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Fuzzy-Adapted Recursive Sliding-Mode
Controller Design for a Nuclear
Power Plant Control
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Abstract—In this paper, a multi-input multi-output
fuzzy-adapted recursive sliding-mode controller (FARSMC)
is designed for an advanced boiling water reactor (ABWR)
nuclear power plant, to control reactor pressure, reactor water
level and turbine power. The FARSMC is intended to replace the
existing conventional controllers for the power range of 70% to
100% rated power. The controller has a recursive form that treats
model uncertainty and external disturbances in an implicit way.
Thus there is no need to specify uncertainties and disturbances
for this controller design in advance. Moreover, the chattering
problem common among conventional sliding-mode controllers
is completely removed by this recursive sliding-mode control
(RSMC) algorithm. The performance of the resulting RSMC
is further improved by parameter adaptation using fuzzy logic
algorithm, resulting in fuzzy-adapted RSMC (FARSMC). To
apply RSMC technique, the original nonlinear plant model is first
transformed to a canonical form. Simulations of the simplified
ABWR model with the designed FARSMC indicate that FARSMC
may result in better performance than the existing PI controllers
in that the plant transient responses to the desired output step
change have shorter settling time and smaller magnitude over-
shoot/undershoot. The control actions of the FARSMC are milder
than those from the PI controllers. Robustness of the FARSMC
with respect to power level variation and capability to reject
external disturbances is also achieved. Successful fuzzy adapted
sliding-mode controller design and implementation on the model
shows that FARSMC may be a practical choice for nuclear power
plant control.

Index Terms—Adaptive control, fuzzy logic, nuclear power gen-
eration control, sliding-mode control.

ACRONYMS

ABWR  Advanced boiling water reactor.

CVC Control valve opening control.

FARSMC Fuzzy-adapted recursive sliding-mode control, or
fuzzy-adapted recursive sliding-mode controllers,
depending on the context.

FWC Feedwater flow control.

MIMO  Multi-input multi-output.

PI Proportional-integral.

PIC Proportional-integral control, or proportional-inte-
gral controllers, depending on the context.

RFC Recirculation flow control.

RSMC Recursive sliding-mode control.

SMC Sliding-mode control.
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NOMENCLATURE

Listed below are the variables in the ABWR plant model de-
scribed in Section III. Control related variables can be found in
the related context.

Ay Throttle valve opening.

Ay Intercept valve opening.

Cp Doppler reactivity feedback coefficient.

Cip Intermediate-pressure turbine inlet pressure change

rate coefficient.
Cri Normalized precursor density.

Cy Void reactivity feedback coefficient.

C, Correlation constant.

Cap Steam pressure loss coefficient.

fa Fraction of heat generation from fission product
decay.

It Fraction of heat generation from fuel rod.

fop Mechanical power contribution factor of high-pres-
sure turbine.

fip Mechanical power contribution factor of interme-
diate-pressure turbine.

hy Saturated liquid enthalpy.

hw Feedwater enthalpy.

hg Saturated steam enthalpy.

k Effective neutron multiplication factor.

L Reactor core water level deviation from setpoint.

Ly Level change due to unbalance between feedwater
flow and steam flow.

L, Level change due to change in core region void frac-
tion.

Ls Level change due to change in core exit plenum void
fractions.

Ly Level change due to deviation of steam flow from
the steam driers.

Mg Feedwater mass flow.

Miw Intermediate variable related to feedwater transfer
delay.

my Core steam mass flow.

Myp Steam flow to high-pressure turbine.

Mip Steam flow to intermediate-pressure turbine.

m, Recirculation flow.

My Steam flow.

Mo Rated steady state neutron density (n/cm?).

Ny Normalized neutron density.

Py Pressure at intermediate-pressure turbine inlet.

P, Turbine throttle pressure.
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P, Normalized reactor pressure.

Q: Total heat generation rate.

Qy Heat generation rate from fuel rod.

Qq Heat generation rate from fission.

Qq Decay heat rate.

U Internal energy.

W Turbine power output.

T Normalized load demand.

Te Core exit steam quality.

TeR Rated core exit steam quality.

Ahg, Core inlet subcooling.

AP Pressure drop across main steam line.

« Core steam void fraction.

A Effective prompt neutron lifetime (s).

1] Fraction of delayed fission neutrons, 3 = Z?zl Bi.

Bi Fraction of the +th group delayed neutrons.

foyel Void fraction deviation from rated value at 100%
power.

6Ahg Core inlet subcooling deviation.

0Q) ¢ Fuel rod heat flux deviation from rated value at
100% power.

bp Reactivity ($).

0x, Core exit steam quality deviation.

A Precursor decay constant (s™1).

Te Reactor core mass transfer constant.

Td Time constant of decay heat dynamics.

Ty Time constant of fuel rod heat transfer dynamics.

TdeR Rated downcomer constant.

Thw Feedwater time constant.

Thp Time constant of steam transportation.

Ty Reactor pressure time constant.

1. INTRODUCTION

ONTROL of a nuclear power plant, or for that matter any

complicated power plant, is challenging because: 1) the
control is a multi-objective task for which many manipulated
variables are coordinated to achieve satisfactory plant transients;
2) the system is nonlinear; and 3) many parameters are time-
varying and the dynamic characteristics of the plant change with
operating conditions. To design controllers, the plant dynamic
model is usually simplified. Therefore discrepancies between
the actual plant and the mathematical model are inevitable. This
mismatch may come from unmodeled dynamics, variation in
system parameters and/or the approximation of complex be-
havior by a straightforward model. In order to ensure that the
resulting controller is capable of producing satisfactory results
in this unfavorable situation, a robust controller is crucial to
achieve reliable and safe automation of nuclear power plants.
Linear robust control has become a well-established and mathe-
matically rigorous control technique [1] and it has been compre-
hensively studied for integrated power control of an advanced
boiling water reactor (ABWR) nuclear power plant [2]. How-
ever, it requires detailed uncertainties information, whose ac-
quisition is somehow subjective and is a tedious process. Con-
servative estimation of uncertainties may result in no feasible
controller design whereas underestimation leads to undesirable
performance of the closed-loop system. In addition, lineariza-

tion of the original nonlinear model is necessary and introduces
another type of uncertainties. Because combination of all uncer-
tainties is typically considered during the design of a linear ro-
bust controller, the resulting controller is usually unnecessarily
conservative.

Sliding-mode control (SMC) technique belongs to the ro-
bust controller category, which deals with model uncertainties
of simplified models. These uncertainties may come from un-
modeled dynamics, variations in system parameters, or approx-
imations of complex plant behaviors. An SMC controller is a
particular type of varying structure system [3] featuring pre-
scribed behavior of the closed loop system and robustness to
parameter variations and external disturbances. SMC is a pow-
erful approach to solve system state tracking problems. The ar-
chitecture of SMC is simple and its design is directly oriented
toward nonlinear systems—no linearization is needed. Like the
linear robust control system, design of conventional SMC also
needs plant uncertainties and external disturbance information.
A typical intrinsic problem in implementing an SMC is “chat-
tering”, i.e., the control action changes with a very high fre-
quency around a certain value when the controlled variable is
close to the desired trajectory. By introducing recursive form,
the resulting recursive SMC (RSMC) ([3], [4]) not only solves
the intrinsic chattering problem of a conventional SMC but also
features no need to describe uncertainties and disturbances in
advance in some situations.

Generally speaking, the closed-loop system with SMC be-
haves like a linear system. Sometimes, however, nonlinear be-
havior is desirable for better performance. To this end, the non-
linear mapping characteristics of fuzzy systems [5] can play an
important role. Some researchers have succeeded in merging
fuzzy adaptation techniques into SMC design and the perfor-
mance of the resulting systems is significantly improved [7].

Although sliding-mode control and fuzzy logic control
techniques have been widely used in other fields [8], in nuclear
industry, however, applications of these techniques seem to
be much sparse and the studies of this topic are sporadic [9].
Shtessel applied SMC in space nuclear reactor system control
and obtained good simulation results [9]. In that study, the
improvement of the space reactor power system was reported
for the reactor startup regime by applying SMC. Robustness and
high accuracy in tracking of the reference thermal power profile
were achieved. Huang and Edwards successfully applied RSMC
to control ABWR turbine throttle pressure through manipulating
turbine control valve opening [11]—simulation results show that
the RSMC is superior to the existing PI controllers in that the
RSMC results in milder control action and much less power surge
than the PI controller; the response time for pressure setpoint
change is much shorter with control of the RSMC.

In this paper, a robust multi-input multi-output (MIMO) con-
troller based on fuzzy-adapted recursive sliding mode control
(FARSMC) technique is designed for an ABWR plant overall
control, specifically, to control: 1) turbine power; 2) reactor
water level; and 3) turbine throttle pressure simultaneously to
make them follow a demand or maintain a setpoint, through
manipulation of reactor recirculation flow control (RFC), feed-
water flow control (FWC), and turbine control valve opening
control (CVC), respectively.
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The remaining presentation is organized into five additional
sections. In Section II a brief description of FARSMC algorithm
is introduced, based on the concepts of recursive sliding-mode
control and adaptation of sliding-mode control parameters. The
ABWR model, of the original nonlinear form and of the derived
input-output linearized form, is described in Section III. In Sec-
tion IV, the FARSMC design features are described. Simulation
results of the ABWR plant with the designed FARSMC and dis-
cussions are presented in Section V. Summary and conclusions
are arranged in the last section—Section VI.

II. FuzzY-ADAPTED RECURSIVE SLIDING-MODE CONTROL

A. Recursive Sliding-Mode Control (RSMC) for an MIMO
System

Consider a nonlinear MIMO square system! of the form

y" = fix) + Y g (0w +dy) =1, m
j=1
j=1,....m (1)

or in a compact form

y™ = £(x) + G(x)(u+d) 2
where

y(n) — (yfm)? ,U(n2) ---- ,‘/(nm)> (3)
f=(f1,fo s fm)" 4)

g11 91im
G=| : : (5)

Im1 Imm
u = (ug,us,...,u,)’ is the control input vector,

d = (di,ds,...,dy)T is the disturbance vector, and the
state x is composed of y;’s and their first (n; — 1) derivatives.
The nonlinear dynamics of f(x) and matrix G(x) are not
exactly known but they are estimated by their nominal forms
of f and G, respectively. The uncertainties in f are expressed in
additive form of their individual elements, as in the following:
\fi—fil<F i=1,....m (6)
where F};’s are upper bounds of uncertainties in f;(x)’s, and the
uncertainties in G is expressed in a multiplicative form as in the
following:

N

G=(I+A)G, |A;|< Dy,
i=1,....m; j=1,....m (7)
where I is the m X m identity matrix and A is the error matrix
defined by A;;.

In order to facilitate controller design and analysis, the system
is assumed to meet the matching condition, i.e., with uncertain-
ties in the components g;;(é,j = 1,2,...,m) considered, the

1A square system is a system that has the same number of inputs as that of
outputs.
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matrix G 1is invertible. This assumption assures the controlla-
bility of the system.

For the state-tracking problem, the goal of controller design
is to find control u such that the plant outputs track the desired
trajectory y 4, in the presence of uncertainties and perturbations.

Let e;(t) = v;(t) — ya:(t) be the tracking error in the output
y;(t) and specify a switching vector containing individual
switching functions

s =(51,82,...,5m)F (®)

(i [AYZEUA
S = dt '-Y’L(ni—l) dt Yi2 dt Yi1 | €i

i=1,2,....,m (9

where v;;,4 = 1,2,...,m;5 = 1,2,...,n; — 1 are strictly
positive constants, and are called “control bandwidth” in some
literatures.

Expression (9) can be rewritten into two forms.

One is in polynomial-like form, which is more convenient to
derive the control algorithm

nifl

si= > aii (7 = o)

=0

(10)

where ¢;,,—1 = 1, and the roots of the polynomial
[1¢ini—2Cin;—3 ... Ci,1Cio] are equal to [y1v2 ... Yn,—1]-
The other is the recursive form, which is more meaningful and

will be used to tune the designed sliding-mode controller

S$i = Sim;—1 = Si,n;—2 + Vi,n;—1Si,n;—2

Si,2 = Si,1 + Vi,284,1

551 = €; + V5,165

Y

Now specify a Lyapunov function as a quadratic form of the
switching function s

v=ss/2. (12)

The goal of controller design is to find a control vector u such
that the following reaching condition is met in the presence of
uncertainties and disturbances

0 =—sTTs (13)
where T is a positive definite constant matrix. Compared with
the frequently used reaching condition & < — 31" n;]sil,
where 7; > 0, (13) specifies a “softer” reaching condition.
This softer reaching condition is introduced to avoid the
chattering problem and to dynamically adapt the system to the
uncertainties and disturbances.
Combining (12) and (13) yields the following equality:

$+Is=0 (14)

which is the new reaching condition for the system.
Combined with (2) and (1), the time derivative of switching
function s can be developed into the following form:

§=5+G(u+d) (15)
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. (16)
nifl

Si= =y + Y i (yf]) - y((fi)) +fi(x). (A7)
j=1

In order for the sliding surfaces s = 0 to be attractive, the
control u can be derived by substituting (15) into (14), yielding

u=u, -G 'Ts (18)
where u.q is the equivalent control
U= -G 's—d. (19)

From (19), (16) and (17), it can be seen that the equivalent
control is a function of f(x), G(x), which are usually hard to
obtain and usually contain uncertainties and disturbance d,
which is usually unknown. These factors can be automatically
taken into account by introducing a recursive form of control
algorithm. Combining (15), (18), and (19), the recursive form is

u=u- G !(s+Ts). (20)

In continuous-time domain, (20) is easy to implement by
slightly changing the form to

u(t) =u(t—6t) -G 1(s+Ts) 6t —0. (1)

This form has the same format as the algorithm used in [4] al-
though the nonlinear system for which the controller is designed
in that paper is different from the one in this study.

It is shown in [4] that in continuous-time systems with no
computational delay, the condition for the Lyapunov function
v specified in (13) is satisfied after the renewed control value
specified in (21) is implemented. Because I' is positive definite,
the time derivative of the Lyapunov function is negative definite,
meaning that the sliding surface s = 0 is attractive.

In the discrete-time domain, the control updating in (20) can
be implemented by using the following form:

u(t)=u(t —T) - KG (5 +Ts) (22)

where T' is the period for controller implementation and K is a
diagonal matrix
K, 0
K= . (23)
0 K m
whose diagonal elements are subject to tuning during imple-
mentation.

If the constant matrix I' in the reaching condition (13) takes
the diagonal form, considering (11), the term s + I's is simply
an extension of sliding surfaces with one further step in the re-
cursive form

Ssi = 8; + Vis;
with

Si = Simn;—1 = Si,n;—2 + Yini—15i,n;—2

552 = 8i1 + Vi25i1

Si,1 = €+ i 1€;

(24)

which defines a new switching vector s;. In this case, the control
law (22) becomes
u(t) = u(t — T) - KG™!s,. (25)
To smooth the control signal and to implement the controller
in the continuous-time domain, (25) is replaced with the new
control law

u(t) = —-KG™ s, (26)

where K = K/T or

u(t) = — / KG™'s, dt. (27)

B. Fuzzy Adaptation of RSMC Parameters

One of the distinguishing features of the SMC is that the
closed-loop system behaves like a linear system once the
system state is on the sliding surface. The tracking error, if it’s
not zero initially, will converge to zero exponentially along the
sliding surface. The system behavior can be predetermined by
setting the sliding-mode parameters. The selection of constant
sliding-mode variables is restricted by the following dilemma:
large values of 7;;’s will cause fast system response but may
excite the unmodeled high frequency dynamics, leading to
instability of the closed system; on the other hand, if +;;’s
are too small, the system responds too slowly. In this sense,
nonlinear system behavior is desirable. Consider a second
order single-input single-output system for example, where the
switching function is typically defined as: s = é + ~ye, and the
sliding line on the phase-portrait and the time response with
the initial condition e = 1 are shown in Fig. 1. For comparison,
the phase portrait and the time response of a nonlinear sliding
surface are also shown in the figure. It is clear from comparison
that the settling time of the system with nonlinear sliding
surface is greatly reduced.

Based on the above observation, it is desirable to design the
sliding-mode controller with the predetermined system behavior
defined as a nonlinear system, specifically, the bandwidth of the
sliding-mode controller may vary with the system status in order
to achieve better performance. This concept was realized in the
study by Temeltas [12]. In that study, two fuzzy approximators
were employed, one adjusted the slope of the sliding surface
slope and the other adjusted the approaching rate in the reaching
phase (the term “reaching phase” is illustrated in Fig. 2). The re-
sulting fuzzy adapted sliding-mode controller led to more robust
tracking of the system.

In this study, triangular membership functions are used
for all fuzzy values, as shown in Fig. 3. From this figure, it
is clear that the membership function information related to
a fuzzy variable can be completely represented with three
components: 1) variable name; 2) term set, which is the
set of linguistic labels of all fuzzy sets of a fuzzy variable;
and 3) peak value set, which is the set of the peak values
corresponding to the linguistic labels in the term set. These
three components are x,{A!, A% A3 A% A5 A® A7} and
{Zi1,Ti2,%i3, Tia, Tis, Tis, Ti7} in Fig. 3, respectively.
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Fig. 2. Graphical illustration of sliding surface and sliding condition.
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values at which the membership functions are 1.

Fig. 3. Illustration of fuzzy logic membership functions.

1II. ABWR MODEL DESCRIPTION

To demonstrate the feasibility of FARSMC application
in nuclear power plant control, a simplified ABWR power
range model is used. The model calculates the neutronic,
thermal-hydraulic, and turbine responses in conjunction with
power control systems. This model is the same as that used to
design a linear robust controller by Shyu and Edwards [2] and
to design a group of fuzzy logic controllers by Huang, Lee and
Edwards. [13] All parameters in the model are normalized to
rated conditions on a per unit basis.

In conjunction with the plant model, the original simula-
tion model also contains the PI control system designed by
the vendor, which will be used for controller performance
comparison in this study. The original control system consists
of three main subsystems: reactor power control, reactor
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water level regulation, and pressure regulation. For a boiling
water reactor, power control is implemented through reactor
recirculation flow adjustment or control rod movement. In
the 70%—-100% rated power range, which is of the interest in
this study, the reactor is controlled only by recirculation flow
adjustment on the basis of load demand error. The reactor water
level control is controlled by adjusting feedwater flow rate, and
the pressure control is implemented by adjusting the turbine
throttle valve opening.

Detailed model description can be found in [2] and [14]. The
equations directly related to the derivation of the forthcoming
canonical-form dynamic equations are as follows.

A. Neutron Dynamics and Heat Generation Model?

The neutron dynamics is represented by the point kinetics
with two delayed neutron groups

ooy 0p(t) = B N
fn(t) = ————n.(t) + ; ~oni(t) (28)
ém‘(t) = )\i’l’bT(t) - )\Z‘C,ﬂi(t), 1=1...2 (29)

where n,. is neutron density, representing reactor power.
Heat generation (), in the reactor is calculated from the fol-
lowing:

Qi = Q5 + (1= f)[(1 = fa)n, + Qd] (30

where Q¢ and (4 are the heat generation from fuel rods and
decay heat rate, respectively, whose dynamics are defined as

Qr = (f1Qq — Qs)/7s (31
and
Qa = (fan, — Qa)/7a- (32)

B. Thermal Hydraulic Model

The thermal hydraulic model is developed, from mass and
energy conservation equations, to calculate the reactor vessel
pressure ( Py ), void fraction («) and reactor water level (L)

. hew — 1 hy —u
Py = - hd —my g ,
v {Qt+mf (hg — hfw)R m (hg — hfw)R } /T‘
(33)
(hg — hiw)R hf — hew :

= - — w T~ — Pr

"= g —hy) 0Ty —hen
(34)
7_chAhsc = mfw[l + Ch(l - mfw)] - mrAhsc (35)
’r:hfw = (mfw - mfw)/wa (36)
da = an(0ze) + bo(0Ahse) + o (02 )(6Ahse)  (37)
L=Li+ Lo+ L3+ L4 (38)

where L reflects the contribution of the mismatch between
feedwater flow and steam flow to the reactor water deviation

(39)

and Ly — L4 are related to reactor void fraction change and steam
mass flow dynamics, etc.

Ll = aL(me - ms)

2In this section, only some important variables are explained following the
equation where they first appear. See the nomenclature table for descriptions
of other variables.
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Throttle pressure (P;)

Reactor water level (L)
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Fig. 4. Connection of sliding-mode controller for the ABWR system.

C. Turbine Model

Turbine throttle pressure (P;) is related to the reactor pressure
by the relation

2
P, =P, — Capmj. (40)

During normal operation, turbine bypass valve is not in-
volved, thus, the steam flow can be expressed as

ms = PtAcv (41)

where A, is the turbine throttle valve opening.

The ABWR plant operation requires that the turbine pressure
(P;) setpoint change with load demand according to the fol-
lowing relations:

Pr=1+ (z —2?)/12 (42)

where z is the normalized load demand.
The high-pressure (HP) and intermediate-pressure (IP) tur-
bines contribute to the turbine power (W)

Wt = fhpmhp + fipmip (43)

where my,, and m;;, are steam flow to HP and IP turbines, re-
spectively, obtained from the following dynamics:

mhp = (ms - mhp)/Thp

Pyp = Cip(mnp — mip)

Mmip = PipAiV' (44)

IV. FARSMC DESIGN FOR AN ABWR PLANT

The FARSMC designed in this study is based on a nonlinear
system, which is externally deemed as a 3-input 3-output
MIMO system: three input signals—reactor recirculation
flow (m.,.), feedwater flow (myy,) and turbine throttle valve
opening (A.y)—are used to control the corresponding three
outputs—turbine power (W;), reactor water level deviation
(L) and turbine throttle pressure ( P; ), respectively. These three
outputs are fed back to form corresponding output errors that
are used to generate the switch functions for sliding-mode
controller design. Some other plant states, such as the reactor

vessel pressure, steam flow, delayed neutron precursor density,
etc., are also fed back to serve as controller inputs. The overall
structure of the ABWR system with the controller connection
is depicted in Fig. 4. Design objectives of FARSMC are defined
as: under all situations where power is above 70% of rated
power, the plant should be able to track load demand, pressure
setpoint, and reactor water level setpoint to an acceptable
degree so that the plant performs satisfactorily and the reactor
safety will not be jeopardized, within an acceptable time period
and with an acceptable amount of steady state error.

The nonlinear model presented in Section III cannot be di-
rectly used for SMC design because the model is not presented
in the required canonical form as in (1). To apply FARSMC
for ABWR plant overall control, each input must appear explic-
itly in the final differential equation of its corresponding output,
i.e., the highest order derivatives of Wy, L and P, must contain
m,., Mg, and Ay, respectively, as one of their corresponding
inputs. The model conversion is first presented in Section IV-A.
Based on the model in the new form, the FARSMC controller
design is then described Section IV-B and IV-C.

A. Input—Output Linearization

In order to obtain the required dynamic model in the canon-
ical-form and to limit the relative order of the resulting model
to a reasonable number suitable for controller design, some ap-
proximations are first made.

1) Approximations: Heat generation involves the neutron
dynamics. First, it is simplified with a one-delayed neutron
group model

op(t) —

ne(t) = n n-(t) + Kcr(t) (45)
Cr(t) = Ang(t) — Aep(t) (46)

with
B1+ B2 (47)

- B1/M + B2/’

The prompt-jump approximation for neutron density n,. can
be derived from (45)

no(t) = <@

1-AK (“48)
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where AK = 6p(t)/[ is the net reactivity change in the unit
of dollar. Due to the small magnitude of AK occurred in most
transients, (48) is further approximated as

ny(t) = (1+ AK)c, (t) (49)
which can further be approximated as
Ny = [1 + CD(Qt — 1) =+ Cv(ba(SAhsc — aaxeR)]cr
+ Cvagter[l — Cp(l — my)|mge,myp;. (50)

The heat transfer process described in (30)—(32) can be approx-
imated as

Q= (nr = Qu)/7y. (51)
Based on the approximations described above, the heat gen-
eration dynamics is approximated as

Tth = [1 + CD(Qt - 1) + CV(ba(SAhsc - aaxeR)]cT - Qt

+ Cvagter[l — Cp(l — my)|mge,myp;. (52)

The turbine inlet pressure can be approximated from the implicit
equations (40)—(41) to the explicit form [14]
P, =P, — CapAZ P2

cv: v

(53)

The input-output relationship of the ABWR system in a com-
pact canonical form can be obtained from (43), (38), and (53)
with a series of time derivatives and substitutions

Wt fw(x) My
L | =|/fux)|+G | (54)
P, fr(x) Aev

where fyw (x), fr(x) and fp(x) are the functions of the three
inputs and other plant states, whose expressions can be found in
[14]; m,.; is the new input from m,., m,; = 1/m,, and G is a
3 X 3 gain matrix

g11 gi12 g13
G= 921 922 923 (55)
931 g32 g33

whose elements g;;’s are also functions of the system inputs and
other plant states.

2) Internal Stability Analysis: The relative degree of the
above system is [3,2,2] and the total relative degree is r = 7.
The order of the original ABWR model is 11 in the operating
region of 70%—-100% rated power. There are four hidden states.
For sliding-mode controller design, it is necessary to identify
these states and verify the internal stability of the system.

The formal procedure to verify the internal stability is to an-
alyze the zero dynamics of the subsystem to represent the dy-
namics of the internal states, which is generally very compli-
cated. In this study, the internal states are identified as

* the precursor density c,.; and ¢;.2;

* the reactor coolant inlet subcooling Ahg.;

* one state related to the reactor heat generation model order
reduction.

Stability of c¢.; and c,o are straight forward: the transfer
function from n, to c¢,;’s can be obtained from (29) as:
cri(8)/nr(s) = N /(Ai+s), whose eigenvalues are strictly neg-
ative (—A;), which leads to the bounded-input bounded-output
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characteristics of this subsystem. Thus, the internal dynamics
of ¢;’s is verified. Similarly, the stability of )¢ and )4 can be
verified from (31) and (32). Therefore, the missing state due
to model order reduction is also stable. Finally, the stability
of Ahg. can be verified by analyzing (35) and (36) after
linearization of these equations at an initial state.

The stability of the other seven states is guaranteed if the
sliding-mode controller is successfully designed, which is
the topic of Section IV-B, for the nonlinear system described
by (54). These variables are nonlinear transformations of the
states in the new nonlinear system—time derivatives of Wy, L
and P, of various orders, whose stability are achieved by the
sliding-mode controller design.

B. Recursive Sliding-Mode Controller (RSMC) Design

According to the control algorithm specified in (27) and the
ABWR canonical form dynamics in (54), the SMC control law

for ABWR system is rewritten into the following form:
u(t) = / KG lsdt (56)

where control vector u = [m,.; gy, Acp]?, the control gain K
is redefined as

Kyw 0
K= K (57)
0 Kp
and the vector s of sliding function is redefined as

S = [81 S92 83]T

Si = Si,n; 1= 1,2,3
Sij = Sij—1+%iiSij-1 J=12,...,n4
8i,0 = € (58)

and s1, s2 and s3 are the newly defined switching functions cor-
responding to turbine power, reactor water level, and throttle
pressure, respectively, and n; = 3,n, = 2, and n3z = 2.

The remaining task is to determine the sliding-mode con-
troller parameters and to refine the controller. However, special
treatment is necessary before directly applying the control al-
gorithm. First, the canonical-form system dynamics equations
are derived with some simplifications. Second, the system state
information is needed to calculate the matrix G in (54) and the
controller design in this study takes the practical application sit-
uation into account.

1) Decoupling Matrix Simplification: The approximation
made during the input/output (I/O) linearization changes the
dynamic behavior of the system, especially for the high-order
derivatives of the related variable. For example, the relative
degree is 3 for the turbine power; therefore the sliding-mode
control is based on the assumption that the change of input
(recirculation flow) should be immediately reflected in the
third-order time derivative of the turbine power. However, the
actual relative order of turbine power is greater than 3 due to
the delayed neutron dynamics, thus there is a time delay in the
change of the third-order derivative in response to the control
signal input.

To eliminate the adverse effects of the incorrect coupling in-
formation provided by the I/O linearization, the off-diagonal el-
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ements of the decoupling matrix G are set to zero, i.e., the cou-
pling effects of the control inputs are not considered explicitly,
rather, they are handled with the high-order derivative informa-
tion of the outputs. This treatment is also performed in [3], re-
sulting in a simpler design whereas the controller performance
is not obviously degraded.

2) System State Acquisition: The control algorithm for this
study is specified in (27), where the decoupling matrix G needs
the following variables to be evaluated: throttle valve opening
Ay, reactor core steam mass flow mg,, delayed neutron pre-
cursor density c,., steam mass flow out of the reactor vessel m,
and reactor vessel pressure P,. Of these variables, A, m, and
P, are available from control or measurement; but ¢, and m,
are system internal states that need to be estimated.

Delayed neutron precursor density c¢,.(t) is estimated from
neutron density n,.(t) with a first order filter described by (46).

The steam mass flow m,, does not agree well with the steam
flow out of the reactor vessel (m). In order to obtain a better
signal for m, a filter is designed according to (34)

mg = amth + bmgmfw + CmgMs (59)
where @), is obtained from a transfer function
Qu(s) _ [ra(1 = fa)s +1][rp(1 — f)s + 1] 60)
1y (8) (tas + 1)(15s + 1) )

To obtain switching functions defined in (58), the following
approximations are used:

$i5(t) = (sij—1(t) — si51(t = T))/T
with
1=1,2,....0m;3=1,2,...,m; — 1
and
(61)

$i,0 = €;

where 7' is the sampling period and 7' = 0.5 second in this
study.

3) Controller Design and Parameter Selection: With the
off-diagonal elements set to zero and the gain matrix K defined
in (23), the RSMC controller design becomes the design of
three controllers for the decoupled subsystems.

Tuning of the RSMC parameters, control bandwidths ~;;’s
and control gains K;’s, may be done in practice experimentally.
However, there are some limitations on the determination of ;.
Three factors limiting the choice of «;; are listed in [15]: 1)
system resonant modes; 2) neglected time delays; and 3) sam-
pling rate, and the limit for ~;; is

Y < Ymax = min <27PUR7 1Tlcl7 1TIS) (62)
3 375
where vy is the lowest unmodeled system resonant frequency,
Ty is the unmodeled time-delay, and 75 is the sampling time.
The parameters used in the final controller design are listed in
Table 1.

C. Fuzzy Adaptation of RSMC Parameters

Application of RSMC to the ABWR nonlinear model [14]
indicates a slower response of the RSMC compared with the
existing PI controllers. Shown in Fig. 5 is an illustration of the

TABLE 1
LIST OF SLIDING-MODE CONTROLLER PARAMETERS.

i* K™ Vil 72 7is
1 0.2 0.1 0.5 l
2 0.3 0.05 0.1
3 6 0.1 0.4

Note:

* 7=1: Recirculation Flow Controller (RFC):
7=2: Feedwater Flow Controller (FW(C);
7=3: Pressure Regulator (PR)
** K. K, and K correspond to Ay, A1 and Ap in (57). respectively.

§ 0 === Setpoint 4

k) H =-=- Pl Controller
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© -0.05F 1 %

s PN

5 P

° 1

® 0.1 temmmmms Bt i brepr el

Q ————————————————————
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time, sec

Fig. 5. [Illustration of reactor water level slow response under control of
RSMC.

slow reactor water level response under the control of RSMC
with the controller parameter selected so that the system re-
sponse is as fast as possible while the system remains stable.
This phenomenon is expected because of the long-tail feature of
the zero-approaching property of the sliding-mode controllers.
This problem can be solved by the introduction of a fuzzy pa-
rameter-adaptation scheme.

Based on the observation in Section II-B, it is desirable to de-
sign the sliding-mode controller with the predetermined system
behavior defined as a nonlinear system, specifically, the band-
width of the sliding-mode controller may vary with the system
status in order to achieve a better performance.

From Table I, it can be seen that for each of the sliding-mode
control subsystems, the sliding surface parameters satisfy the
following relationship: v;; < <; j+1, thus the main factor to
limit system performance is ;1. For simplicity, it suffices to
adjust only the first parameter 7;; for the purpose of settling
time reduction for each controller.

In this work, fuzzy adaptation of v;; is performed by a fuzzy
system with the absolute value of the tracking error e; and the
corresponding sliding parameter -y;; as its input and output, re-
spectively.

The fuzzy rules for ~;; read as

Ru(j) : IF |e;] is LI, THEN ;1 is L?

Vi1

where : = 1,2, 3, represent recirculation flow control (RFC),
feedwater flow control (FWC), and pressure regulation (PR),
respectively and j = 1,2,...,ny;, where ny; is the number of
fuzzy rules; and L, and Lfv'i1 are the linguistic labels of fuzzy
sets in |e;| and 7,1, respectively.

Triangular membership functions are used for all fuzzy
values.
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TABLE 1I
Fuzzy RULE TABLE FOR SMC PARAMETER ADAPTATION
L, ZE VS SM MD LG
Ly LG ML MD MS SM
TABLE III
MEMBERSHIP FUNCTIONS FOR SLIDING SURFACE SLOPE ADAPTATION
L, ZE VS SM MD LG
Part (a) e, 0.001 0.003 0.01 0.03 0.1
RFC L, LG ML MD MS SM
7 0.80 0.68 0.42 0.23 0.10
L, ZE Vs SM MD LG
Part (b) z 0.00 0.003 .01 0.03 0.10
P
Fwe L, LG ML MD MS sM
A 0.20 0.19 0.18 0.15 0.10
L, ZE VS SM MD LG
Part (c) z 0.0001 0.0003 0.0010 0.0030 0.01
P
PR L, LG ML MD MS M
A 0.50 0.30 0.20 0.15 0.10

Note: 1. Variables ey, ¢, and ep are the alternative expressions for ¢,, ¢, and e;, mentioned above.
2. Upper bar represents the peak values for corresponding fuzzy values of a fuzzy variable.

The ny;’s are set to 5 for all three controllers. The term set
of L,; and L.; are specified as [ZE V.S SM MD LG] and
[LG ML MD MS SM], respectively, and the fuzzy rule bases
are set to be of the same pattern, which is listed in Table II.

Membership functions of the fuzzy systems defining the
nonlinear sliding surfaces, presented with the three components
mentioned above, for turbine power control, reactor water level
control and pressure regulation are listed in Parts a), b), and c)
of Table III, respectively.

V. SIMULATION RESULTS AND DISCUSSIONS

The FARSMC designed in Section IV have been imple-
mented on the original nonlinear ABWR simulation model
discussed in Section III. In this section, simulation results are
presented for some selected cases, including output tracking
and disturbance rejection problems. Output tracking problems
include: 1) load demand change; 2) reactor water level setpoint
change; and 3) pressure setpoint change.

A. Load Demand Step Change

Shown in Fig. 6 are the responses of the selected variables to
a step change of load demand from 90% to 100% rated power
under control of the FARSMC and the existing PI controllers
(PIC). Simulation results show that the introduction of the fuzzy
parameter adaptation for the sliding-mode controller parameters
has solved the extended settling-time problem as discussed in
Section IV-C.

Comparison between the performances of the FARSMC and
the conventional PI controllers are summarized as follows.

* The turbine power responses (plot a) with the two control
methods are comparable, with about the same settling time
and control action.

* As for pressure control, according to (42), there is a step
change in turbine pressure setpoint when a step change in
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Fig. 6. Plant responses under a step change of +10% in load demand at 90%
rated power.

load demand is received. From plot (c) it is clear that the
FARSMC behaves much better than PI control in that the
settling time is dramatically reduced—f{rom more than 80
s to about 20 s.

* The FARSMC’s water level control performance (plot d)
is also better than that of PI control. The plot indicates
that, with FARSMC, the reactor water level fluctuates with
about half the magnitude compared with PI control. With
FARSMC, the transient lasts about 30 s, whereas the re-
actor level transient lasts more than 80 s with PI control.

B. Pressure Setpoint Change

Plant responses to a +1% step change in pressure setpoint at
72% rated power are shown in Fig. 7. With FARSMC, the tran-
sients of turbine throttle pressure (plot d) is similar to that from
load demand setpoint change, and the turbine power fluctua-
tion is very minor, almost unnoticeable in plot (a), mainly due
to the smooth action of the control valve (plot e). Accordingly,
the magnitude of the reactor water level fluctuation (plot f) is
also very minor. Compared with FARSMC, the PI controller’s
performance is not so smooth: the valve abruptly changes its
opening with 6% change within 1.5 s (plot e) in response to
the pressure setpoint change, resulting in the sharp change in
the reactor power (plot b)—the magnitude of the neutron den-
sity fluctuation is as high as 9%, and the reactor water lever
surges—more than 20% (plot f).

C. Reactor Water Level Setpoint Change

Plant transients under a —10% step change in the reactor
water level setpoint were obtained at 100% power level, re-
sults of which are shown in Fig. 8. The slow zero-approaching
problem of the RSMC raised at the beginning of Section-IV.C
has been greatly mitigated with the FARSMC. The reactor water
level settling time drops about half, from more than 80 s to about
40 s (plot c). Although the water level change is initially slower
with FARSMC than with PI controller, 40 s transient time is rea-
sonable in practice. The feature of the FARSMC is that the level
changes very smoothly and there is no undershoot. With PI con-
trol, however, water level has an undershoot and still does not
reach its final value at 80 s.
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Fig. 7. Plant responses under a step change of +1% in pressure setpoint at
72% rated power.
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Fig. 8. Plant responses under a step change of —10% in reactor water level
setpoint at 100% rated power.

From the transients of other variables, such as the turbine
power (plot a), and the throttle pressure (plot b), etc., it is clear
that the FARSMC results in smaller-magnitude responses than
PI controllers, even though the magnitude of these variable re-
sponses with PI controllers are not significant during the reactor
water level setpoint change transient.

D. Disturbance of Reactivity Insertion

Shown in Fig. 9 are the simulation results when the reactor
receives an inadvertent 0.01$ reactivity insertion as a step input
at 90% rated power condition.

From comparison of the responses from PI controllers and
from the FARSMC, it is clear that most variables’ transients are
milder and faster to reach their final values with the FARSMC.
The one exception is the neutron density or reactor power (plot
c¢), which is promptly affected by the reactivity insertion in
the prompt-jump approximation model. Overall, the designed

Note: Legends shown in plot (a) apply to all plots

Fig. 9. Plant responses under a 0.01$ reactivity step insertion at 90% rated
power.

FARSMC is more robust with respect to the reactivity distur-
bances.

Shyu and Edwards designed a MIMO robust controller for
the same ABWR system as used in this study based on the
Jacobian-linearized system [2]. That controller behaves not as
well as the PI controller because the system design does not
give much room for the system to deal with disturbances. The
FARSMC is another type of robust controller directly oriented
toward nonlinear systems and it deals with uncertainties in
an implicit way by using a recursive algorithm. Unlike linear
system robust controller design, which needs to specify the
type and magnitude of each uncertainty in advance, the design
of FARSMC does not require detailed uncertainty information.
Linear system robust control needs painstaking care to acquire
this information: overly conservative estimation of uncertain-
ties will not allow any possible robust controller design; on
the other hand, underestimation of uncertainties may cause
the resulting controller to fail during implementation. This
dilemma is avoided in FARSMC design. Therefore, in this
sense, the FARSMC has its advantages over the theoretically
well-established linear system robust control technique.

VI. SUMMARY AND CONCLUSION

In this study, sliding-mode control technique is employed to
design a MIMO controller for an ABWR plant control. In order
to avoid the chattering problem encountered with the conven-
tional SMC, the control algorithm is modified into a recursive
form, resulting in RSMC. To further improve the performance of
the RSMC, fuzzy-adaptation technique is employed to adjust the
RSMC parameter based on plant states, resulting in FARSMC,
leading to faster yet milder system responses.

The resulting FARSMC has been validated with simulations
under various transients, including setpoint step changes in the
desired value of each output at different power levels and the
disturbance of inadvertent reactivity insertion. All design objec-
tives are achieved under these transients. In comparison with the
existing PI controllers, the FARSMC’s performances are supe-
rior in all cases considered. Specifically, with FARSMC: 1) the
control action of turbine throttle valve is significantly milder
with less amplitude power and reactor water level fluctuations;
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2) settling time of the system pressure is shorter with all setpoint
step change transients; 3) during load-demand step-change tran-
sients, the reactor water level fluctuates with less amplitude,
shorter settling time and zero under/overshoot; and 4) the con-
troller is robust in that it is more capable of rejecting external-
disturbance in the case of reactivity insertion.
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