for fast response during emergency
operations while the features of the existing robust controller
are retained during normal operating conditions. The goal is to
formulate and validate resilient and reconfigurable control al-
gorithms toward deployment of real-time controllers for emer-
gency recovery of nuclear plants from expected and unexpected
adverse conditions.

The integrated robust and resilient control strategy, developed
in this paper, has been tested on the International Reactor Inno-
vative & Secure (IRIS) simulator [13], [14] that is built upon
one of the next generation nuclear reactor designs for a mod-
ular pressurized water reactor with an integral configuration.
Currently, IRIS is in the stage of pre-application licensing with
Nuclear Regulatory Commission (NRC); its safety testing for
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Design Certification (DC) is expected to be completed by 2010
with deployment in the 2015-2017 time frame.

The major contributions of the paper are delineated below:

* Introduction of the innovative concept of resilient control
in nuclear plant control for fast recovery from unantici-
pated adverse conditions and emergency situations.

» Extension of the concept of robustness by integration with
resilience for control of nuclear power plants under both
normal operations and emergency situations.

 Validation of the concept of integrated robust and resilient
control of nuclear power plants on the IRIS simulator.

The paper is organized in five sections including the present

one. Section II presents underlying principles of robust con-
trol and resilient control. Section IIT addresses integration of ro-
bust control and resilient control strategies. Section IV presents
testing and validation of these strategies on the IRIS simulator.
The paper is summarized and concluded in Section V.

II. ROBUST AND RESILIENT CONTROL

This section introduces the underlying principles of multi-
variable robust control and resilient control for nuclear power
plants, where robust controllers are designed by the H,-based
p-synthesis method [8] and resilient controllers are designed
by L;-adaptive output feedback algorithm [10]. A finite state
machine is then used to integrate the above two controllers for
normal operation and emergency recovery from both expected
and unexpected adverse conditions while bumpless transfer
between the control modes is assured by usage of smoothing
filters.

A. Robust Multivariable Control Using j1-Synthesis

In this paper, a p-synthesis robust control approach is used to
synthesize the feedback controller. The plant uncertainties, in-
cluding the effects of unmodeled dynamics, linearization, and
model reduction, are characterized and estimated. Based on the
specified uncertainties, robust multivariable controllers are de-
signed using D-K iteration [8] based on the stability and perfor-
mance specifications. The order of the synthesized controllers
is then reduced to an acceptable level by Hankel norm approxi-
mation [15].

1) Uncertainty Modeling: Uncertainties due to the inability
to model relevant dynamics in an actual plant and the simplifi-
cation to achieve a mathematical representation, including lin-
earization and model reduction, are taken into consideration for
synthesis of robust controllers. Consequently, robustness of the
synthesized controller is dependent on the type and size of the
uncertainties.

In the controller design for nuclear power plants, Shyu and
Edwards [7] considered three types of uncertainties due to un-
modeled dynamics, linearization, and model reduction, respec-
tively. These uncertainties contribute to the deviation between
the real plant and its reduced-order linear model, based on which
the robust controller is synthesized. The unmodeled uncertain-
ties are obtained from the modeling process where the governing
equations are derived to represent the plant dynamics including
the errors induced by linearization and model reduction.

Unstructured uncertainties, represented by the difference of
the magnitude of input-output frequency response at each fre-

Fig. 1. Closed-loop system interconnection diagram.

quency point, are used in this paper. This bound is defined by the
norm of the uncertainty matrix. The overall uncertainty bound
is chosen to cover the summation of all uncertainties considered
above, i.e.,

Ayl > |Aum| = |ALin] + |ARed| + | Avmal (1

where A, is bound of the overall uncertainty, Aj,; is the
overall uncertainty which is the summation of the magnitudes
of linearization uncertainty Ap;,, model reduction uncertainty
AReq, and unmodeled uncertainty Ag,q.

The uncertainty bounds are defined as in (2) in a diagonal
matrix form to cover the overall uncertainty. For the purpose of
robust controller design, it is advantageous to normalize uncer-
tainty with a frequency dependent weighting function W, (s):

Ay =diag (Au1(8), -, Aun(s)) = Wyu(s)dy 2
where W,(s) =
diag(but, - - - Oun)-

2) Performance Specifications: Selection of weighting func-

tions and interconnection of the closed-loop system is an essen-
tial step in the synthesis of a robust controller. The weighting
functions that specify the plant uncertainty and performance
specifications invariably need to be adjusted iteratively. Fig. 1
shows the block diagram of closed-loop control system with per-
formance specifications, as explained below.

* The uncertainty weighting function W,, represents the in-
tegrated uncertainty bound.

* The tracking error weighting function W, specifies the per-
formance requirements, which is chosen in such a way that
the steady-state tracking errors in both channels should be
small (e.g., on the order of 0.01 or less).

* The control action weighting function W is used to atten-
uate the control action efforts. That is, if the control action
is excessive, W.. is tuned offline to penalize the control ef-
forts, and conversely if the plant response is sluggish.

» The sensor noise weighting function W, represents the fre-
quency-dependent effects to filter the measurement noise.

Upon selection of the above weighting functions, the nom-

inal plant model Py(s) can be interconnected with the weighting
functions (i.e., W,, W,., W,, and W,)) to generate the aug-
mented plant P(s), as shown in Fig. 1, where the input and
output of P(s) are:

diag(Wyu1(8), ..., Wyn(s)), and 6, =

wg 1 —disturbance .
. ze | —weighted control
wy, | —noise .
w = z=| z. | —weighted error
w, | —reference .
. Zy | —uncertainty
w, 1 —uncertainty
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Fig. 2. LFT description of the robust control problem.

u is the control input from controller, y is the measurement of
plant output, and e is the tracking error.

The robust control problem is formulated in a two-port frame-
work using linear fractional transform (LFT) [8], as shown in
Fig.2.Letn,, and n,,, denote the numbers of outputs and inputs
of the uncertainty weighting function, respectively, and n ., and
N, denote the numbers of output and input of the performance
specification weighting functions, respectively. Then, the block
structure A of the uncertainty model is defined as:

_ Au 0 . Mzy XNy My XMapy
A_{[O AP]AUEC Ay, eC } 3)

The first block of the uncertainty matrix corresponds to the
uncertainty block A, used in modeling the plant uncertainty.
The second block A, includes the performance objectives in
the framework of the p-synthesis [8]. The inputs to the second
block are the weighted control action z. and weighted tracking
error z., and the outputs are the reference w,., disturbance wy
and sensor noise signals w;,.

3) Controller Design Using u-Synthesis: To meet the control
objectives, a stabilizing controller K is synthesized such that, at
each frequency w € [0, o], the structured singular value satis-
fies the following condition:

ta, [Fr(P, K)(jw)] <1 4)

where F'1,(P, K) represents the linear fractional transformation
(LFT) [8] of P and K. The fulfillment of this condition guaran-
tees robust performance of the closed-loop control system. The
w-synthesis can be accomplished by using the D-K iteration tool
in MATLAB [15]. For faster computation, the controller order
could be reduced by eliminating the insignificant states by bal-
anced realization and Hankel norm approximation [8], [15].

B. Resilient Control

The role of resilient control is to enhance recovery of the
control system from unanticipated adverse conditions and
faults as well as from emergency situations. Therefore, the
resilient controller should be re-configurable to accommodate
wide-range operations and faulty conditions, and this requires
the resilient controller to be both robust and adaptive. Recently,
Hovakimyan et al. [10] have developed a novel control al-
gorithm, called £;-adaptive control, to address the issues in
Integrated Resilient Aircraft Control (IRAC). The advantages
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Fig. 3. Closed-loop system with the £, -adaptive controller.

of L;-adaptive controller are: (i) guaranteed fast adaptation,
and (ii) simultaneous tracking of the input and output signals
that are uniformly bounded. Since the L£i-controller is both
robust and adaptive, it is suitable for resilient control.

1) L-Adaptive Output Feedback Control: The L1-adaptive
control architecture was first presented by Cao and Hovakimyan
[10] using a state feedback approach in systems with constant
unknown parameters. Later, the £;-adaptive control has been
extended to nonlinear time-varying systems in the presence of
multiplicative and additive unmodeled dynamics [16]. Its exten-
sion to output feedback control has been presented for a class of
uncertain systems [17] that allows for tracking arbitrary refer-
ence with guaranteed time-delay margin. In the work reported in
this paper, the £ -output feedback adaptive control architecture
has been employed to address the challenge of resilient control
of nuclear power plant, as shown in Fig. 3. While details on
the £1-adaptive controller are reported in recent literature [10],
[16], [17], the salient features are explained in terms of the fol-
lowing single-input single-output (SISO) system model.

y(s) = G(s) (uls) + d(s)) Q)

where u(t) € R is the control input, () € R is the system
output, G(s) is a strictly proper unknown transfer function of
unknown relative degree n,, for which only a known lower
bound 1 < n, < ng, is available, and d(t) is the time-de-
pendent disturbances and uncertainties. With a slight abuse of
notation, Laplace transforms of u(t), y(t), and d(¢) are respec-
tively denoted as u(s), y(s), and d(s).

Let r(t) be a given bounded continuous reference input
signal. The control objective is to design an adaptive output
feedback controller giving u(t) such that the system output
y(t) tracks the reference input r(t) following a desired model:

ya(s) = M(s)r(s) (©)

where M (s) is a minimum-phase stable transfer function of rel-
ative degree n, > 1. The system equations in terms of the de-
sired model are rewritten as:

y(s) = M(s) (u(s) + o (s)) ©)

where o(s) = M~1(s)(G(s) — M(s)u(s) + M(s)G(s)d(s))
is the disturbance.
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Closed-Loop Reference System: Let u,er(s) and o,cr(s)
be the reference control input and reference disturbance, re-
spectively, of the closed-loop reference system that defines an
achievable control objective for the £1-adaptive controller such
that:

Yref(8) = M(3) (uref(8) + ores(s))
oref(s) = ((G(s) = M(s)) tres(s) + G(s)dres(s)) /M(s)
Uref(s) = C(s) (r(s) — orer(s)) ®)

where C(s) is a low pass filter with DC gain C'(0) = 1 and
dref(t) = f(t,yref(t)) is a (possibly) time-varying function of
the reference output Y ¢ (s).

The transfer matrices C'(s) and M (s) are selected such that

H(s) = G(s)M(s)/ (C(s)G(s) + (1 = C(s)) M(s))  9)

is stable and that the £-gain of the cascaded system is upper
bounded as:

1H(s) (1= C(s)ll, < 1 (10)
Then, the reference system in (8) is stable.

Referring to Fig. 3, individual components of the £, -adaptive
controller are described next.

State Predictor (Passive Identifier): Let (A, € R™*" b, €
R", ¢,, € R™) be the minimal realization of the stable transfer
matrix M (s). Hence, (A, b, ¢m) is controllable and observ-
able with A,,, being Hurwitz. Then, the system in (5) is rewritten
in the state-space setting as:

£(t) = Ama(t) + b (u(t) + o(t))

y(t) = cpa(t) (1D
and the associated state predictor is given by:
2(t) = Amd(t) + b (u(t) +6(1))
§(t) = e (t) and g(t) = §(t) — y(t) (12)

where 6(t) € R™ is the vector of adaptive parameters. No-
tice that, in the state predictor equation &(¢) may not belong
to the space spanned by b,,,, while o (¢) does belong to the space
spanned by b,, in (11).

Adaptation Law: Let P be the solution of the following al-
gebraic Lyapunov equation:

ATP+PAY = —Q (13)

where () > 0. From the properties of P it follows that there
always exists a nonsingular \/F such that

P=vVP VP

(14)

Given the vector cfz(\/IT’)_l, let D be the (n — 1) x n-dimen-
sional nullspace of ¢Z (v P)~1, i.e.,

D (cﬁ(ﬁ)—l)T =0 (15)
and let
CT
A=| "—| e R 16
{D\/I_D} © (10

The update law for 6(¢) at sampling instant (with T, > 0 being
the sampling time) as:

6(iT,) = =0 H(T)u(iTs), i=1,2,... (17)
where the state transition matrix
Ts
®(T,) 2 [ rAnAT T NGy (18)
0
and
. A ATLIT ~f .
p(iTs) = e *1,9(Ts), 1=1,2,... (19)

where 1, denotes a Cartesian basis vector in R™ with its first
element equal to 1 and other elements being 0.

Control Law: The control law is defined via the output of the
low-pass filter:

u(s) = C(s)r(s) = zcw((ss)) T (s — Ap)15(s)

(20)

The complete £1-adaptive controller consists of the state pre-
dictor in (12), the adaptation law in (17), and the control law
in (20), subject to the £;-gain upper bound in (10). The perfor-
mance bounds of the £, -adaptive output feedback controller are
given by the following theorem:

Theorem 2.1 (Theorem 1 and Lemma 3 in [17]):

li U =
Jim (lille.) =0
li ( — Yre ) =
A (1Y =resll, ) =0

o (ol )0
where || ® || .. denotes the £, norm (i.e., essential supremum
of the absolute value) of the function e.

III. INTEGRATION OF ROBUST AND RESILIENT CONTROL

This section describes how the robust controllers and resilient
controllers are integrated. A finite-state machine (FSM) [18] has
been adopted for discrete decision-making, which monitors the
conditions of the nuclear power plant via a fault detector and
controls the bumpless transfer between the robust and resilient
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Fig. 5. Example of a finite state machine (FSM).

controllers. Fig. 4 depicts the layout of an integrated robust and
resilient control system that includes the robust controller, re-
silient controller, fault detector, finite state machine (FSM), a
set of reference points, and a filter bank for bumpless transfer.
The fault detector is extrinsic to both robust and resilient con-
trollers.

A. Finite State Machine

A finite state machine (FSM) [18] is a 5-tuple
(Q,%,06,q0, F), where Q is a finite set called the states, ¥ is
a finite set called the alphabet, 6 : Q@ X X — @ is the state
transition function, gy € @ is the start state, and F' C (@ is the
set of accepted states or final states.

Fig. 5 shows an example of a finite state machine (FSM) S =
({q1,92},{0,1},6,q1,{q1}) that consists of two states ¢, go,
representing the normal operating condition and an anomalous
condition, respectively. The alphabet in this FSM is selected as
Y = {0,1}, where the symbol 0 represents the normal condi-
tion, and the symbol 1 represents the detection of anomaly (e.g.,
abrupt temperature change in primary coolant flow). A brief ex-
planation of the FSM’s operation is presented below.

When the nuclear power plant is in the normal operating con-
dition (i.e., the symbol of the alphabet is 0), the FSM is in state
q1- When an anomaly occurs in the plant, the symbol changes
from O to 1, and the FSM makes a transition to the anomalous
state go. Accordingly, the control system takes necessary actions
(e.g., change of the feed water flow set point) are taken to keep
the nuclear power plant safe according to the above procedure.
The FSM stays in state ¢- until the plant is restored to the normal
condition when the symbol changes back to 0, and thus the FSM
makes the transition back to the normal state ¢;. The role of re-
silient control is to make the transition from state ¢; to state ¢
as quickly and safely as possible to recover from unanticipated
adverse conditions/faults and emergency situations by altering
its operational envelope in real time. The control configuration
is restored upon returning to normalcy if the plant is not dam-
aged, or to a gracefully degraded condition if the plant is par-
tially damaged but still operable within specified safety and per-

formance criteria; this is achieved by returning to state ¢; from
state qo.

B. Bumpless Transfer

Switching from one controller to another should entail as little
agitation (i.e., occurrence of undesirable transients) as possible.
By parallel operation of a non-active controller one could try to
drive its output signals towards the “correct” amplitude, so that
the resulting transients of the closed loop due to a transfer of
authority are as small as possible. This is known as the bump-
less transfer problem for transition from one operating mode to
another.

Many bumpless transfer techniques have been developed
for application in scenarios with different constraints, such as
switching between manual and automatic control, filter and
controller tuning, scheduled and adaptive controller [19]. In
this paper, a piecewise linear filter is constructed to mitigate the
transients during switching between the robust controller and
the resilient controller. The key idea is explained below.

While the robust controller is active to perform in both steady
state and transient conditions under normal operation, the re-
silient controller becomes active to provide safety and recovery
to the plant during adverse conditions and emergency situations.
In order to achieve bumpless transfer from robust control to
resilient control and avoid abrupt changes in control actions,
piecewise linear filters are added to the controller outputs. The
resulting control action u(s) is formulated as:

U(S) = Gres(s) ures(s) + Grob(s) urob(s) (22)

where u,..s and .., are outputs of the resilient controller and
robust controller, respectively, and G,..s and G,.,; are the filter
transfer functions for the respective control actions.

C. Integrated Robust and Resilient Control Strategy

Following Fig. 4, the next task is to incorporate the finite
state machine (FSM) and filter banks within the plant control
system for bumpless transfer between the robust and resilient
controllers. For example, upon detection of a loss-of-flow acci-
dent (LOFA), as the primary coolant temperature crosses a spec-
ified threshold, this information activates the transition between
states of the FSM. The state transition function é provides in-
puts to both blocks, namely, set points and filter banks, as seen
in Fig. 4. If a significant fault or emergency situation is detected
in the plant, the state transition in the FSM initiates a bump-
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less transfer between the two controllers and may also alter the
thresholds in the set points module. The altered thresholds are
then used as the new set points for the controller under the ab-
normal condition. Upon return to normalcy, robust control with
the original set points are resumed. In practice, a fault detection
system is needed to identify an abnormal incident as early as
possible, which necessitates incorporation of a fault detection
scheme within the integrated robust and resilient system. This
is a topic of future research.

IV. TESTING AND VALIDATION ON THE IRIS SIMULATOR

The proposed integrated robust and resilient control strategy
has been tested and validated on a simulator of nuclear plants.
The results of simulation are presented and further experimental
validation is planned on research reactors (e.g., Penn State’s
TRIGA research reactor [20]) in the future.

A. The International Reactor Innovative & Secure Simulator

The International Reactor Innovative & Secure (IRIS) sim-
ulator of nuclear power plants is based on the design of a
next-generation nuclear reactor. It is a modular pressurized
water reactor (PWR) with an integral configuration of all
primary system components. Fig. 6 shows the layout of the
primary side of the IRIS system that is offered in configurations
of single or multiple modules, each having a power rating of
1000 MWt (about 335 MWe) [14]. The nominal reactor core
inlet and outlet temperatures are 557.6°F (292°C) and 626°F
(330°C), respectively. The pressurizer, eight steam generators,
and the control rod mechanism are integrated into the pressure
vessel with the reactor core. There is no huge pipe used to
connect these components. This design avoids the large loss of
coolant accident (LOCA). The whole control rod mechanism
is mounted inside the pressure vessel to avoid failures of the
control rod head penetration.

As shown in Fig. 6, the integral design of the primary side
also makes the containment vessel much smaller than the tra-
ditional pressure vessel of a PWR. The IRIS reactor coolant
pumps are of the spool type, and are located entirely within the
reactor vessel; only small penetrations for the electrical power
cables are required. The spool pump geometric configuration
provides high inertia/coastdown and high run-out flow capa-
bility that contributes to minimize or even mitigate the negative
consequences of loss-of-flow accidents (LOFAs).

A simulation testbed for testing and validation of control
algorithms has been developed under the project of Nuclear
Energy Research Initiative (NERI). The testbed is built using
MATLAB/SIMULINK. This SIMULINK model includes a re-
actor core model, a helical coil steam generator (HCSG) model.
The turbine is not explicitly modeled in the testbed since the
reactor’s operational safety is the major focus of this paper. The
simulation testbed is implemented on a Quad Core 2.83 GHz
CPU 8 GB RAM Workstation in the laboratory of Penn State.
Another two workstations with the same configuration are also
available for simulating a twin-unit plant operation scenario,
in which two workstations host an individual IRIS module,
and the third one hosts the controller to coordinate the plant
modules through a local network. This testbed is capable of

PRESSURE CONTAINMENT UPPER HEAD
PRESSURIZER

REACTOR
COOLANT
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(10F 8)
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CORE

Fig. 6. Layout of the primary side of the IRIS system [14].

simulating normal operation conditions at different operational
modes as well as various faulty scenarios including:
* Actuator failures: Feedwater pump trip, malfunctions of
reactor coolant pump and control rod mechanism;
* Sensor failures: Malfunctions of temperature, pressure,
and flow-rate sensors;
* Internal faults: Uncertainties in fuel temperature coeffi-
cient of reactivity, coolant heat capacity, and feedwater
heat capacity.

B. Design of the Integrated Robust and Resilient Control
System

The details of the integrated control system design are intro-
duced in this section.

1) Robust Controller Design: The design of a robust con-
troller requires judicious selection of the uncertainty weighting
function (W,,) and the performance weighting functions, W,
W, and W,,. These weighting functions essentially serve as
user-selected performance specifications.

The uncertainty weighting function W, (s) is selected to cap-
ture the frequency-dependent uncertainties as:

0.1(s+60) 0
Wu(s) = S+300 0.1(5460) (23)
s+600

In order that the plant output y tracks the given reference
signal r, the tracking error weighting functions with respect to
each plant output are chosen and put into a form of the diagonal
matrix W,(s) as:

100(s+1) 0
We(s) = 100((];“ 100(s+1) (24)
1000s+1

This weighting function indicates that the steady-state (i.e., low-
frequency) tracking errors due to reference step-inputs in either
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TABLE 1
RESULTS OF THE pt-SYNTHESIS

Iteration # Controller Order ~-value u-value
1 30 2.441 1.515
2 30 1.030 1.021
3 30 0.979 0.984
4 30 0.986 0.988
5 30 0.978 0.981
6 30 0.984 0.986

channel should be on the order of 0.01 or smaller. This perfor-
mance requirement becomes less stringent at high frequencies.

The control action weighting function W, is included to
tune the control action effort. For example, if the time response
of the controlled system displays excessive control action,
the weighting function serves to penalize the energy of the
oscillation; on the other hand, if the response is sluggish, the
weighting function has a more benign role with a significantly
reduced penalty. The control action weighting function is
selected as:

0.0068(105+1) 0
We(s) = Sgl 0.0068(10s+1) 25)
s+1

In the closed-loop interconnection, effects of frequency-de-
pendent sensor noise are represented by the weighting function
diagonal matrix W, (s) as:

0.0001(10s+1) 0
Wa(s) = 881 0.0001(10s+1) (26)
s+1

An increased sensor noise weight makes the controller more
robust to sensor noise possibly at the expense of relatively slow
response.

The p-synthesis design of the robust controller is accom-
plished by using the D-K iteration tool in MATLAB [15]. For
the IRIS plant, the results of D-K iterations are shown in Table I,
where 7y is the H,-norm of the transfer matrix operator that is
a measure of the controller’s robust stability, and 4 is the struc-
tured singular value that is a measure of the controller’s robust
performance. For controllers with v < 1 and p < 1, the robust
stability and robust performance are guaranteed. The controller
is selected after five D-K iterations as it yields the smallest ~
and p values. The resulting robust controller of order n with m
(sensor) inputs and ¢ (control action) outputs in the state space
form, where { = m = n = 2, is shown below:

Bn><m
CEXn

Dl><m

As seen in Table I, the synthesized controller yields the
closed-loop 1 = 0.981 after five iterations and the robust per-
formance of the control system is guaranteed for the prescribed
uncertainty and performance. For faster computation, the con-
troller order is reduced by eliminating the insignificant states,
where balanced realization and Hankel norm approximation
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TABLE II
ORDER REDUCTION OF CONTROLLER #5

Reduced Order  p-value after reduction

30 0.9812
10 0.9812
8 0.9826
7 0.9828
6 0.9877
5 1.0311

[8], [15] has been used; the results of controller order reduction
are listed in Table II. It is seen in Table II that the p-values
do not increase significantly after order-reduction until the
controller order is reduced below 10. There is a clear increase
in 4 as the controller order is reduced from 7 to 6, and the value
of p for controller order less than 6 is greater than 1. Therefore,
the controller of reduced order 7 is selected.

2) Resilient Controller Design: The resilient control algo-
rithm in Section II-B is derived for a single-input single-output
(SISO) system. However, the plant dynamics of the IRIS model
are coupled in two sensor channels, steam pressure and reactor
power, which require an extension of the SISO L;-adaptive
output feedback controller to multi-input multi-output (MIMO)
systems. The components of the MIMO control system are de-
scribed below.

Desired System: The matrix transfer function of the desired
control system is selected in the following form:

M(s) = [Ml(s) 0 } (28)

0 MZ(S)

where M;(s) and Ms(s) are the scalar transfer functions for
corresponding channels of secondary steam pressure and reactor
power, where zero non-diagonal elements of the matrix transfer
function imply decoupling of the channels in the desired transfer
function. In the current design, minimum-phase stable transfer
functions of relative degree n,. = 2 > 1 are selected as:

2
Wm
52 + 28 wars + w%,[

My(s) = My(s) = (29)
where wy; = 0.35, £y = 2. The parameter wy; and &), are
chosen in such a way that the frequency response of the desired
system is close to that of the linearized IRIS model.

Low-Pass Filter: Following Fig. 4, the low-pass filter bank is
selected as:

Cls) = [010(3) cis)} (30)
C1(s) = Os(s) = e 31)

$2 + 2cwes + w

where we = 6, £ = 1.6. The structure and parameters of the
low-pass filter are chosen in such a way that system H(s) in
(9) is stable and the L£-stability condition in (10) is satisfied.
Consequently, the closed-loop reference system in (8) is stable.

3) Smoothing Filter Design for Bumpless Transfer: Bump-
less transfer between the robust and resilient controllers is
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Fig. 7. Normalized plant outputs.

achieved by incorporating smoothing filters. During the tran-
sition from a normal condition (i.e., state ¢;) to an abnormal
condition (i.e., state ¢2), the filter transfer functions are chosen
as:

1 T1

Gres<8) = m and wa(s) = m

(32)
and, during the transition from an abnormal condition (i.e., state
@2) to an normal condition (i.e., state g1 ), the filter transfer func-
tions are chosen as:

T2 1

Gres R —— d Gro = 7
(5) and Gron(8) = Sy

T8+ 1 (33)

such that the control actions during transition stages are actually
a linear combination of time-dependent weighted outputs from
the controller actions, u,..s and u,.,;, of the resilient and robust
controllers and vice versa. The respective time constants 7; and
To are chosen according to performance specifications based on
the following rationale: While a large time constant yields slow
and smooth transition, a small time constant ensures fast re-
sponse. In this study, the time constants 7; and 7 are chosen as 2
sec and 200 sec, respectively. The smaller value of 71 represents
relatively rapid response that is needed for transition to resilient
control to deal with emergency situations. The larger value of
represents relatively slow response for transition back to robust
control as normalcy is restored.

A p-analysis test confirms that bounded-input bounded-
output (BIBO) stability of the augmented closed-loop system
is retained after the addition of the filters, G,.s and G,.p.
Synthesis of a more advanced filter is a topic of future research.

C. Results of Testing and Validation on the IRIS Simulator

A scenario of loss-of-flow accident (LOFA) for the (closed
loop) system has been simulated on the IRIS to evaluate the
performance of integrated robust and resilient control algo-
rithm. Example of causes for LOFA are loss of off-site power,
pump failure, heat exchanger blockage, pipe blockage, and
faulty valve closure. In this simulation, the LOFA is caused
by reactor coolant pump (RCP) failure of 4 out of 8 reactor
coolant pumps, which is a Condition IV accident. Although
this accidental event can be mitigated by the “Safe-by-Design”
feature of IRIS [14] (i.e., natural circulation of coolant removes
decay heat from the core even when the coolant pump fails),
the plant could still be damaged if appropriate control actions
are not taken.

In the first 100 sec of the simulation exercise, the nuclear
power plant is in a normal operating condition with full output

power load and steam pressure load. In the simulated scenario,
when four of the eight primary flow pumps fail, the LOFA is
detected at ¢ = 100 sec and the resulting anomaly information
is generated as seen in Fig. 4. The fault detection system is ex-
trinsic to both the robust and resilient controllers, and its incor-
poration within the integrated control system is a topic of future
research.

Upon detection of the LOFA incident, the control output
is switched quickly from the robust controller to the resilient
controller that promptly reduces the set points of output power
load and feedwater flow by half. The plant is brought back to
normalcy at £ = 900 sec when all primary flow pumps become
functional. To make the plant return to normalcy, the output
power load and feedwater flow set points are reset to their
respective nominal values, and the control output is switched
bumplessly from the resilient controller back to the robust
controller. Note that this bumpless transfer is ensured by the
choice of a relatively large filter time constant (7 = 200 sec)
relative to the tenure of the LOFA.

Fig. 7 shows the normalized plant outputs, steam pressure
y1 and reactor output power y». Under normal conditions, both
plant outputs are at their nominal values, which are normalized
to 1. When four of the eight primary reactor coolant pumps
fail, the plant is not able to generate 100% power, and thus the
output power load is reduced to 50% by resilient control ac-
tions. Upon returning to normalcy, the output power gradually
returns to 100%. Note that there exist spikes in the reactor power
1o when the anomaly occurs and it is removed. Those spikes
are generated due to temperature feedback from the reactor as
a consequence of the abrupt change in primary flow when four
of the eight pumps fail. Note that, in practice, a change in the
feedwater flow may not occur as a step, but may have a rela-
tively more gradual but sufficiently fast profile. Furthermore, if
the output power in the control system is taken to be the turbine
output power instead of the reactor core output power, the spikes
would be averaged out due to the mechanical inertia of the tur-
bine. In the future work, a turbine model will be integrated into
the nuclear plant model.

Fig. 8 shows the responses of the control actions, feedwater
flow w1 and rod reactivity wue, after occurrence of the LOFA.
When the plant is operated under normal conditions, the control
efforts are indicated as 0% implying zero deviations from the
nominal values of w1 and us. Upon detection of the LOFA at
t = 100 sec, in order to “save” the plant, the feedwater flow is
gradually increased by 10% of the nominal value and the rod
reactivity is reduced by more than 80% of the nominal value.

Fig. 9 shows the temperatures (i.e., primary coolant inlet, pri-
mary coolant outlet, and secondary coolant steam temperatures)
monitored by sensors inside the plant, and AT is the tempera-
ture difference between the primary coolant inlet flow and outlet
flow, which is used to activate the FSM (see Figs. 5 and 4). Upon
detection of the LOFA, the control system reduces the rod re-
activity by more than 80%. Consequently, the primary coolant
inlet temperature drops.

As seen in Fig. 10, switching of the symbols (i.e., 0 and 1)
of the alphabet are controlled by the FSM. When the plant is
working in normal conditions, the symbol is 0, the FSM stays
in normal state gg, and the output power reference point is 1.
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When the anomaly occurs, the symbol changes to 1 immedi-
ately, which causes the FSM to transit from state ¢; to g» and
the output power reference point to change from 1 to 0.5.

V. SUMMARY, CONCLUSIONS & FUTURE WORK

This paper investigates a new concept of integrated robust and
resilient control for enhancement of the operational safety and
performance of nuclear power plants. The robust controller is
designed by using the p-synthesis tools with D-K iteration [15].
The optimal Hankel approximation is used to reduce the order
of the robust controller [15]. The concept of resilient control
in nuclear plants is derived from Integrated Resilient Aircraft
Control (IRAC) [9] that is an active area of research in Na-
tional Aeronautics and Space Administration (NASA); this is
a direct transfer of technology from aeronautics to nuclear en-
gineering. The resilient control is implemented by £;-adaptive
output feedback controller, which guarantees fast adaptation,
uniformly bounded transient and asymptotic tracking for both
input and output signals of the control system simultaneously.
The robust and resilient controllers are integrated by utilizing
a finite state machine and smoothing filters to ensure bumpless
transfer from robust to resilient control modes and vice versa.
In the simulation example of nuclear power plant control, the
finite state machine is designed to switch between normal and
abnormal states and activate related control actions by moni-
toring plant coolant temperatures. The filters ensure bumpless
transfer between robust controller and resilient controller and
avoid impact to the nuclear reactor during transition stage.
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A simple scenario of loss-of-flow accident (LOFA) has been
investigated on the International Reactor Innovative & Secure
(IRIS) simulator [14]. Simulation results based on this LOFA
scenario show that the proposed controller recovers from the
emergency situation with a fast response, while the characteris-
tics of the standard robust controller are retained during normal
operating conditions. Further analytical, simulation and exper-
imental research is necessary before this novel concept of inte-
grated robust and resilient control can be considered for appli-
cation to commercial nuclear power plants. The following are
a few examples of future research in integrated robust and re-
silient control of nuclear power plants:

* Incorporation of fault detection schemes within the inte-

grated control system;

* Filter design for fast and stable switching between robust
and resilient control modes;

* Construction of finite-state machines for incorporation
within the integrated control system to represent various
failure states and interstate switching;

e Demonstration of safe recovery from various real-life
emergency situations by including balance of plant com-
ponents in the IRIS simulator;

* Experimental validation of safe recovery under selected
accident scenarios on research reactors (e.g., Penn State’s
TRIGA research reactor [20]).
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