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ARTICLE INFO ABSTRACT
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This paper presents an arbitrary order continuous-time sliding mode controller based on the super-twisting
algorithm for a nonlinear pressurized water nuclear power plant. A proportional-derivative terminal sliding
surface is designed to achieve the finite time convergence and to enhanced the tracking performance. The
proposed controller is chattering free, which is always preferable in most of the practical applications and, it
is robust against Lipschitz in time uncertainties. The implementation of the proposed controller requires only

the information about the system output, and thus, it is most suitable for large scale complex systems, such as
nuclear power plants. Superiority of the proposed controller over some conventional control techniques in the
presence of uncertainties is shown with the help of simulation results in the MATLAB/Simulink environment.

1. Introduction

Considering limited fossil fuel resources, an increase in day-by-day
energy consumption, the recent energy crises around the world, and
the harmful effects of global warming, the various types of sustainable
energy sources such as nuclear, hydro, wind, solar, etc., are now gaining
much-needed attention of academicians, manufacturers, governments,
policy-makers, and the public. Among these sustainable energies, nu-
clear energy is undoubtedly a promising alternative resource. A facility
designed to convert nuclear energy into electricity is called a Nuclear
Power Plant (NPP). An NPP is a complex nonlinear system, where
the system parameters vary with fuel burn-up, internal reactivity feed-
backs, and with change in the power level and operating conditions.
In addition to this, NPPs are often affected by uncertainties due to
unmodelled dynamics, external disturbances, and ageing effects. The
conventional control strategies fail to maintain the desired performance
in such situations especially when the nature of uncertainties and
disturbances is unknown. Thus, advanced robust control strategies are
preferred over conventional approaches.

Sliding Mode Control (SMC) technique is one of the robust control
techniques which is gaining considerable attention among researchers

* Corresponding authors.

because of its inherent robustness against uncertainties, simple struc-
ture, ease of implementation, and capability to effectively control both
linear as well as nonlinear systems (Edwards and Spurgeon, 1998).
Recently, different SMC strategies have been successfully applied to
the control of NPPs (Vajpayee et al., 2020a; Desai et al., 2020; Patre
et al., 2015; Zare Davijani et al., 2017; Abdulraheem and Korolev,
2021; Mostafavi and Ansarifar, 2021; Munje et al., 2016; Huang et al.,
2004; Ansarifar, 2016). Vajpayee et al. (2020a) designed a robust
subspace predictive control for a Pressurized Water Reactor (PWR) by
combing a subspace-based predictive control with an integral SMC.
Desai et al. (2020) and Patre et al. (2015) proposed an integral SMC
and a fuzzy SMC for spatial power control of advanced heavy water
reactor, respectively. Zare Davijani et al. (2017) proposed a fractional-
order SMC for output power control of a research reactor based on
nonlinear reduced-order fractional-order model. A hybrid optimal con-
troller combining linear quadratic Gaussian/loop transfer recovery and
integral SMC for a PWR operating in the load-following mode has been
proposed in Abdulraheem and Korolev (2021). Mostafavi and Ansarifar
(2021) proposed an observer-based dynamic SMC using Lyapunov-
approach for level control of pressurizer in PWR type NPP. In Munje
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et al. (2016), a discrete-time sliding mode control is proposed for spatial
power stabilization of advanced heavy water reactor. To design the
controller the system is first linearized and decomposed into three
subsystems by direct block diagonalization and then the control law
is designed using only the slow subsystem states. Huang et al. (2004)
proposed a multi-input multi-output fuzzy-adapted recursive sliding-
mode controller for an advanced boiling water reactor NPP, to control
reactor pressure, reactor water level and turbine power. In Ansarifar
(2016), an adaptive dynamic sliding mode controller is proposed for the
level control problem of U-tube nuclear steam generator considering
the non-linear steam generator model which is developed based on the
fundamental conservation equations for mass, energy and momentum.

Generally, an SMC is insensitive to parameter variations and can re-
ject the disturbances entering through the input channel called matched
disturbances. It is achieved through the discontinuous nature of the
control action, which switches between the two distinctively different
structures about a predefined sliding surface (Kamal et al., 2014).
However, this discontinuity leads to high-frequency switching known
as chattering, which is not desirable in practical systems. In litera-
ture, numerous methods are proposed to avoid the chattering phe-
nomena (Utkin et al., 2009). A simple way to avoid high-frequency
switching is by approximating the discontinuous function by its con-
tinuous counterpart like saturation function, sigmoid function, tanh
function, etc. However, owing to such approximations, the disturbance
rejection capability of an SMC is deteriorates (Utkin et al., 2009). The
controllers proposed in Vajpayee et al. (2020a), Desai et al. (2020),
Patre et al. (2015), Zare Davijani et al. (2017), Abdulraheem and
Korolev (2021) and Mostafavi and Ansarifar (2021) employ continuous-
time approximation of discontinuous signum function to avoid the
chattering. On the other hand, a more efficient way to avoid chattering
without degrading the system performance and robustness is by design-
ing higher-order SMC (Utkin et al., 2009). Among higher-order SMC
techniques, Super Twisting Algorithm (STA) (Levant, 1993; Moreno and
Osorio, 2012) is one of the most widely used second-order sliding mode
algorithms. It is proposed for a sliding surface having a relative degree
one. STA reduces the chattering significantly by generating continuous
control input and at the same time retains all the properties of a
conventional first-order SMC.

In the literature, STA-based observers as well as controllers have
been effectively applied to the problem of nuclear reactor (Zahedi
yeganeh and Ansarifar, 2018; Qaiser et al., 2009; Ansarifar and Rafiei,
2015; Hui et al.,, 2020; Abdulraheem et al., 2021; Surjagade et al.,
2020). In Zahedi yeganeh and Ansarifar (2018), authors proposed a
higher order sliding mode observer based on STA to estimate the
xenon and samarium concentration in PWR nuclear reactor considering
the multi-point reactor model. In Qaiser et al. (2009) and Ansarifar
and Rafiei (2015), authors proposed STA-based controllers to regulate
the output power of a research reactor. Both the works focus on the
similar problem, except the work proposed in Ansarifar and Rafiei
(2015) considers the effect of xenon concentration. The sliding surface
is designed as a difference between actual neutron density/reactor
power and desired neutron density/reactor power. However, with the
designed sliding surface, one cannot directly apply the second-order
STA to the considered system to achieve finite-time stability as the
relative degree of the system is two. Hui et al. (2020) proposed a high-
gain observer based adaptive super-twisting sliding mode controller
to control the power level of a modular high-temperature gas-cooled
reactor. The high-gain observer is first constructed to estimate the
unmeasured states of the system and then based on the estimated
information an adaptive super-twisting sliding mode controller is de-
signed. Abdulraheem et al. (2021) proposed both twisting algorithm
and STA based controllers to regulate the nuclear reactor power. The
robustness of the twisting controller is shown in the presence of exter-
nal disturbance and parameter variations through simulation results.
The authors concluded that an STA-based controller could replace
the twisting controller without compromising the performance indices.

In Surjagade et al. (2020), a chattering free optimal controller is
proposed to regulate the total power of a pressurized heavy water
reactor. To avoid chattering, the discontinuous control of an SMC
is replaced by an STA-based controller. Even though the STA-based
controllers (Qaiser et al., 2009; Ansarifar and Rafiei, 2015; Hui et al.,
2020; Abdulraheem et al., 2021; Surjagade et al., 2020) are proposed
to solve the problem of nuclear reactor control and to overcome the
chattering problem but, those controllers cannot be applied directly to
the systems with a higher relative degree, as they are restricted to a
relative degree one system. Thus, for higher-order systems Kamal et al.
(2014) and Mishra et al. (2016) proposed arbitrary-order generalized
STA-based controllers which produce a continuous control action and
thereby avoid the chattering problem by preserving all the properties
of a first-order SMC. Thus, makes it suitable for practical applications.

In this paper, an arbitrary order STA-based controller (n-STA) is
proposed for a non-linear PWR-type NPP. The proposed controller
produces a continuous control input. The proposed control scheme is
easy to implement and requires only the information about system
output and thus, it significantly reduces the complexity of the control
architecture. The proposed controller is applied to control different
subsystems of an NPP. Specifically, the control is designed and tested
for reactor core power, steam generator pressure, pressurizer pressure
and level, and turbine speed. Comparison with other classical control
schemes such as Linear Quadratic Gaussian Integral Sliding Mode Con-
trol (LQG-ISMC) and Proportional-Integral (PI) controller is performed
for different control loops of a PWR. The major contributions of the
proposed work are summarized as follows:

1. The proposed controller guarantees finite time convergence to
the desired set-point.

2. The proposed control algorithm uses only the output information
to synthesize the controller.

3. Different control problems of nuclear power plant are considered
such as reactor core power control, steam generator pressure
control, pressurizer pressure and level control, and turbine speed
control.

The rest of the paper is organized as follows: Section 2 formulates
the control problem and explains the design procedure of the proposed
controller. The brief introduction of non-linear dynamical model of
PWR nuclear power plant is given in Section 3. The effectiveness of
the proposed controller is demonstrated in Section 4 by performing
simulation studies on PWR-type NPP. In Section 5 numerical analysis
of the proposed controller is performed. Finally, conclusions are drawn
in Section 6 indicating main contributions and scope for future work.

2. Design of generalized super-twisting algorithm based controller

2.1. Problem formulation

Let us consider an uncertain nonlinear dynamic single input system
of the form

x(0) = f(x(0), 1) + b(x(1), Hu(?), (1a)
Y@ =s(x(®),0), (1b)

where x(7) € R” is the vector of system state variables, u(f) € R is the
control input, y(¢) € R is the system output, ¢ is the independent time
variable, f(x(r),7) € R" and b(x(r),7) # 0 € R" are the uncertain vector
functions, s(x(7),t) is the smooth measurable output function, which is
also called as sliding variable. Here, the control objective is to design
a robust nonlinear, high tracking precision, low chattering level SMC
strategy for a nonlinear system (1).
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2.2. Proposed approach

The controller design is initiated by defining the output tracking
error e(t) as

e(r) = y(1) — yg (0, (2)

where y,(t) € R is the desired output. The SMC is designed in two
steps, in the first step, a stable sliding surface is designed, and in the
second step, a control law is designed. In order to achieve finite time
convergence and better tracking performance here, the proportional
derivative (PD) nonsingular terminal sliding surface (Feng et al., 2002)
is designed as follows

s(t) = Kpe(t) + Kpé(t)*1/%2), 3

where Kp > 0 and K, > 0 are the proportional and derivative gains,
respectively and «; and «, are positive odd integers which satisfy the
following condition:

1 <k)/Kky <2
For system (1), the following assumptions are made:

1. The relative degree of the system (1) with respect to the sliding
variable s(x(?), ) is constant and known, and it is assumed to be
equal to r.

2. An exact robust differentiator is available for exactly measuring
or estimating the derivatives of variables.

Assumption 1 means that the control input u(r) first appears explic-
itly only in the rth order total time derivative of sliding variable s(x(z), 1)
and %sr(x(t),t) # 0 at the given point. Considering the nonlinear
system (1), and let the system be closed by some possibly dynamic
discontinuous feedback control. Provided that, s(x(?),?), $(x(?),?), ...,
s=D(x(¢),1) are continuous function of ¢ and x(f), the corresponding
motion will correspond to an rth order sliding or r-sliding mode and
the set

= {x(t)ls(x(l), 1) = $0e(t), 1) = - = sT D), 1) = 0} )

called the rth order sliding set, is non-empty and is locally an in-
tegral set in the Filippov sense (Filippov, 1988). The higher order
SMC approach allows the finite time stabilization to zero of s(x(¢), ),
5(x@),1), ..., s D(x(),1) by defining a suitable discontinuous control
function. Finding the rth order total time derivative of s(x(¢),t) along
the trajectories of (1) gives

5 G0, 1) = @(x(1), 1) + Y (x(0), Do), ®)
where the uncertain functions

PC(0),1) = 5" (0. Do

and

Y0.0) = 25 (x(0.1) £

are assumed to be bounded. Without loss of generality, one suppose
that the uncertain vector functions ¢(x(¢),7) and y(x(¢),t) holds condi-
tions

—® < p(x(n),n) LD, (6)
and
0< T, <y(x(),1) < Ty, )

globally for some @, I',,, I'), > 0, respectively. Note that at least locally
(6) and (7) are satisfied for any smooth system (1) with well defined
relative degree r. In the sequel, for simplicity, «(r) will be used for

o(x(1), ) for all the variable .

Let us define the local coordinates

zy(1) (1)
2,(1) 3(1)
z(t) = : = :
Z(e_1y(0) s=2()
z,(t) D)

Then, (5) can be represented in terms of chain of integrators form as
follows

z1(1)=2z,(t)
2y (1) = z3(t)

2D =2,(0)
2, ()= @) + y(Du(?). (8

System (8) can be rewritten as

2;(1) =241 (1)

2,0 =@®) + (@) — 1)u®) +u(®), 9
—_—
o(1)

for 1 <i<(r-1). It yields

2i(N =24, ()
2,(5) =) + u(?), (10)

where the lumped uncertainty ¢(f) represents the uncertainties due
to parameters variation, unmodelled dynamics and/or external distur-
bances. It is assumed that the uncertainty ¢(r) is Lipschitz (in time)
continuous uncertainty, which satisfies

lp()| < ¢*, an

where ¢* is a known positive constant. Note that, practically (11) is
feasible because almost all the physical systems have bounded states.
To achieve the control objective, an arbitrary order generalized STA
based controller (n-STA) (Kamal et al., 2014) is employed for system
(10) having relative degree r with respect to output. The generalized

STA based controller (Kamal et al., 2014) is designed as
1/2 (12a)

(12b)

u(t) = —pylw,_ (D1 “sign(y,_ () + u, ()
(1) = — 1y sign(y,_ (1)),
where y,_,(7) can be obtained in three steps as follows:
1. Defining
Kio = 121017

where r represents the relative degree of system with respect to
z)(t). For all i =2,3,...,(r - 1), the K;,_, is defined as follows

qi
Kipo1 = |21 + 250D + - + |z, ()2

where p,, p,, ....p;_, and g¢; are designed based on the homogene-
ity weight of the z;;(?).
2. Again defining

LO,r—l =z (t)
Ly, 1=2(0) + pp Ky ,_5ign(z (1))

and for all i =2,3,...,(r— 1), the L;,_, is defined as follows
Lipoy = 21 (O + i1 Koy 8ig0(LG_y ). 13)
3. Finally

Wr—l(t) = Lr—l,r—l' (14)
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Disturbance

Terminal Arbitrary Order Complete
Reference e(t) Sliding Surface Super-Twisting Nonlinear Output
B 6 Controller PWR-NPP
I Eq. (12) Model
Fig. 1. Schematic of overall control scheme.
Control Pressurizer ’ ’
Rods —~—. I Steam Flow
.
\
_— — Secondar;
Fuel Hot-leg Loo y
Rods P l
Primary Loop l 7 S
Cold-leg Condenser
Moderator Feedwater Flow 2
e o e — — |
w
N\
Reactor —_—
Steam
Generator

Fig. 2. A simple block diagram representation of different interconnected subsystems in a PWR nuclear power plant.

For stability proof and selection of gains of STA based controllers,
readers are kindly referred to Kamal et al. (2014), Moreno and Osorio
(2012), Surjagade et al. (2020) and Mishra et al. (2016).

The block diagram of the proposed control scheme is shown in

Fig. 1.

3. Dynamic model of PWR nuclear power plant

In this work, the nonlinear dynamic model of PWR type nuclear re-
actor and its associated subsystems given in Ref. Vajpayee et al. (2020b)
and Vajpayee et al. (2021b) is adopted for the study. The model con-
siders the dynamics of the reactor core, thermal hydraulics, piping and
plenum, pressurizer, steam generator, condenser, and turbine-governor
system, in addition to various actuators and sensors. A simplified block
diagram of the PWR-type nuclear power plant showing interconnec-
tions of various systems is shown in Fig. 2. A detailed description
of derivation of model equations of different systems, definitions of
variables and values of parameters used in this work can be found
in Vajpayee et al. (2020b, 2021b). However, for brevity the dynamic
equations of different systems are given below:

3.1. Normalized point kinetic reactor core model

6 6
ﬂ_ﬂt_ziﬂﬂip +Z&C
dat— A o

dc;,
dt =4 P, — 4,Ciy,

i=12,...,6

3.2. Thermal hydraulics model

de _ 1

—-=HP, - o (T, - T.)

dT, 1 2
d;l:Han"'T_c(Tf_ cl)_T_r(Tcl_Trxi)
dT, 1 2

d;Z :Han+ Z (Tf _Tcl) - T_r (Tcz _Tcl)

3.3. Piping and plenum model

dTrxu 1
—_—= T, -1,
dt T ( c2 rxu)
dThor 1
—hot _ T.,—T
dt Thor ( rxu hot)
degi 1
dt - ( hot — ngi)
ngi
dT:gu 1
= T,—-T,
dt Togu ( P2 Sgu)
chald 1
—_—= T, T,
dt Teold ( sgu cold)
dTrxi 1
=X = (Tuyy = T
dt Ty ( cold rxt)

3.4. Steam generator model

dTp] 1

dt 1,

1
(Togi = Tp1) = — (Tp1 = Tyt )
T
p
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daT,
p2 1 1
7 - a ( pl Tp2) Tp? (Tp2 TmZ)
dT,, 1
dt _Tmpl (Tpl Tml)__l(T _T)
L e I
dr Toup2 (Tp2 Tm2) Tpus2 (T T)
dp

1
— = F [ Umslsmsl (Tml - Ts) + UmsZSmSZ (Tm2 - Ts)
s

dt
_mm (h:: - Cp_fwaw) ]

oh oh Ry = by \ vy
KS =m ws +m ss mw: < ws — VSS> S8
w

“ op, ¥ opy Vis op,
fgo = 1gPs
aT,
Ts — sat ps
op;

3.5. Pressurizer model

w 1 Co\ 41y
—b= A (1-1,)K —2
dt — dA [( o (1= ho) Koy = c1p> dt

1 dp P . . msur
+— Gy =L — iy, — + =
Cp21 ( 2p dt Mgy mspr) Clp

. PpVs hy
Qheat + g, (JI,C + C_lup>

. ha | PoVw
dp, +ritg,, <h —h, + =% r + Jﬂcl,,)
dt <K3 4ppp> mAK4ppp

P
VY PpVs
ey o <h- : )
N
dT;
J
msur=z VJSJW
j=1
dw
Clp_d_ -
N
dw
Cop=A, (1=1,) d_KZp + A, K,
N
ad,,
T
4
ad,
sz_a—pp
oh,,
K3p_()_pp
_ 0y
4p — 0Pp

3.6. Turbine model

2
d Pz,,p N <0,U +r,.p> aky < o, >Ph,,
dt ThpTip dt ThpTip

O Fhl’ - (1+KhP)Fhl’ d_sa
ot \ T, ) T
TpTip Thp t

dzPip " OrUThp +Tip dPip 4 O,U P = OruFlp H
dr? ThpTip dt TpTip ) P ThpTip v

3
d Plp+<0m‘rhp+z',~p +L> d2plp
7

dr ThpTip dr?
+<O,U(r,p+‘rhp)+rip>ﬂ+< 0,, >P
ThpTipTip dt ThpTipTip Ip
= OruFlpmso

s0= mso/msor
Ptur=Php+ Pip+ PIP
da)tur _ Prur Pdem

dt (2”) turwturItg

3.7. Condenser model

dhwo _ (mcoh + mcow) (hcow - hwo)

dt Meop
mcoh = mlp - mcow
iy o~ Heow)
cow Ip hcﬁw
dmcas mcow — mco:
dt Teo

3.8. Reactivity model

Pt=Proa TPyt Pc1 +P2tP,
Pt =Prod T (lfo + acTcl + acTCZ + apPp

3.9. Sensors

3.9.1. Ex-core detectors and amplifiers

2’ o dilo P
+ (71 +7) = tie= Kpplogig (k10 P,)

!
I
17
2 diy, di
Ir lo
+ (73 + L+ 12 =K
7374 i (T3 T4) dt iy = Ir 4z

3.9.2. Resistance temperature detector

dT,. g 1
d;; = Trud (_Trtdl + 2Tcl - Trxi)
dT,» 1
d;; = T (_TrtdZ + 2Tc2 - Trxu)
Ty1g — Tri
ind=Kr ( rtd rxlO) +4 mA

td

(Trxu() - TrxiO)
(Totar + Truao)
Ty = -5
3.10. Actuators

3.10.1. Control rod

dp,eq
# = GUrod

3.10.2. Turbine-governor valve

d’c, dc,
g ig 2 _ .2
i + 2C,gw,g T + w,gC,g = w,gK,gu,g

3.10.3. Pressurizer heater

d Qheat Qheat .
Cheat dt + = Khearlheat

Rheat
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4. Simulation results and discussion

The proposed control algorithm is applied to the different control
loops i.e., reactor core power control loop, steam generator pressure
control loop, pressurizer pressure and level control loop, and turbine
speed control loop of PWR-type NPP and its performance is tested in
the presence of external disturbance for set-point change. For the input—
output information of each control loop, readers are kindly referred
to Vajpayee et al. (2020b). In this simulation study, in each control
loop a sinusoidal external disturbance in the control input is considered
throughout system response as

Disturbance = dsin(0.1), (15)

where d;, is the magnitude of the disturbance. To show the superiority
of the proposed controller over some other control strategies, we have
compared the results of the proposed nonlinear n-STA based controller
with some existing conventional control strategies proposed in litera-
ture such as Linear Quadratic Gaussian Integral Sliding Mode Control
(LQG-ISMC) proposed in Vajpayee et al. (2021a) and Proportional-
Integral (PI) controller proposed in Vajpayee et al. (2020b).

The control expression for LQG-ISMC and PI controller is as fol-
lows (Vajpayee et al., 2020b, 2021a):

1. Linear Quadratic Gaussian Integral Sliding Mode Control (LQG-
ISMC):
The total control u(r) is designed as

u(t) = u, (1) + uy (1),

where u,(7) is the nominal control and u,(7) is the discontinuous
control. The nominal control u,(7) is designed as

u, (1) = =K 2(1) + R~ BT g(1),

where K, is the Kalman gain, R is the positive definite weighing
matrix, B is the input distribution matrix, £(¢) is the estimated
state vector and it is estimated by Kalman filter estimation
problem, and g(¢) is the auxiliary variable which is a solution
of

—§(t) = (A= BK) g(t) + CT Qy (1), g(c0) = 0.

In the above A is the state matrix, C is the output matrix, Q is the
positive semidefinite weighing matrix, and y,(r) is the desired
output. The discontinuous signal u,(¢) is designed as

o(t)
ug(t) = pg————,
a0 = a o(t)+e€
where p, > 0 is the discontinuous gain, ¢ is the small positive
constant, and o(¢) is the sliding surface and it is designed as

t
ct)=B"B)'BT [fc(t)—fc(O)— / fc,,(r)df].
0

2. Proportional-Integral (PI) controller:
The control signal for PI controller is designed as

Ky
u(t) = <K1 + T) a0 — y@)),

where K, is the proportional gain, K, is the integral gain, y(¢) is
the system output, and y,(¢) is the desired output.

The values of tuned control gains of LQG-ISMC and PI controller are
given in Table 1.

4.1. Reactor power control loop

4.1.1. Load following mode of operation

In the load-following mode of operation, the reactor power adjusts
according to electricity demand throughout the day. In this control
loop, objective is to track the demand power variation precisely in

Table 1

Control gains for LQG-ISMC and PI controller.
Control loop LQG-ISMC P

o R £ 0 u; K K,

Reactor power  [x 1071, 1x10° 5I, 1 1 31x107?% 4x1073
SG pressure 5x10737, 1x10> 5x10°7, 1 0.1 47x107" 1x107!
Heater 11, 1x107% 1x10727, 1 25 1I1x107 64x10°
Spray 5x10731, 1x10®% 5x107°71, 1 02 3xI10° 1L7x10°
Pressurizer level 1x10%7, 1x107% 6I, 1 01 13x10° 74x10%
Turbine speed ~ 2x10°7, 1x102 11, 1 01 15x10° 54x107!

spite of presence of uncertainties in the system. The reactor power is
controlled by varying the control rod movement speed, v,,,(t) and the
reactor power is measured with the help of excore detector current,
i;,(t). With this input-output combination, the relative degree of the
system (corresponds to this control loop) with respect to output is 3.
Thus, for this control loop 4-STA based controller is proposed as follows

172 (16a)

(16b)

u(t)=—p, |y, (0] *sign(y, (1)) + us (1),
U3 (1) = —pysign(y, (1)),
where
3 4|76
V(0= 2300 + 131z, OF + 01|
X sign(z,(1) + uy |z, (O *sign(z, (1))).

In (16), the values of u,, p,, y; and u, are selected as 1 x 1074, 1x 1072,
1x 1072 and 1 x 1072, respectively. To design a sliding surface an error
signal is defined as

e(t) = ify (1) = 1 (1)

and the values of Kp, Kp, «;, and k, in (3) are selected as 1, 1, 11,
and 9, respectively. The reference excore detector current corresponds
to demand power is varied as follows:

19.6554, 0<t<200
—9.485 x 1073(t — 200)
2 <22
+19.6554, 00 <7 <220
19.4657, 220 < t < 1000
res _ J 1.001 x 1073( — 1000) <
i) = +19.4657, 1000 < t < 1100
19.5658, 1100 < ¢ < 1500
8.9600 x 10~4(t — 1500)
<
19,5658, 1500 < ¢ < 1600
19.6554 elsewhere.

To show the robustness of the proposed controller in the presence of
external disturbance, an inadvertent sinusoidal perturbation is consid-
ered throughout the system response in v,,;(f) as in (15) where the
value of d; is selected as 1 x 107*. During the transient, variation of
excore detector logarithmic amplifier output current, i,,(r) correspond
to the reactor power with the proposed controller, the LQG-ISMC
and the PI controller is shown in Fig. 3. It can be observed that the
proposed controller and the LQG-ISMC are able to follow the change
in demand despite the presence of disturbance in the system but, the
performance of the closed-loop system is improved much with the
proposed nonlinear controller as compared to the linear LQG-ISMC, as
evident from the deviation of system output from the desired output,
shown in Fig. 4. Whereas, the PI controller fails to maintain the system
output closed to demand. Variation of reactor power and control input
for three controllers are shown in Figs. 5 and 6, respectively. Variation
of sliding surface for the proposed controller is shown in Fig. 7.

4.1.2. Sudden load decrement in emergency situation

In this simulation study, another transient is considered to validate
the performance of the proposed controller during a sudden load decre-
ment in emergency situation. The controller is designed in a similar
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way as designed in Section 4.1.1. To show the effectiveness of the
proposed controller in case of large demand power variations from
steady state, the demand power is brought down from full power to
40% of full power in 5 s. During the transient, variation of excore
detector logarithmic amplifier output current, i;,(f) correspond to the
reactor power with the proposed controller, the LQG-ISMC and the
PI controller is shown in Fig. 8. In this case also, it can be observed
that the performance of the closed-loop system is improved with the
proposed controller as compared to the LQG-ISMC and PI controller, as
evident from the deviation of system output from the desired output,
shown in Fig. 9. Variation of reactor power and control input for three
controllers are shown in Figs. 10 and 11, respectively. Variation of
sliding surface for the proposed controller is shown in Fig. 12.

4.2. Steam generator pressure control loop

In this control loop, objective is to maintain the pressure in steam
generator. The steam generator pressure, P,(¢) is controlled by adjusting
the input signal to the turbine-governor valve, u,, (). With this input-
output combination, the relative degree of the system with respect
to output is 2. Thus, for this control loop 3-STA based controller is
proposed as follows

u(t)=—p; [y ()] ?sign(y; (1)) + uy (1), (17a)
ity (1) = — p3sign(y (1)), (17b)
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where
w1 (1) = 25(1) + pp 2, (0| sign(z, ().

In (17), the values of u;, u, and u; are selected as 5 x 107!, 1 x 1072
and 1 x 1072, respectively. To design a sliding surface an error signal is
defined as

e(t) = P,(t) — P/ (1),

and the values of Kp, Kp, «;, and k, in (3) are selected as 4, 4, 11,
and 9, respectively. The reference signal change in secondary pressure
is applied as follows:

7.2857,
2.215 x 1074t — 200)
+7.2857,

0<1r<200
200 < t <400

Pref =3 7.3300,
—2.215 x 1074(t — 1000)
+7.3300,

400 < t < 1000
1000 <t < 1200

7.2857, elsewhere.

The performance of the proposed controller is evaluated in the pres-
ence of sinusoidal external disturbance for the above set-point change
in steam generator secondary pressure. The sinusoidal disturbance in
the control input, u,,(#) is considered throughout the system response
as in (15) where the value of d, is selected as 1 x 1073, During the
transient, variation of output secondary pressure with the proposed
controller, the LQG-ISMC and the PI controller is shown in Fig. 13.
Deviation of output pressure from desired pressure is shown in Fig. 14.
It can be observed that the proposed controller is able to follow the
set-point change more precisely compared to the LQG-ISMC and the
PI controller. Fig. 15 shows the variation of input signal to turbine—
governor valve. Variation of sliding surface for the proposed controller
is shown in Fig. 16.

4.3. Pressurizer control loop

In this control loop, aim is to maintain the coolant pressure within
a permissible limit. Primary coolant pressure can be controlled by a
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Fig. 13. Steam generator secondary pressure during set-point change.
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Fig. 16. Variation of sliding surface during set-point change.

bank of heaters, spray flow rate, power-operated relief valves, or safety
valves. However, in this study, the coolant pressure is controlled by
actuating a bank of heaters and by varying the spray flow rate.

4.3.1. Pressuriger pressure control by heater

For this control loop, the control input to the system is the rate
of heat added by the heater, Q,,,(t) and the output from the system
is pressurizer pressure, P,(#). With this input-output combination, the
relative degree of the system with respect to output is 1. Thus, for this
control loop 2-STA based controller is proposed as follows

u(t) =—py lyo ()] ?sign(yy (1) + uy (1), (18a)
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ity (1) == ign(w (1), (18b)
where
W) = z¢(1).

In (18), the values of u; and u, are selected as 5 x 10 and 1.5 x 10%,
respectively. To design a sliding surface an error signal is defined as

e(t) = P,(1) = P/ (1),

and the values of Kp, K, k}, and «;, in (3) are selected as 1, 1.2, 11 and
9, respectively. The reference pressurizer pressure is varied as follows:

15.4098,
—1.1 x 1073(r — 300)
<
+15.4008, 00 <1400
15.3000,
1.1 x 1073(¢ — 1200)
+15.3000,

15.4098,

0<r<300

Pp’ef = 400 < t < 1200
1200 < 1 < 1300

elsewhere.

The performance of the proposed controller is tested for the above
set-point change in the pressurizer pressure in the presence of sinu-
soidal external disturbance. The sinusoidal disturbance in the control
input, Oy, (?) is considered from the beginning of the simulation as in
(15) where the value of d,, is considered as 1x 10%. During this transient,
variation of pressurizer pressure with the proposed controller, the LQG-
ISMC and the PI controller is shown in Fig. 17. Deviation of output
pressurizer pressure from the reference pressure is shown in Fig. 18.
It can be observed that the proposed controller is able to follow the
reference signal more precisely compared to the LQG-ISMC and the
PI controller. Fig. 19 shows the variation of control input. The sliding
surface plot for the proposed controller is shown in Fig. 20.

4.3.2. Pressurizer pressure control by spray

For this control loop, the control input to the system is mass spray
flow rate, 7, (1) and the system output is pressurizer pressure, P,(?).
With this input-output combination, the relative degree of the system
with respect to output is 1. Thus, similar to controller proposed in (18)

Rate of Heat Addition, Qhea|(t) (kW/s)

3 1 1 1 1 1 1
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Fig. 19. Variation of rate of heat addition.
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Fig. 20. Variation of sliding surface during set-point change.

in Section 4.3.1, for this control loop also 2-STA based controller is
designed. Here, the values of u; and u, are selected as 1.5 x 10> and
1 x 103, respectively. To design a sliding surface an error signal is also
defined similar to one defined in Section 4.3.1 and the values of Kp,
Kp, k1, and k, in (3) are selected as 1, 1, 11, and 9, respectively. In this
study, the reference pressurizer pressure is varied as follows

15.4098, 0<7r<200
1 x 1073(t — 200)
ref _ <
Pp +15.4098, 200 <t <220
15.43, elsewhere.

Similar to the study conducted in Section 4.3.1, here also controller
performance for a set-point change in pressurizer pressure is evaluated
in the presence of sinusoidal external disturbance. The disturbance in
the control input, i, (7) is considered throughout the system response
as in (15) and the value of d, is considered as 1 x 102. Fig. 21
shows the variation of output pressurizer pressure with respect to the
reference signal for the proposed controller, the LQG-ISMC, and the
PI controller. Deviation of output pressure from reference pressure for
three controllers is shown in Fig. 22. In this case also the performance
of the proposed controller is superior to the LQG-ISMC and the PI
controller. Variation of control input is shown in Fig. 23. Fig. 24 shows
the plot for the sliding surface for the proposed controller.

4.4. Pressurizer level control loop

The purpose of the pressurizer level control loop is to maintain the
water level for the reactor core coolant system. For this control loop,
the control input to the system is mass surge flow rate, s, (f) and the
output from the system is pressurizer level, /,,(r). With this input-output
combination, the relative degree of the system with respect to output is
1. Thus, similar to controller proposed in (18) in Section 4.3.1, for this
control loop also 2-STA based controller is designed. Here, the values
of u, and yu, are selected as 5 and 20, respectively. To design a sliding
surface an error signal is defined as

e(t) = 1,(0) = ;7 (),
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and the values of Kp, Kj, «;, and k, in (3) are selected as 1, 1, 11, and

9, respectively. The reference pressurizer water level is varied in the
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following manner:

28.06, 0<1<200
—3.1 x 1073(r — 200)
<
12806, 200 < r < 300
27.75, 300 < ¢ < 900
ref _ J =2.5x1073(t — 900) <
el = 2775, 900 < ¢ < 1000
27.50, 1000 < ¢ < 1700
3.7 x 1073(z — 1700)
<
+27.50, 1700 < t < 1850
28.06, elsewhere.

The robustness of the proposed controller is analysed in the presence
of sinusoidal external disturbance for the above set-point variation in
the pressurizer level. The disturbance in the control input, s, (1) is
considered throughout the system response as in (15) and the value
of d, is considered as 10. Variation of output pressurizer level with
respect to reference level for the proposed controller, the LQG-ISMC
and the PI controller is shown in Fig. 25. Fig. 26 shows the deviation
of output pressurizer level from the reference level for three controllers.
It can be observed that the proposed controller is able to overcome the
disturbance more effectively than the LQG-ISMC and the PI controller.
Variation of control input is shown in Fig. 27. The plot for the sliding
surface for the proposed controller is shown in Fig. 28.

4.5. Turbine speed control loop

In this control loop, objective is to maintain the mechanical power
according to the demand in spite presence of uncertainties in the
system. This loop is responsible for controlling the shaft speed, w,,,(t) by
regulating the steam flow to the turbine by adjusting the input signal to
the turbine-governor valve, u,,(r). With this input-output combination,
the relative degree of the system with respect to output is 3. Thus,
similar to controller proposed in (16) in Section 4.1, for this control
loop also 4-STA based controller is designed. Here, the values of y,
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Ho, uz and y, are selected as 1.5x 1072, 1 x 1073, 1 x 1072 and 1 x 10°,
respectively. To design a sliding surface an error signal is defined as

e(t) = @y, (1) — 07 (1)

tur

and the values of Kp, Kp, «;, and k, in (3) are selected equal to 3, 8,
11 and 9, respectively. The demand power from the generator is varied
as follows:

| 0 <1<200
P =36x1073(1-200)+1 200 <1 <250
0.7, elsewhere.

In this simulation study, the controller performance is tested by
varying the demand power from the generator as above in the presence
of sinusoidal external disturbance. The disturbance in the control input,
u,,(t) is considered throughout the system response as in (15) and the
value of d,, is considered as 1 x 1072. During this transient, the perfor-
mance of the proposed controller, the LQG-ISMC and the PI controller
for tracking the demand power is shown in Fig. 29. Deviation of output
mechanical power from the demand power is shown in Fig. 30. It can
be observed that the proposed controller follow the demand power with
minimum error.
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5. Numerical analysis

In this section numerical analysis is performed for all the above-
obtained simulation results. To show the better tracking performance
to a given set-point with the proposed n-STA controller compared to the
LQG-ISMC and the PI controller, the root mean squared error (RMSE) is
computed. The control energy of the control input u(r) is also calculated
by using the 2-norm (£,NI) method. The RMSE and £,NI are computed
as follows:

N
1 2
RMSE=\ N Z(yi(l) - ydi(’)) 4

i=

N
QM=\ZM®ﬂ
i=1

where y;(t) and y,,(t) are the measured output and desired output signal
at the ith time instant, respectively, N is the total number of samples.
For simulations the sampling interval is taken as 1 ms. Ideally, smaller
values of both the measures are desirable. Moreover, in case of distur-
bances, it is preferable that the technique should maintain the tracking
performance without increasing the control efforts significantly.

The performances of the proposed n-STA, the LQG-ISMC, and the
PI controller are numerically compared by calculating the RMSE and
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Table 2
Performance comparison of control approaches.

Control loop Technique RMSE L,NI
n-STA 3.0402 x 1074 22530 x 10°

Reactor power (Case-I) ISMC 1.0500 x 1072 1.9026 x 10°
PI 1.3200 x 1072 2.2629 x 10°
n-STA 1.7206 x 10~* 10.1841 x 10°

Reactor power (Case-II) ISMC 6.8919 x 1072 5.9800 x 10°
PI 1.3047 x 1072 8.8820 x 10°
n-STA 2.1836 x 107° 1.7051 x 10"

Steam generator pressure ISMC 3.2559 x 107* 1.7039 x 10!
PI 8.8197 x 107* 1.7139 x 10!
n-STA 2.4356 x 1075 1.1311 x 107

Pressurizer pressure by heater ISMC 2.1000 x 1073 8.9642 x 10°
PI 1.2452 x 107* 1.1463 x 107
n-STA 2.3218 x 107° 7.9123 x 10*

Pressurizer pressure by spray ISMC 7.9783 x 107+ 4.3809 x 10*
PI 7.8537 x 1073 8.0823 x 10*
n-STA 6.6369 x 1073 1.1638 x 10*

Pressurizer level ISMC 2.6891 x 107+ 6.0208 x 10°
PI 9.6642 x 1074 1.1854 x 10*
n-STA 4.1163 x 1073 1.9461 x 107

Turbine speed ISMC 5.2806 x 1072 4.1728 x 10*
PI 1.9593 x 1072 1.9585 x 10?

the £,NI in Table 2. It has been found that the values of RMSE for
the proposed control approach are lower than those of the other two
approaches. It means that the proposed n-STA controller tracks the
set-point more precisely despite uncertainties and disturbances in the
system. On the other hand, the ISMC spends fewer control efforts than
the proposed n-STA to track the set-point. But, the LQG-ISMC is much
complex control scheme compared to n-STA as the design of LQG-ISMC
requires information about all the states and thus needs an observer,
while the proposed controller uses only output information. Thus, it can
be concluded that with the proposed controller, the complexity is re-
duced significantly without increasing the control efforts significantly.

6. Conclusions

In this paper, an output-feedback non-linear robust sliding mode
control strategy is proposed for a pressurized water reactor type nuclear
power plant. The proposed controller guarantees finite-time conver-
gence to the reference signal for arbitrary order systems in the presence
of uncertainties and external disturbances. The proposed controller is
chattering free thus, it is suitable for practical applications. The effec-
tiveness of the proposed controller to different control loops (reactor
power control loop, steam generator pressure control loop, pressurizer
pressure and level control loop, and turbine speed control loop) of a
nuclear power plant is shown through simulation results by comparing
it with well known conventional control techniques. Simulation results
showed that with the proposed controller the convergence time is
reduced significantly compared to integral sliding mode control and
better robustness compared to the conventional proportional-integral
controller in the presence of uncertainties.

As a suggestion for future work, the adaptive gain tuning law
or the intelligent technique such as neural network can be used to
determine the gains of n-STA which may further reduce the control
efforts. In addition to that an active fault tolerant control scheme can
be designed using proposed controller to accommodate different types
of disturbances/faults (matched as well as mismatched) that can occur
in the system.
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